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Abstract

Developing a scientific understanding of the breast support implications for the female recreational athlete will make a significant contribution to the breast biomechanics literature, provide valuable information to bra designers and help athletes make informed decisions about their breast support requirements. The work in this thesis determined the effect of a high and low breast support condition on biomechanical and perceptual variables during steady-state running, intermittent exercise and vertical jumping in a population of larger-breasted female recreational athletes. In order to assess breast kinematics an appropriate method of assessing bra fit was needed. Within this programme of research the use of best-fit criteria was first developed and then demonstrated that traditional bra fit methods overestimate band size (76% of participants) and underestimate cup size (84% of participants). During all activity modes a well-fitted high support bra significantly (p < 0.05) reduced breast kinematics and increased breast comfort. For steady-state running, alterations in lower-extremity biomechanics led to more distance being covered per minute (3.08 m; p = 0.006) and therefore a potential for improved performance when participants ran with high breast support. More acute knee flexion during sprinting (p = 0.008) and less sagittal plane thorax range of motion (p < 0.044) in the high breast support condition during the intermittent treadmill protocol could also benefit running performance. Increases in the range of motion of upper-extremity variables during treadmill activity were related to increases in some breast kinematic variables (r = 0.465 to 0.742); therefore certain individuals may require greater breast support than others. With increased breast kinematics there was a trend towards participants landing from vertical jumps with lower ground reaction forces coupled with increased thorax, thigh and knee flexion (r = 0.564 to 0.607). This suggests participants attempted to soften their landing, which may affect subsequent performance. Vertical jumping and sprinting elicited the highest magnitudes of vertical (0.08 m) and mediolateral (0.03 m) breast displacement respectively, questioning whether steady-state running is the most effective activity mode for testing bra efficacy. The reduction of anterioposterior breast kinematics should also be a consideration for bra design as they related most closely to breast comfort and biomechanical variables across all activity modes. Knowledge of the breast support implications for larger-breasted female recreational athletes was progressed in this thesis and bras offering high multi-planar support are promoted as they were found to be beneficial for performance within the activities investigated. 
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CHAPTER 1. Introduction
1.1. Rationale

The female breast has limited intrinsic support and repeated loading on the delicate supporting structures due to excessive breast motion may result in breast discomfort, breast sag and embarrassment (Bowles, Steele & Munro, 2008; Mason, Page & Fallon, 1999; Page & Steele, 1999; Starr, Branson, Shehab, Farr, Ownbey & Swinney, 2005). Unique to the female athlete is the challenge of effectively reducing undesired breast motion to facilitate participation in sport and exercise, speculated to be more of an issue for larger-breasted women (Bridgman, Scurr, White, Hedger & Galbraith, 2010; Lorentzen & Lawson, 1987). Performance during these activities should be optimised for maximum enjoyment and comfort. The benefits of exercise for general health and well-being are well documented and encouragingly female participation in sport and exercise at a recreational level in the UK has been increasing (Sport England, 2011). Previous research has advocated the use of a sports bra to reduce breast motion and discomfort during physical activity (Mason et al., 1999; Scurr, White & Hedger, 2010; Scurr, White & Hedger, 2011; White, Scurr & Smith, 2009a; White, Scurr & Hedger, 2011); however females are more likely to wear an everyday bra during physical activity (Bowles et al., 2008), highlighting a lack of awareness about the importance of high breast support. A well-fitted bra for exercise is essential, as if the size is wrong it is speculated that it will not provide effective support (Page & Steele, 1999).
Although breast motion studies have increased exponentially in recent years (Zhou, Yu & Ng, 2011), research into breast kinematics and our understanding of the mechanism of exercise-related breast discomfort is still in its infancy. The majority of studies have quantified breast kinematics and comfort during short duration (up to 5 minutes) constant velocity treadmill activity (Gehlsen & Albohm, 1980; Lorentzen & Lawson, 1987; Mason et al., 1999; McGhee & Steele, 2010a; McGhee, Steele, Zealey & Takacs, 2012; Scurr et al., 2010; Scurr et al., 2011; Starr et al., 2005; White et al., 2009a; White et al., 2011; Zhou, Yu, Ng & Hale, 2009). However, a typical female recreational athlete is likely to participate in a range of sport and exercise activities, such as longer-distance running and sports that incorporate intermittent running exercises and vertical jumping; these activities have received little or no attention in the breast motion literature. Investigating more sports-specific activity modes increases external validity and facilitates an increased understanding of the breast support implications for the female recreational athlete. 
Optimising running mechanics has been shown to reduce energy cost and indirectly improve performance (Anderson, 1996; Cavanagh & Kram, 1990; Dillman, 1975; Williams, 1985; Williams & Cavanagh, 1987). Despite suggestions that increased breast discomfort (due to poor breast support) may lead a female athlete to modify her running style (Shivitz, 2001), past breast motion research has primarily dealt with the breast alone and has not expanded to consider the effect of breast motion on biomechanical and perceptual variables during exercise. Preliminary work with smaller-breasted athletes has alluded to substantial changes in biomechanical variables during running for some individuals due to the level of breast support worn (Boschma, 1994; Mutter, Geyssant, Jeannin, Chaux & Belli, 2002; Shivitz, 2001), which could affect performance. It is essential that larger-breasted athletes are also investigated in this context as they experience greater exercise-related breast discomfort (Bridgman et al., 2010; Lorentzen & Lawson 1987). 

The implications of breast support for female recreational athletes during steady-state running, intermittent exercise and vertical jumping are yet to be determined. Increasing knowledge in this area will make a significant contribution to the breast motion literature and will help female recreational athletes make an informed decision about their breast support requirements. This programme of work may also yield valuable information for bra designers and manufacturers due to the novel activities being explored and could provide justification for future work with elite athletes if performance is altered by breast support. 
1.2. Thesis aims

The overall aim of this thesis was to investigate the effect of breast support on firstly biomechanical variables, and secondly perceptual variables, during steady-state running, intermittent exercise and vertical jumping in a population of larger-breasted female recreational athletes, with the intention of providing an overview of how breast support could affect performance in these activities. 
The aims of the work reported in this thesis were:
Chapter 3 – To investigate bra fitting methods and identify an appropriate method to utilise within this programme of research

Chapter 4 – To investigate the effect of breast support on biomechanical and perceptual variables during steady-state running

Chapter 5 – To investigate the effect of breast support on biomechanical and perceptual variables during intermittent exercise
Chapter 6 – To investigate the effect of breast support on biomechanical and perceptual variables during vertical jumping

Chapter 7 – To explore multi-planar breast kinematics, biomechanical and perceptual variables across activity modes

The thesis aims form the basis for the structure of the thesis and specific hypotheses will be addressed within each chapter.
1.3. Overview of thesis
The rest of this chapter will present the challenges of reducing breast motion and critically review the current literature on breast kinematics. Research on steady-state running, intermittent exercise and vertical jumping is discussed and related to how breast support may affect performance in these activities. The rationale for the variables to be tested is also identified. 

General methods are described in Chapter 2. This includes the rationale for the breast support conditions and the bra sizes tested and information is provided on the motion capture system, the calculation of multi-planar breast kinematics and the determination of data processing and filtering methods used for the kinematic data. Detailed descriptions of how each biomechanical variable was calculated for Chapters 4, 5 and 6 is presented, along with the statistical analyses undertaken and acknowledged assumptions, limitations and delimitations of the work. In Chapter 3 bra fitting methods are investigated to identify an appropriate bra fitting method for the remaining experimental chapters. This was necessary as it was evident from the review in Chapter 1 that good bra fit was imperative to ensure effective breast support was provided, yet issues surrounding bra sizing and fitting were identified. 

In Chapters 4, 5 and 6 larger-breasted female recreational athletes participated in various activities to understand the implications of breast support on discrete biomechanical and perceptual variables. Participants completed a ~7 minute treadmill run at a constant velocity (2.58 metres per second; m.s-1) in Chapter 4, an intermittent treadmill protocol (with the same average intensity and duration as the steady-state run) in Chapter 5 and six maximum effort vertical countermovement jumps in Chapter 6. All activities were completed in a high (sports bra) and low (everyday bra) breast support condition; some breast kinematic data were additionally collected in a no support condition to provide a baseline measure. Selected lower and upper-extremity biomechanical variables were measured, along with multi-planar breast kinematics, breast comfort and the rating of perceived exertion in Chapters 4 and 5. For Chapter 6 jump height was determined along with sagittal plane kinematics and kinetics during the landing phase of the jump in addition to multi-planar breast kinematics and perceptual ratings of breast comfort, support and performance.  

Data from Chapters 4, 5 and 6 were assimilated in Chapter 7 to enable comparisons of multi-planar breast kinematics, biomechanical and perceptual variables across activity modes, providing a wider perspective on how breast support may affect performance in larger-breasted female recreational athletes. Chapter 8 provides a general discussion of the thesis findings, recommendations for future study and concluding remarks.       
1.4. Critical review of the literature
A systematic search on relevant literature was conducted, based on guidelines provided by Webster and Watson (2002). The literature search techniques employed included: identifying appropriate keywords from previously known research papers, using advanced database searching techniques (key words, phrasing and Boolean searching), reference chaining and continual evaluation and revision of the literature search throughout the PhD process. Published references are included up until November 2012. Sources of literature included databases, e.g. Google Scholar, PubMed and Medline, reference lists, contact with researchers in the area, industry guidelines and conference proceedings.  No limitations were placed on the date or study type of relevant literature collected; published abstracts and unpublished theses were included.

1.4.1. The female breast

1.4.1.1. Breast anatomy

The breast is a superficially placed endocrine end organ that lies unprotected beneath the skin and on top of the anterior chest wall (Hindle, 1991). Female breasts are situated over the pectoralis major muscle and usually extend from the level of the second rib to the level of the sixth rib anteriorly (Gefen & Dilmoney, 2007). The three major components of the adult female breast are fibrous (connective), glandular (mammary) and adipose (fat) tissue; throughout the breast there are also blood vessels, nerves and lymphatics (McCool, Stone-Condry, & Bradford, 1998) (Figure 1.1). The adipose tissue in the breast responds to systemic weight gain or weight loss (Hindle, 1991); the ratio of fat to connective tissue determines the firmness of the breast (Gefen & Dilmoney, 2007). 
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Figure 1.1 A sagittal plane view of the female breast (Page & Steele, 1999)

Except for the skin, there is very little anatomical support for the breast (Hindle, 1991). Thin ligaments called the suspensory ligaments, or Cooper’s ligaments, cross the subcutaneous fat layer in the breast, separating the breast’s lobules, and are often described as the supporting structure for the breasts (Gefen & Dilmoney, 2007; Page & Steele, 1999). Hindle (1991) argued that the Cooper’s ligaments have little physiological function and offer little or no support. There are no specific experimental data on the mechanical properties of the Cooper’s ligaments available, only approximations based on other ligament properties (Gefen & Dilmoney, 2007), so the support mechanism for the breast is not fully understood. 
Breast density is one of the strongest risk factors for breast cancer, yet the determinants of breast density in young women is largely unknown (Dorgan et al., 2012). Total adiposity and body fat distribution were however found to be inversely associated with the percentage of dense breast volume by Dorgan et al. (2012). Body mass and the Body Mass Index have also been found to relate strongly to breast mass (Brown et al., 2012). Individuals vary considerably in terms of the size, contour and density of their breasts at maturity (Hoffmann, 2001). The large variability in breast kinematics found between participants in breast motion studies (Scurr et al., 2011) may be attributed to breast composition differences. However, the effect of differing breast compositions on breast motion during exercise has not been investigated; this is likely due to the difficulty in obtaining accurate breast composition data.
1.4.1.2. Breast size
A cup size of D and above is often classed as ‘larger-breasted’ (Ho et al., 2006; Lorentzen & Lawson, 1987), with D cup women having a minimum breast mass of 900 grams (g) per breast (compared with 380 g for a B cup), dependent on band size (Benfitte-Klepetko et al., 2007). High breast mass has been reported to have a negative influence on the psychological and physiological morbidity of women (Benditte-Klepetko et al., 2007). Common physical symptoms of breast hypertrophy include mastalgia or mastodynia (breast pain or tenderness), pain symptoms in the neck, shoulders and back, poor posture, bra strap grooving and numbness of the fingers (BeLieu, 1994; Findikcioglu, Findikcioglu, Ozmen & Guclu, 2007; Letterman & Schurter, 1980; Ryan, 2000), which may deter larger-breasted women from exercising. Women who suffer with breast hypertrophy frequently have heightened body dissatisfaction and may have decreased self-confidence due to difficulties whilst exercising (Benditte-Klepetko et al., 2007; Glatt, Sarwer, O’Hara, Hamori, Bucky & LaRossa, 1999). It appears that the average breast size in the UK is increasing (Greenbaum, Heslop, Morris & Dunn, 2003; Ho, Luo, Yu & Chung, 2006; Mintel International Group Ltd, 2001).
1.4.2. Breast kinematics


1.4.2.1. Methodologies for breast kinematic data collection
Determining the centre of mass of the breast dynamically is complex as the breast is a wobbling mass with non-uniform composition. In early studies the nipple was assumed to represent total breast motion (Boschma, 1994; Gehlsen & Albohm, 1980; Lorentzen & Lawson, 1987). This hypothesis has been tested by Mason et al. (1999) and Zhou et al. (2009), who placed additional markers on the breast in a medial, lateral, superior and inferior direction. Nipple and inferior breast markers were found to travel through slightly larger amplitudes than other breast markers; the nipple was therefore deemed an appropriate marker to use and a good indicator of breast kinematics. 
Markers have been placed on top of a bra (over the nipple) when studies have investigated breast kinematics in different bra conditions (Gehlsen & Albohm, 1980; Lorentzen & Lawson, 1987; Mason et al., 1999; Scurr et al., 2010; Scurr et al., 2011; Starr et al., 2005; White et al., 2009a; White et al., 2011; Zhou et al., 2009; Zhou, Yu & Ng, 2012a). However, a concern with this method is that the breast will move independently within the bra and therefore the nipple marker may not accurately represent the magnitude of breast kinematics. To reduce this concern a well-fitting bra should ensure that minimal independent movement occurs (Page & Steele, 1999); additionally the use of a full-cup bra (as opposed to a demi-cup, balconette or plunge bra style) should reduce independent breast motion. 
Multiple reference systems have been used to assess breast kinematics during physical activity. The first study to quantify breast kinematics relative to the trunk
 was conducted by Gehlsen and Albohm (1980). A reference marker on the left clavicle determined vertical trunk displacement, whilst the vertical displacement of the breast was derived from a second marker placed over the bra at the centre of the breast. The difference between the displacements of the two markers was considered to represent the breast displacement allowed by each bra. However, assessing trunk displacement using a marker on the clavicle is problematic as the clavicle is part of the shoulder girdle and can therefore move independently to the trunk, increasing the error of this calculation. 

Other locations that have been used to assess vertical trunk displacement in breast biomechanics literature include: the xiphoid process (Lorentzen & Lawson, 1987); the lateral points of acromion processes (Starr et al., 2005); the suprasternal notch (Mason et al., 1999; McGhee & Steele, 2010a; McGhee et al., 2012); and the sternum (level with the articulation of the third rib) (McGhee, Steele & Power, 2007). The xiphoid process, clavicle and the sternum (level with the third rib), despite giving an indication of vertical trunk displacement, are landmarks often obscured by bras and are therefore not practical marker positions to use in the assessment of breast kinematics. The acromion processes are also indirect marker placements and can move independently of the trunk. The suprasternal notch provides the most useful landmark for the assessment of vertical trunk displacement as it is an easily identifiable landmark, lies directly on the thorax segment, can be filmed using one camera in the frontal plane along with the breast and does not get obscured by a bra.
Breast displacement has often only been considered in the coronal plane (Gehlsen & Albohm, 1980; Lorentzen & Lawson, 1987; Mason et al., 1999; McGhee et al., 2007; McGhee & Steele, 2010a; McGhee et al., 2012; Starr et al., 2005), however during one gait cycle the trunk displays oscillations in the vertical, mediolateral (m/l) and anterioposterior (a/p) directions (Thorstensson, Nilsson, Carlson & Zomlefer, 1984). Using just one reference point to describe the multi-planar movements of a reference object is insufficient, it is important to assess the influence that multi-planar trunk displacement has on breast kinematics. Scurr, Galbraith, Hedger and White (2007) were first to establish a procedure for the calculation of multi-planar breast kinematics; multi-planar analysis has since evolved and been advocated in order to accurately report breast kinematics (Bridgman et al., 2010; Scurr, White & Hedger, 2009; Scurr et al., 2010; Scurr et al., 2011; White et al., 2009a; White et al., 2011; Zhou et al., 2012a).
No consensus exists in the literature on the technique for multi-planar trunk kinematic analysis and a variety of direct (landmarks on the thorax or trunk) and indirect (typically landmarks on the shoulders) marker sets have been utilised (Nguyen & Baker, 2004). Previous studies focusing on multi-planar trunk kinematics have often only recruited male participants with reference markers placed on combinations of the spine (T1, T4, T6, T9, T10, C7), the xiphoid process, clavicles and rib cage (Crosbie, Vachalathiti & Smith, 1997; Gutierrez & Saraste, 2002; Nguyen & Baker, 2004; Sartor, Alderink, Greenwald & Elders, 1999; Van Emmerik, McDermott, Haddad & Van Wegen, 2005). When utilising direct marker sets accurate multi-planar trunk kinematic analysis on female participants is problematic due to the position of a bra obscuring important landmarks (e.g. the xiphoid process and T1 to T11). Despite this there is surprisingly no mention of methodological limitations caused by bras obscuring landmarks (Horan, Evans, Morris & Kavanagh, 2010; Sartor et al., 1999) in studies including female participants. Whilst developing a marker set to assess multi-planar breast kinematics (Scurr et al., 2009) bra obscurity ruled out several previously utilised marker sets. Therefore retro-reflective markers were placed on the right nipple, left and right clavicles directly superior to the nipples, and the left and right anterior superior iliac spines (ASIS) by Scurr et al. (2009) to assess multi-planar breast kinematics. Figure 1.2 illustrates the reference system utilised by Scurr et al. (2009) to calculate the 6 degrees-of-freedom movement of the trunk.
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Figure 1.2 Axis of the global and local co-ordinate systems used to calculate the 6 degrees-of-freedom movement of the trunk (Scurr et al., 2009)

Scurr et al.’s (2009) study presented a groundbreaking development in the quantification of multi-planar breast kinematics; however the reference system used is flawed. In addition to the impracticality of the clavicle often being obscured by a bra, the clavicles and ASIS are independent landmarks of the shoulder and pelvic girdle (respectively), so these reference markers can move independently of the trunk segment, making it an unstable reference system. Despite the suggestion that using the mid-point of the clavicles provides a sufficient approximation of a fixed point on the mid-line of the thorax (Nguyen & Baker, 2004), breast displacement data derived relative to thorax motion with this marker set are questionable.

An improvement to this reference system has since been presented (Haake & Scurr, 2010; Scurr et al., 2010; Scurr et al., 2011) to calculate multi-planar breast kinematics. Retroreflective markers positioned on the suprasternal notch and the left and right anterioinferior aspect of the 10th ribs (Figure 1.3; Scurr et al., 2010) enabled the thorax to be identified using markers that belong to the same thorax segment and markers in this reference system are not obscured by bra placement.  In a methods review paper this reference system was regarded the most stable reference frame to date (Zhou et al., 2011), although markers on the ribcage increases the risk of deformability of the thorax segment due to breathing.
[image: image3.jpg]Effect of breast support on breast kinematics during running 3

4
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: communications). (B) Everyday bra: Marks and Spencer’s UK
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non-padded, made from 88% polyamide and 22% elastane lycra
(Marks and Spencer, August 2008, personal communication).
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Figure 1.3 Marker positioning and axis used by Scurr et al. (2010) to calculate multi-planar breast kinematics

The International Society of Biomechanics standard (Wu et al., 2005) states that four markers in the thorax midline can define the thorax reference frame well. Zhou et al. (2012a) therefore proposed a reference frame for the thorax segment (Figure 1.4) using markers on the deepest position of the incisura jugularis, the xiphoid process, the 7th cervical vertebra (C7) and the 8th thoracic vertebra (T8) and calculated multi-planar breast kinematics to this segment.  
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Four spherical retro-reflective markers with a diameter of 9.5 mm and a mass of 1.81 g
were attached to the skin at the four reference points (IJ, PX, C7, and T8 defined in Section

3.2.2) and four breast boundary points (BL, BR, BI and BO defined in Section 3.2.3) orthe

well-fitted everyday bra as shown in F igure 4.3. The 3D coordinates of the eight markers

were recorded in the standing condition by the Vicon motion analysis system in the GCS.

Figure 4.3 Points of reference and breast boundary markers in the BCS

Step 2: Attaching markers on the breast or bra

The four breast boundary markers and the everyday bra were then removed. Six
experimental markers were attached onto the left breast (or over a well-fitted sports bra in a
standing condition). The first marker M4 was placed on a nipple. The markers M1, M2, M3,

MS5 and M6 were 4 cm apart from M4 along the horizontal and vertical directions (Figure





Figure 1.4 Positions of the thorax and breast markers proposed by Zhou et al. (2012a)

However, these landmarks are often obscured by bras (especially the xiphoid process and T8) and a more complex motion capture set-up (due to markers on the front and back of the participant) is required, questioning the practicality of this reference system when collecting breast kinematics data. 
A further consideration when calculating multi-planar breast kinematics relative to the thorax segment is the effect of skin movement artefacts on the accuracy of this calculation. The direct frame-by-frame method (that allows the local coordinate system (LCS) to change throughout the activity) has been utilised in methods proposed by Scurr et al. (2010) and Zhou et al. (2012), yet this method ignores skin movement artefacts. A segmental optimisation method estimates the position and orientation of a segment by minimising marker array deformation using a least-squares method (Lu & O’Connor, 1999) and therefore assumes any change in the rigid body is an error associated with soft tissue artefact. The effects of a segment optimisation method on breast kinematics calculation are unknown and beyond the scope of this thesis, although this investigation is warranted due to the risk of thorax segment deformability with markers on the ribcage (Scurr et al., 2010).

1.4.2.2. Findings from breast motion studies
A number of empirical studies have investigated breast displacement
 with no breast support during exercise (Table 1.1) to provide a baseline measure that can be compared against a variety of bra conditions. It is evident from Table 1.1 that breast size and the activity undertaken are factors that affect the magnitude of breast displacement in all directions. Greater breast displacement has been reported in studies with larger-breasted women and running elicited more breast displacement than walking when both were tested in the same study (Mason et al., 1999; Scurr et al., 2009; Zhou et al., 2009). The highest breast displacement reported (0.19 metres; m) was during two-step star jumps (Bridgman et al., 2010). Factors to consider when interpreting breast displacement results across previous studies are differences in the reference systems used, breast sizes and activity type. Until a ‘standard’ reference system is established and utilised across researchers in the area, comparisons across study results are difficult. 

Only reporting vertical breast kinematics could substantially underestimate breast kinematics and may have consequences for bra design. During running White et al. (2009a) found vertical breast displacement to account for just 50% (0.08 m) of breast displacement, with the m/l and a/p direction each accounting for 25% (0.04 m each); similarly Scurr et al. (2009) found vertical displacement accounted for just 56% of overall breast displacement during treadmill running. During walking breast displacement has been reported as equal in all directions (Scurr et al., 2011). The relevance and importance of assessing multi-planar breast displacement is emphasised in these studies, providing rationale to assess multi-planar breast kinematics within this programme of research.

A continuous incremental treadmill test was employed by Scurr et al. (2011) to investigate the effect of treadmill velocity on breast displacement. Results indicated that the magnitude of breast displacement increased from walking (1.39 m.s-1) to running (2.78 m.s-1), yet did not increase above this velocity; suggesting a plateau in breast displacement may occur.  This is the only study to present breast displacement values at higher treadmill velocities (up to 4.17 m.s-1), yet quantification of breast displacement at faster running velocities and during sprinting would broaden understanding of breast kinematics and help understand the recreational athlete profile.

Table 1.1 Summary of breast displacement (m) with no breast support reported in previous breast motion studies for different activity modes
	Authors
	Bra size
	Activity
	Direction
	Displacement of bare-breast (m)

	Bridgman et al. (2010)
	A to JJ cup, 34 mean band
	Two-step star jumps
	Vertical
	~0.05 to 0.18

	
	
	
	Mediolateral
	~0.02 to ~0.06

	
	
	
	Anterioposterior
	~0.02 to ~0.04

	
	
	
	Resultant
	~0.06 to 0.19

	Lorentzen & Lawson (1987)
	A to D cup
	Jogging
	Vertical
	0.06 to 0.08

	Mason et al. (1999)
	B and C cup
	Walking
	Vertical
	0.03 to 0.06

	
	
	Jogging
	
	0.06 to 0.10

	
	
	Running
	
	0.06 to 0.11

	
	
	Marching
	
	0.05 to 0.07

	Scurr et al. (2009)
	D cup
	Walking
	Resultant
	~0.04 

	
	
	Running
	Resultant
	~0.11 

	Scurr et al. (2010)
	D cup, 34 mean band
	Running
	Vertical
	0.08 (± 0.02)

	
	
	
	Mediolateral
	~0.01 to 0.04

	
	
	
	Anterioposterior
	0.02 

	Scurr et al. (2011)
	D cup, 34 mean band
	Incremental treadmill protocol
	Vertical
	~0.02 to ~0.10

	
	
	
	Mediolateral
	~0.02 to ~0.05

	
	
	
	Anterioposterior
	~0.02 to ~0.06

	
	
	
	Resultant
	~0.04 to ~0.15

	White et al. (2009a)
	D cup
	Running
	Vertical
	0.08 (±0.03)

	
	
	
	Mediolateral
	0.04 (±0.02)

	
	
	
	Anterioposterior
	0.04 (±0.01)

	
	
	
	Resultant
	0.11 (±0.04)

	White et al. (2011)
	D cup
	Treadmill running
	Vertical
	~0.09

	
	
	
	Mediolateral
	~0.05

	
	
	
	Anterioposterior
	~0.05

	
	
	
	Resultant
	0.13

	
	
	Overground running
	Vertical
	~0.08

	
	
	
	Mediolateral
	~0.04

	
	
	
	Anterioposterior
	~0.04

	
	
	
	Resultant
	~0.12

	Zhou et al. (2009)
	34B, 34C, 36B
	Walking
	Vertical
	~0.02

	
	
	Running
	
	~0.03

	
	
	Stepping
	
	~0.03


Breast velocity has also been reported in some breast motion studies (Bridgman et al., 2010; Gehlsen & Albohm; McGhee et al., 2007; McGhee & Steele, 2010a; Scurr et al., 2010), often to demonstrate whether a relationship exists between this measure and breast comfort. For running McGhee et al. (2007) and Scurr et al. (2010) found vertical breast velocity to closely correlate with breast comfort, although this relationship was not reported during two-step star jumps (Bridgman et al., 2010).  Gehlsen and Albohm (1980) argued that breast momentum (breast mass x breast velocity) was more closely related to breast comfort during jogging, compared to breast displacement or breast velocity singularly. 

The values of vertical bare-breast velocity presented by Bridgman et al. (2010) (0.63 m.s-1), McGhee et al. (2007) (0.81 m.s-1 to 1.00 m.s-1) and Scurr et al. (2010) (-0.92 m.s-1) were considerably higher than those presented by Gehlsen and Albohm (1980) (0.14 m.s-1 to 0.18 m.s-1) for treadmill running, highlighting differences in breast velocity calculation across studies. Whilst Gehlsen and Albohm (1980) divided the average displacement of two breast cycles by the time taken, other studies present the peak instantaneous velocity of breast cycles. Like breast displacement, comparisons of breast velocity across studies are difficult if there are differences in the reference system, breast size, activity and calculation used. Although as different activity modes are performed at different velocities, investigating breast velocity is important as it may have performance implications for recreational athletes.
The breast force generated during exercise is moderated by both breast mass and acceleration (McGhee et al., 2012). Page and Steele (1999) emphasised the importance of assessing the resulting kinetics of breast motion to provide information to bra designers on the loads that need to be supported by sports bras. Breast acceleration has often been presented alongside breast displacement and velocity (Bridgman et al., 2010; Himmelsbach, Valiant, Lawson & Eden, 1992; Mason et al., 1999; McGhee et al., 2012; Mutter et al., 2002; Scurr et al., 2010; Verscheure, Arata & Hreljac, 2000; White, Scurr & Hedger, 2009b). There are large differences in breast acceleration values reported between studies. Himmelsbach et al. (1992) and Mason et al. (1999) reported vertical acceleration values of ~2.0 to 2.5 gravitational units (g) for B and C cup women during treadmill running; whereas up to 12 g of nipple acceleration was reported by Mutter et al. (2002), despite similarities in breast size and activity levels between studies. Comparing vertical breast acceleration values across studies is problematic when there are differences in the method used. 

Vertical breast acceleration values are commonly reported relative to free-fall in g (acceleration (metres per second squared; m.s-2) / -9.81) despite the unit of measure of acceleration being m.s-2 in the international system of units. Mason et al. (1999) justified this conversion of their vertical breast acceleration data into g as wanting an “indication of the force acting on the breast tissue”. Studies that have utilised an accelerometer to collect vertical breast acceleration data (Himmelsbach et al., 1992; Mutter et al., 2002) have also presented data in g. Measuring breast acceleration relative to free-fall (g) may be acceptable if only assessing vertical breast acceleration, although results should still be interpreted with caution as when presenting breast acceleration data relative to the trunk this segment may not have been aligned with the direction of the gravity vector at all times. It is however arguable that a/p and m/l breast acceleration presented by Bridgman et al. (2010) and Scurr et al. (2010) in g is not appropriate as gravity only acts in the vertical direction, leading to inaccuracies in these measures. Breast acceleration presented simply as the rate of change of velocity (m.s-2) is perhaps more appropriate to assess multi-planar breast kinematics and breast acceleration has more recently been presented by McGhee et al. (2012) and Wood, White, Milligan, Ayres, Hedger and Scurr (2012) in m.s-2.
Breast acceleration has been found to relate less closely to breast comfort than breast displacement and/or breast velocity (Himmelsbach et al., 1992; Mason et al., 1999; Scurr et al., 2010), although these studies only looked at participants of a B to D cup size. Larger breast acceleration values reported by McGhee et al. (2012) were partly attributed to larger bra sizes. As breast force is equal to breast mass multiplied by breast acceleration it is reasonable to assume that larger-breasted women will generate higher breast forces, which may lead to an increase in breast discomfort. For that reason, breast acceleration may still be an important measure when investigating breast kinematics, comfort and the implications for performance during recreational activities in a larger-breasted population.
Gehlsen and Albohm (1980) were the first to graphically present the trajectory of the breast in the coronal plane for a single running gait cycle; for a B cup participant the trajectory illustrated a figure-of-eight displacement pattern (Figure 1.5).  Scurr et al.’s (2009) study was first to present the multi-planar trajectory of the breast during treadmill locomotion. A significant time-lag (up to 13% of the gait cycle) was reported in the peak vertical displacement of the unsupported breast compared with the clavicle, suggested to be due to the elastic and inertial properties of the breast (Scurr et al., 2009) and proposed to influence exercise-related breast discomfort. Reporting breast trajectories is useful as they provide an insight into how the pattern of breast movement may be influencing the perception of breast discomfort during physical activity. However, breast trajectories have not been presented for vertical jumping, which is a frequent component of many intermittent sports (Gasston & Simpson, 2004; Tillman, Hass, Brunt & Bennett, 2004).
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Figure 1.5 Body and breast movement during one running stride (Gehlsen & Albohm, 1980)
The more recent publication of multi-planar breast kinematics within the breast biomechanics literature has increased our understanding of how the breast behaves when female athletes are exercising and allows for a more comprehensive evaluation of breast kinematics.  However numerous methods of obtaining and analysing breast kinematics data have been employed, making comparisons of breast kinematics data between studies difficult. It is evident that further research into breast kinematics across a larger range of breast sizes (most studies have assessed participants between an A and D cup; Table 1.1) and activities (most studies have assessed short duration running) is warranted.
1.4.3. Bras

The criteria for low and high support bras are not clearly defined in the literature. Everyday t-shirt bras and fashion bras have been used in the past to represent a low breast support condition, whilst a variety of sports bras have been used to represent a high breast support condition (Mason et al., 1999; Scurr et al., 2010; White et al., 2009; White et al., 2011). Sports bra designers tend to utilise stiffer fabrics around the breasts with tighter shoulder straps to minimise breast motion (Zhou, Yu & Ng, 2012b). Design features such as a firm under band, adjustable padded shoulder straps and a high neckline differentiate a sports bra from an everyday bra (Zhou et al., 2012b). Due to the variety in bra styles available, perhaps a clearer definition for a high support bra is that it significantly reduces breast kinematics compared to a low support bra when both tested under the same conditions. 
Sports bras are designed to support and contain delicate breast tissue during strenuous exercise (Krenzer, Starr & Branson, 2005); most sports bras are anchored to the body under the breast by underwire or a strap of strong elastic (Page & Steele, 1999). There are two main sports bra designs: (i) the compression bra; and (ii) the encapsulation bra. Compression bras are designed to compress and flatten the breasts against the chest to restrict breast movement and are thought to be most effective for smaller-breasted women (Page & Steele, 1999; Stamford, 1996). The encapsulation bra separates and supports each breast individually and are thought to be more effective for larger-breasted women (Page & Steele, 1999; Scurr et al., 2011; Stamford, 1996; Verscheure et al., 2000; Zhou et al., 2009), although White et al. (2009a) found no difference in the support provided by a compression and encapsulation bra within a larger-breasted cohort. Some manufacturers have now produced sports bras that have both an encapsulation and compression element to them, proposed by Starr et al. (2005) to be the most effective solution for larger-breasted women. Indeed, McGhee and Steele (2010a) reported that for larger-breasted women a bra providing greater breast elevation and compression provided superior breast comfort compared to a standard encapsulation bra during physical activity. 
Breast movement reduction is a more serious problem for active larger-breasted women (Lorentzen & Lawson, 1987). Designing sports bras specifically for the size D (and larger) woman has been promoted (Lorentzen & Lawson, 1987; McGhee & Steele, 2010a; McGhee et al., 2012; Starr et al., 2005). Although it is also important that women with smaller breasts receive optimum support as breast movement can cause breast discomfort across all breast sizes (White, Scurr & Hedger, 2010). The efficacy of different levels of breast support at reducing breast movement and discomfort, ranging from everyday t-shirt and fashion bras to highly supportive sports bras, has been examined during short duration continuous treadmill activity. Breast displacement (Mason et al., 1999; McGhee et al., 2012; Scurr et al., 2010; Scurr et al., 2011; White et al., 2009a; White et al., 2011; Zhou et al., 2012a), breast velocity (Scurr et al., 2010) and breast acceleration (Mason et al., 1999; McGhee et al., 2012) have been reported to decrease, and breast comfort increase (Mason et al., 1999; McGhee et al., 2012; Scurr et al., 2010; White et al., 2009a; White et al., 2011), as the level of breast support increases. These studies provide rationale for the use of high breast support during continuous treadmill activity. Research into the effectiveness of high support bras during other activities, such as intermittent exercise and vertical jumping, is however unknown yet is of great importance in order to understand the demands imposed by a recreational athlete.
Sports bras are recommended in the literature and have been suggested to be just as important to the recreational athlete as to competitive elite athletes (Hoffman, 2001). The prevalence of sports bra usage across female athletes is unknown; however there is an assumption that females within the general community are unaware of the importance of adequate breast support during exercise. An Australian study (Bowles et al., 2008) reported that females were more likely to wear a fashion bra during physical activity (59%), compared with a sports bra (41%), regardless of their age or bra size. McGhee, Steele and Munro (2010) reported that only 13% of adolescent Australian females wear a sports bra to exercise. The prevalence of sports bra usage within the general UK population and other parts of the world is currently unknown. Perhaps the reason for the high number of women opting out of wearing a sports bra (Bowles et al., 2008) is because often the bras that are best at limiting breast motion are typically rated as the least comfortable (Lawson & Lorentzen, 1990). Bowles, Steele and Munro (2011) investigated features of sports bras that deterred their usage and shoulder straps slipping or cutting in to the shoulder were the most disliked. Therefore it is important to ensure that a sports bra fits appropriately to reduce the occurrence of these issues and to encourage use. 
1.4.4. Bra fit

In 1935 an American company (Warner®) incorporated breast volume into the bra size specification and the alphabet bra was launched, with cup sizes from A to D; this system forms the basis of the modern bra sizing standard we know today (Pechter, 1998; Zheng, Yu & Fan, 2006). Although the dimensions and shape of the female breast is complex and variable (McCool et al., 1998), a simple set of guidelines for bra sizing are necessary for communication between customers, retailers, manufacturers and designers.  Two major bra-sizing systems have therefore been universally used since the introduction of Warner’s® alphabetic bra sizes; the imperial (Table 1.2) and metric (Table 1.3) system. The size interval and cup grading of both systems is very similar; the imperial method has been adopted in Britain, whereas most other European, American and Asian countries use the metric system (Zheng et al., 2006). 

Table 1.2 Imperial bra-sizing system (Zheng et al., 2006)

	Bra size
	30B
	32B
	34B
	36B
	38B
	40B
	42B
	44B

	Underbust girth (inches)
	25-26
	27-28
	29-30
	31-32
	33-34
	35-36
	37-38
	39-40

	Bust girth (inches)
	31
	33
	35
	37
	39
	41
	43
	45

	Bra size
	34AA
	34A
	34B
	34C
	34D
	34DD
	34E
	34F

	Underbust girth (inches)
	29-30
	29-30
	29-30
	29-30
	29-30
	29-30
	29-30
	29-30

	Bust girth (inches)
	33
	34
	35
	36
	37
	38
	39
	40

	
	
	
	
	
	
	
	
	


Table 1.3 Metric bra-sizing system (Zheng et al., 2006)

	Bra size
	65A
	70A
	75B
	80B
	85B
	90B
	95B
	100B

	Underbust girth (centimetres)
	65
	70
	75
	80
	85
	90
	95
	100

	Bust girth (centimetres)
	75
	80
	87.5
	92.5
	97.5
	102.5
	107.5
	112.5

	Bra size
	75AA
	75A
	75B
	75C
	75D
	75DD
	75E
	75F

	Underbust girth (centimetres)
	75
	75
	75
	75
	75
	75
	75
	75

	Bust girth (centimetres)
	82.5
	85
	87.5
	90
	92.5
	95
	97.5
	100


The traditional method of bra fitting using the imperial system (Table 1.2) relates chest circumference (immediately below the breasts at the infra-mammary fold) to the circumference of the chest around the fullest part of the breasts. To determine band size an arbitrary number (4 or 5) is added to the under-bust chest circumference. Cup size is then established by calculating the difference between the band size measurement and the over-the-bust measurement (McGhee & Steele, 2006). Cross-grading is a method often used by manufacturers in the bra design process when pattern shapes for each bra size are determined (Hardaker & Fozzard, 1997); this assumes that adjacent cup sizes across band size ranges are equivalent, e.g. 34D cup is equivalent to the 32DD and 36C, etc (see Figure 2.2). This can save considerable time for manufacturers when grading for cup sizes (Hardaker & Fozzard, 1997), although as this method is not universally used consumers cannot guarantee that following the cross-grading method will be accurate when determining their own bra size.
Body sizes have changed substantially since the introduction of the alphabet bra, with many British women now purchasing a D cup bra or larger (Greenbaum et al., 2003). As the traditional method of bra fitting was only established for cup sizes up to a D (Pechter, 1998), the accuracy of this method with sizes larger than a D is uncertain. Pechter (1998) compared the traditional bra fitting method to a system that determined cup size by direct measurement of the breast and found the traditional method to be unreliable. Significant discrepancies between the bra size calculated by the traditional method and subject’s reported bra size were also found by McGhee and Steele (2006). 

Bra size itself is difficult to measure and accuracy is affected by breathing and posture (McGhee & Steele, 2006; Zheng et al., 2006). International standards suggest that measuring takes place over a well-fitted, unpadded and thin bra, with minimum accessories and support (Zheng et al., 2006). Most women are likely to be fitted in a shop whilst wearing their own bra, regardless of whether it meets these international standards; therefore the measurements are not meaningful if the consumer’s own bra does not fit appropriately (Greenbaum et al., 2003). Bras produced by different manufacturers are also inconsistent in their size (McGhee & Steele, 2006), with bra companies using their own size charts and grading methods to size garments (Hardaker & Fozzard, 1997). Due to size discrepancies and measurement issues the traditional method of bra fitting can cause confusion and lead women to purchase and wear inappropriately fitting bras, a new method of bra fitting is needed. 
Regardless of how good the design of the bra, if the size is wrong, then it is speculated that it will not provide effective support (Page & Steele, 1999). Despite this, it has been suggested that 70% to 100% of women are wearing the wrong-sized bra (Greenbaum et al., 2003; Pechter, 1998; Wood, Cameron & Fitzgerald, 2008). A correctly fitting and supporting bra is essential to good health; it can alleviate breast pain (BeLieu, 1994; Hadi, 2000; Smith, Pruthi & Fitzpatrick, 2004; Wilson & Sellwood, 1976), allow women to exercise in greater comfort (Mason et al., 1999; White et al., 2009a) and reduce the need for breast reduction surgery (Greenbaum et al., 2003). An incorrect bra fit may affect the ability of the bra to reduce breast movement (Page & Steele, 1999), as well as contributing to upper body musculoskeletal problems, poor posture and deep bra furrows in the shoulders caused by excessive strap pressure (BeLieu, 1994; Greenbaum et al., 2003; Ryan, 2000). 

It is particularly important for larger-breasted women to wear a well-fitted and supportive bra, yet they are more likely to have an incorrect fit (Greenbaum et al., 2003; McGhee & Steele, 2006; Pechter, 1998; Wood et al., 2008). Larger-breasted women do not only choose the wrong size but it appears that the larger the woman’s breasts, the more likely she is to wear a bra that is too small (Wood et al., 2008). McGhee et al. (2010) found that knowledge of good sports bra fit in Australian adolescent female athletes was very poor, yet after receiving an education booklet about breast support bra fit knowledge improved significantly. 

1.4.5. Negative consequences of poor breast support

Due to limited intrinsic support breast movement during exercise can lead to breast discomfort
 (Page & Steele, 2009). Breast discomfort during exercise is common, with 56% to 72% of women reported to have experienced exercise-related breast discomfort (Gehlsen & Albohm, 1980; Lorentzen & Lawson, 1987). Although exercise-related breast discomfort is proposed to be linked to stretch in the breast’s anatomical structures (Mason et al., 1999) the exact source of breast discomfort is surprisingly unknown and more investigation is needed to understand its cause. High breast support has been shown to reduce breast discomfort during exercise (Mason et al., 1999; Scurr et al., 2010; White et al., 2009a); it is also recommended for women who experience severe cyclic and non-cyclic breast pain, as a supportive bra can reduce pain without the need for drugs that can cause undesirable side-effects (Hadi, 2000). 
The first (and only) published scale (Figure 1.6) used to measure exercise-related breast comfort was introduced by Mason et al. (1999) and has been utilised in subsequent breast motion studies (Scurr et al., 2010; White et al., 2009a). The visual analogue scale (VAS) itself has been shown to have good overall validity by correlating strongly with physiological markers (Hasson & Arnetz, 2005), it has also been shown to be easy to administer and easy to understand for the respondent (Hopkins & Stanley, 1981).
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Figure 1.6 Visual analogue scale used to assess breast comfort (Mason et al., 1999)

Although the scale used by Mason et al. (1999) provides useful information, there are several disadvantages to it. Firstly, combining both pain and comfort terms in the same scale may confuse participants, it also questions which factor the scale is measuring – is the scale determining a measure of pain felt in the breast, or a measure of the discomfort perceived? Arguably the terminology should be consistent across the scale, either measuring pain sensation or comfort perception. It does not allow the participant to describe the pain or its exact location, for example, throbbing, sharp or dull. It also does not allow for pain intensity to be reported; number 10 on the scale is equal to ‘Painful’ but this could be mild, moderate or excruciating pain. Furthermore, this rating may vary between participants depending on their prior experiences of bra usage and general pain experienced. Caution when interpreting breast comfort or pain ratings using this scale should therefore be exercised. 
Repeated loading of the supporting structures of the breast (Cooper’s ligaments and skin) due to excessive breast motion may lead to irreparable damage of these structures (Mason et al., 1999; Page & Steele, 1999). This stretching is suggested to result in breast ptosis (sag); hence the use of a supporting bra during exercise has been promoted (Mason et al., 1999; White et al., 2009a). A bra providing appropriate support can alleviate anxiety in athletes who are concerned that high impact exercise may contribute to breast sagging (Pfiefer & Patrizio, 2002). It is unknown how detrimental excessive breast motion is on delicate breast tissue in the long-term and can only be hypothesised based on the changes seen in other ligamentous tissue, for example in the knee (Gefen & Dilmoney, 2007).
There is a need to understand and address perceived barriers to exercise as sedentary lifestyles established in youth reportedly track into adulthood and are a predisposing factor to chronic disease (Robbins, Pender & Kazanis, 2003). Larger-breasted females may refrain from exercise due to the discomfort and/or embarrassment associated with unwanted breast motion (Bowles et al., 2008; Page & Steele, 1999; Starr et al., 2005). The extent to which breast movement is a source of anxiety that could prevent women from engaging in exercise is unknown; however research suggests physique-related perceptions can deter individuals from being active when they have concerns about being negatively evaluated while exercising (Hart, Leary & Rejeski, 1989; Robbins et al., 2003). If high breast support can reduce breast motion, discomfort and embarrassment this may lead to an increase in self-confidence and subsequently exercise engagement, benefiting larger-breasted female recreational athletes. 
1.4.6. The female recreational athlete

There is a general trend towards increased participation in sports by females (Hagen, 2005). This trend escalated since the Title XI legislation was passed in 1972 mandating equal opportunities for females in sport (Hagen, 2005; Pfeifer & Patrizio, 2002), although great disparity still remains between men and women (Women’s Sport and Fitness Foundation, 2009). According to Sport England’s (2011) fifth Active People Survey, 12.4% of females now take part in at least 30 minutes of moderate intensity sport at least three times a week. A latent demand has also been reported (Women’s Sport and Fitness Foundation, 2011), with over a half of women stating they would like to play more sport than they currently do. 

Sport England (2011) define a recreational athlete as a person who participates in at least 30 minutes of sport at moderate intensity at least three times a week, but does not follow a professionally designed training regime. It is well documented that physical activity positively influences many aspects of female health, from physiology to mental health. Benefits associated with increased physical activity include positive cardiovascular effects, a decreased risk of diabetes, breast cancer and depression (Hagen, 2005). It is important that the challenges, as well as the benefits, of exercise for females are understood; yet the female athlete remains less well studied compared to male athletes, especially in performance factors (Holschen, 2004).

Performance is often difficult to quantify or assess, yet in activities such as running biomechanical (e.g. stride length, Cavanagh & Kram [1990]) and/or perceptual (e.g. rating of perceived exertion (RPE), Messier & Cirillo [1989]) factors that influence performance may have a direct impact on the time taken to complete the run or the length of time the athlete is able to run for. Although assessing performance during intermittent sports (such as hockey, netball and football) is more complex due to its highly dynamic and complex nature (Carling, Reilly & Williams, 2009), inferences can still be made to performance if changes in biomechanical or perceptual factors are found. 
1.4.7. Treadmill activity

1.4.7.1. Steady-state running

One of the most popular activities of a female recreational athlete is to go running (Sport England, 2011), where running velocity remains fairly constant. Running is a complex, highly repetitive and vigorous movement that is well suited for optimisation (Williams, 1993). It can be possible to reduce energy cost and indirectly improve performance by optimising running mechanics (Williams & Cavanagh, 1987). However, there is limited evidence linking biomechanical parameters to optimum performance in running, which is likely due to the high variability in running mechanics among individuals (Williams, 1985). The vast majority of running research has utilised elite or trained runners, meaning little attention has been given to the running kinematics of recreational athletes, especially females. If it is assumed that a female’s running pace is one that maximises her physiological capacities then biomechanical changes that allow a female runner to use less energy at a given speed should prove advantageous.   

In running the body is moved over the ground by being alternatively supported and projected by each leg and foot (Figure 1.7; Dillman, 1975). The gait cycle begins when one foot comes in contact with the ground and ends when the same foot contacts the ground again. There are no periods when both feet are in contact with the ground during running; the less time spent in stance enables the athlete to move faster (Novacheck, 1998). 
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Fig. 1. Movement eycle of running.

leg. This is followed by a period of support, B to C, in which the l)qd}’
continues to move forward rotating about the supporting left foot. During
the final stages of this support phase, (', the body is again thrust forward.
The second period of nonsupport terminates when the right foot (‘()ntﬂ.(‘ts
the ground, D, and subscquently the body rotates about the supporting
foot until it is projccted off the ground, B, to initiate a new cycle of
movement. Thus, in running, the body is moved over the ground by being
alternately supported and projected by cach leg and foot.

The movement cycle of running can also be subdivided into two similar
movement units termed strides. A running stride or step ecan be defined
as the interval of time from the tuakeoff of one foot until the takeoff of
the opposite foot. As illustrated in Fig. 1, a complete movement cyele
in running consists of two running strides, A to C and C to . Several
investigators have laheled the stride from A to C as a left stride because
the left leg is the leading segment. Therefore, the stride from C to E,
would be classified as a right stride. Within a stride there is a period
of nonsupport and a period of support. The stride can also be termed
the basic movement unit in running because running is essentially a repe-
tition of this unit of movement. It is important to be able to visualize
the running stride because most of the kinematic or movement parmnctm.rs
investigated have been quantified and interpreted with respect to this
basic unit of movement.

One of the primary objeetives of research in bhiomechanies of Sl\(‘)l‘{:
is to identify movement patterns for an activity which are associated with
better performances. To attain this objective, the traditional hion}o@h:\h-
tes approach has been to utilize the seience of mechanies to describe and
evaluate the movement patterns employed by selected individuals or
groups during the performance of a motor skill. Based upon these kine-
matic or descriptive analyses, judgements are made concerning the most
effective manner in which a skill should be performed. These results are
composed to form what might be termed a deseriptive model of “correct”
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or “desired” performance. Ideally these deseriptive models should serve
as a guide for Leachers and coaches Lo assist them in correcting the perfor-
mances of less skilled individuals,

In addition, comparative kinematic analyses are conducted hetwoeen
highly- and less-skilled groups to generate information concerning the
typical errors made by the less skilled. This formation serves to specifi-
cally identify the conunon faults one might expeet to find when analyzing
a performance for a particular group of individuals. This should facilitate
the analysis of an activity and result in effective corrections being made
to improve performance.

This paper reviews the present state of knowledge concerning selected
kinematic factors of running which play a significant role in the perfor-
mance of this activity, with the intention of providing a collection of
facts from which Judgements can he made concerning effective and effi-
cient techniques of performance for the motor skill of running. Hopefully,
this synthesis of information will serve

O 1nerease our understanding of
this basic form of human locomolion.

1L Problems of Interpreting Rescareh on Running

Due to the relatively complex nature of running and the variety of
approaches taken by rescarchers in investigating the mechanical aspeets
of running, several problems have developed concerning the interpretation
of research findings. The following discussion is a brief summary of three
problems which must be taken into account when the results of biome-
chanics research are interpreted relative to running performance.

A ACCELERATED AxD CONSTANT VELOCITY Running

The term running is most commonly used to specifically indicate the
forward progression of the body over the ground. To move forward from
one point to another, a runner starting from rest must accelerate to a
certain velocity and then maintain that rate of movement until the de-
sired distance is traversed. For example, in the 100 meters a sprinter ac-
celerates for approximately the first 40 meters until maximal running
velocity is attained and then attempts to maintain this maximal rate
until the race is completed. Thus, there are hasi cally two types of run-
ning—accelerated and constant veloeity. g»rg( v

Obviously in accelerated running an athlete is continually increasing ~(wi€/7‘w\
his average horizontal veloeity from stride to stride, while in constant *

velocity running, the average horizontal velocity from stride to stride %
remains constant. Hereafter, the ave rage horizontal velocity of a runner





Figure 1.7 Movement cycle of running (Dillman, 1975)

Stride
 length and stride frequency are among the most studied biomechanical parameters in running (Williams, 1985) as these variables are easily observable and understandable and have a direct effect upon the rate of body movement over the ground (Dillman, 1975). An individual, usually subconsciously, chooses a particular combination of stride length and frequency to optimise their running economy (Cavanagh & Kram, 1990); this choice is suspected to be influenced by running velocity (Nilsson, Thorstensson & Halbertsma, 1985), grade (Davies, Sargeant & Smith, 1974), anthropometric dimensions (van der Walt & Wyndham, 1972), and state of fatigue (Elliott & Roberts, 1980). In a review by Dillman (1975) it was clear that generally trained (or good) runners had longer strides and a lower stride frequency at a given speed of running compared with untrained (poor) runners.  An increase in stride length at any given speed has been shown to increase tibial accelerations and therefore impact forces (Clarke, Cooper, Hamill & Clark, 1985). It is generally assumed that high impact forces have a role in the aetiology of running injuries, therefore running economy (rather than injury avoidance) appears the dominating choice for stride length (Dillman, 1975). Furthermore, small deviations from a freely chosen stride length appear to alter a runner’s rating of perceived exertion (Messier, Franke & Rejeski, 1986); it is logical to assume that improved mechanical efficiency would reduce perceived effort in runners. 
Under- or over-striding, as well as an extreme elbow joint angle (i.e. holding the arms too high or too low), excessive trunk and arm rotation, excessive trunk flexion and extension, a lack of arm movement, excessive vertical oscillation of the body’s centre of mass (CofM) and minimal knee flexion or extension at various phases of a stride were variables proposed by Messier and Cirillo (1989) to be a mechanical flaws in running style based on the previous research to date (Cavanagh, Pollock & Landa, 1977; Dillman, 1975; Williams, 1985). Messier and Cirillo (1989) investigated these variables in female novice runners to understand whether providing verbal and visual feedback could lead to an improved running economy; although their intervention was successful links between running style and running economy improvements remained unclear. A review of biomechanics and running economy (Anderson, 1996) identified that a freely chosen stride length, more acute knee angles during swing, low vertical oscillation of the CofM, arm motion of smaller amplitude and low peak ground reaction forces may be related to an increased running economy. Knee flexion during the stance phase is thought to attenuate some of the body’s impact during walking and running (Bobbert, Yeadon & Nigg, 1992; Lafortune, Hennig & Lake, 1996); an increase in knee flexion during the stance phase has been shown to increase oxygen cost (McMahon, Valiant & Fredrick, 1987) and therefore decrease running economy.
Running mechanics have primarily been studied in a laboratory environment where the runner performs on a treadmill. In order for results to be generalised to an overground setting it is necessary to understand whether differences exist between treadmill and overground running. Although some previous research has indicated differences in running kinematics between treadmill and overground running (Dingwell, Cusumano, Cavangh & Sternad, 2001; Elliott & Blanksby, 1976; Frishberg, 1983; Nelson, Dillman, Lagasse & Bickett, 1972; Nigg, DeBoer & Fisher, 1995; Wank, Frick & Schmidtbleicher, 1998; Wheat, Milner & Bartlett, 2004), other studies have refuted these differences (Cunningham & Perry, 2007; Donoghue & Harrison, 2004; Riley, Dicharry, Franz, Croce, Wilder & Kerrigan, 2008; Riley, Paolini, Croce, Paylo & Kerrigan, 2007; Schache et al., 2001; van Ingen Schenau, 1980).  
Gait is a cyclic sequence of movements and is to a high degree symmetrical with each cycle reproducible. The greatest range of movement occurs in the sagittal plane, therefore running kinematics are often reported as a sagittal plane analysis, using one side of the body only (Millirion & Cavanagh, 1990).  Movements in the frontal and transverse planes are often neglected (Rau, Disselhorst-Klug & Schmidt, 2000). Caution should however be exercised when carrying out an upper-extremity analysis using only the sagittal plane; three-dimensional rotations occurring at the shoulders can be misleading, furthermore there is greater variability in upper-extremity movements and larger ranges of motion increase the problem of soft tissue movements when using surface markers (Rau et al., 2000). 
Sports biomechanists have traditionally viewed intra-individual variability in running mechanics as ‘noise’, with the assumption that movement patterns for skilled performers are invariant (Bartlett, Wheat & Robins, 2007).  It is however proposed by dynamic systems theory that movement variability could be functional, allowing environmental adaptations and reducing injury risk (Bartlett et al., 2007; Glazier, Davids & Bartlett; Hamill, van Emmerik, Heiderscheit & Li, 1999). Another function of movement variability postulated is that it might attenuate impact shocks when runners are subjected to large forces (Hamill et al., 1999), allowing a broader distribution of stresses among different tissues and potentially reducing the cumulative load. Variability in movement patterns recorded during exercise should be presented to provide an indication of the intra- and inter-variability.  

1.4.7.1.1. Breast support and steady-state running
Considerably higher breast comfort has been reported during steady-state running in a sports bra compared to an everyday bra (Mason et al., 1999; Scurr et al., 2010; White et al., 2009a; White et al., 2011). Shivitz (2001) suggested that if a female runner experiences breast discomfort due to a lack of breast support she may try and modify her running style, resulting in a change in running kinematics. Limited research (mostly published abstracts or master’s theses) has explored the effect that breast support may have on running kinematics, or conversely how altering running kinematics may impact breast kinematics, which could have implications for a female runner’s performance. 
Boschma (1994) investigated the effect of breast support on stride length, stride rate, vertical trunk displacement, front arm angle range of motion (ROM), arm angle ROM and vertical breast displacement in smaller-breasted recreational runners. Despite differences in vertical breast displacement between breast support conditions, biomechanical variables did not differ when a group analysis was conducted. However, Boschma (1994) reported substantial kinematic changes in some individuals; the largest individual changes were seen in vertical trunk displacement, which often substantially decreased as breast support decreased. This finding is supported by both Mutter et al. (2002) and Shivitz (2001) who found that trunk accelerations and displacement (respectively) significantly decreased as the level of breast support decreased, suggesting that females may try to minimise trunk movement with less breast support in order to reduce breast discomfort. Although Scurr et al. (2010) refuted this, reporting no difference in vertical suprasternal notch displacement across breast support conditions during running. Boschma’s (1994) work provides a useful insight into how running kinematics may be affected by changes in the level of breast support, yet larger-breasted cohorts, who are likely to experience more exercise-related breast discomfort (Bridgman et al., 2010; Lorentzen & Lawson, 1987), should also be investigated. 

There is little evidence that changes in stride frequency or stride length occur across breast support conditions (Boschma, 1994; Shivitz, 2001; White et al., 2011), although statistical power was acknowledged to be low for stride parameters in White et al.’s (2011) study. However, McGhee et al. (2007) speculated that the self-selected slower stride rate adopted by participants in their study during treadmill running was a strategy used to minimise breast discomfort. Interestingly breast displacement with a quicker enforced stride rate was found to be lower than at a freely chosen stride rate (Eden, Valiant, Lawson & Himmelsbach, 1992); perhaps participants altered their running kinematics if they found the enforced higher treadmill velocity uncomfortable, which led to changes in breast kinematics. There is justification to continue exploring the effect of breast support on stride parameters. Previous studies have also used short duration (often ~2 minutes) running bouts, however participants may not have settled into a steady-state running pattern by this time and a longer duration should be investigated. 

Differences in vertical ground reaction forces (GRFs) (Shivitz, 2001; White et al., 2009a) attributed to breast support changes provide justification to explore whether there are synchronous changes in knee angles during the gait cycle as the knee can significantly affect GRFs (Bobbert et al., 1992; Lafortune et al., 1996), and can also alter running economy (McMahon et al., 1987). In addition to further investigation of the lower extremities, White et al. (2011) recommended future research establish whether differences exist in upper-extremity kinematics as subjective feedback in this study alluded to changes occurring due to the level of breast support worn. Boschma (1994) found no differences in upper arm ROM between breast support conditions, although this research was limited to a smaller-breasted cohort of participants. Arms should be carried low and relaxed during running (Hinrichs, 1990), with an optimum elbow angle of ~90° (Messier & Cirillo, 1989). Larger-breasted women may choose to carry their arms higher and more closely to the body in an attempt to reduce breast movement and increase comfort with low breast support, however, this has yet to be investigated.
For larger-breasted women a higher magnitude of force (due to the weight of larger breasts) acts anterior to the trunk during an upright static posture (Greenbaum et al., 2003; McGhee et al., 2012). It would therefore be valuable to establish whether there is a link between breast support and the amount of trunk movement that occurs during running in a larger-breasted cohort, especially as trunk lean has been linked to running economy (Williams & Cavanagh, 1987). Additionally, high levels of breast displacement have been found in the m/l direction during running (Scurr et al., 2009; White et al., 2009a), which may affect trunk movement about the longitudinal axis.

The relationship between whole-body running mechanics and optimum performance for recreational female runners is complex and not fully understood. The overall effect that breast support may have on running kinematics and the perception of exertion is unclear from the literature, although preliminary work suggests that changes may be occurring (Boschma, 1994; Mutter et al., 2002; Shivitz, 2001; White et al., 2011), which could affect a female athlete’s performance during steady-state running.
1.4.7.2. Intermittent exercise

The term ‘intermittent’ is used to describe exercise where the intensity alternates; invasive team sports (such as football and hockey) are characterised by intermittent activity profiles (Drust, Reilly & Cable, 2000). In contrast to running when movement velocity tends to stay relatively constant, the alternating modes of activity performed by (for example) a football or hockey player places unique physical requirements on the body. Compared to steady-state running, performing intermittent exercise at the same average running velocity has been found to be more energy demanding (Bangsbo, 1994). Female recreational athletes who partake in sports involving changes in velocity and direction will therefore have to meet the increased demands of intermittent exercise. 
It is difficult to investigate an athlete’s physiological and mechanical responses during intermittent exercise due to the number of interactions that occur between players, the environment that most sports occur in and the number of changes in direction that take place. This led to the development of intermittent treadmill protocols (ITP) that simulate the physiological demands of match-play (e.g. Drust et al., 2000; Nicholas, Nuttall & Williams, 2000), initially used to assess physiological parameters in elite male footballers under controlled conditions. To the author’s knowledge no ITP has been published that simulates the physiological activity profile (determined by time-motion analysis) of a female sports player, at a recreational or elite level. Moreover, it is acknowledged that the ITPs that have been developed mimic the physiological demand of multi-sprint sports but their validity to replicate the biomechanical demands of these sports has not been investigated, probably due to the difficulty of assessing running mechanics with frequent changes in running velocity (Dillman, 1975).
Acceleration performance is important for field sport players as the capacity to move quickly presents a considerable advantage across most land-based sports (Bennett, Sayers & Burkett, 2009; Murphy, Lockie, & Coutts, 2003; Taskin, 2008). Due to the unpredictable nature of many sports, short periods of sprint activity may be required at several occasions throughout the game (Spencer, Bishop, Dawson & Goodman, 2005). Various intermittent protocols assessing repeated-sprint ability have been utilised in physiology research (such as the Yo-Yo Intermittent Recovery Test; Bangsbo, Iaia & Krustup, 2008), however these protocols do not reflect the proportion of different activity types seen in intermittent sports, such as walking, jogging, standing and sprinting. An ITP based on a time-motion analysis of female athletes participating in sport would best simulate female sport match-play and enable kinematics during intermittent exercise to be examined. It is acknowledged however that an ITP ignores the demands that changing direction and running backwards elicit on an athlete. 
Limited time-motion analysis has focused on females’ playing sports; however Krustrup, Mohr, Ellingsgard and Bangsbo (2005) conducted an analysis of elite female footballers (Table 1.4) and an indication of the duration and velocity of different intensities performed throughout a match was given. 
Table 1.4 Time-motion analysis findings during a football match (Krustup et al., 2005)
	
	Standing
	Walking
	Low-Intensity Running
	High-Intensity Running

	Frequency (n)
	110
	490
	650
	125

	Duration (s)
	6.5
	4.9
	2.5
	2.3

	Duration (%)
	16
	44
	34
	4.8

	Velocity (m.s-1)
	0
	1.67
	2.22 to 3.33
	4.17 to 6.94


Physiological and mechanical (electromyography of biceps femoris and rectus femoris) responses were found to be greater during a soccer-specific ITP than steady-state running eliciting the same distance covered (Greig, McNaughton & Lovell, 2006), perhaps due to the number of transition periods involved in intermittent exercise. An ITP simulating match-play will include many transition periods of either an accelerating or decelerating velocity. The velocity that a gait transition (walk-to-run) occurs is not well defined in the literature, with observations between 1.8 m.s-1 and 2.5 m.s-1 (Saibene & Minetti, 2003). Reasons for the choice of transition velocity are unclear, although Thorstensson and Roberthson (1987) proposed that this choice is made on previous experience and feedback from peripheral receptors. 
The majority of biomechanics research on running has used a constant velocity; it is difficult to assess running kinematics if the runner is continuously changing velocity and accelerating between velocities. In most studies, running velocity is the dependent variable and performance parameters are therefore analysed with respect to a given velocity (Dillman, 1975). Biomechanical observations of kinematics between a walk, run and sprint were outlined by Novacheck (1998). As running velocity increases: the pelvis and trunk tilt further forwards (to keep the GRF in a position to allow forward acceleration); the centre of mass is lowered; maximum hip flexion increases leading to a longer step length; the absorption period becomes shorter and the knee flexes less (Novacheck, 1998). It is unknown what effect these biomechanical changes (as running velocity increases) may have on breast kinematics compared to lower treadmill velocities. Furthermore, the breast has not previously been investigated at treadmill velocities above 4.17 m.s-1 (Scurr et al., 2011), despite the frequency of short periods of sprint activity in many sports (Spencer et al., 2005). 

1.4.7.2.1. Breast support and intermittent exercise

Breast motion research to date has mainly focused on continuous exercise, such as walking, jogging and running (Zhou et al., 2011); the demands of intermittent exercise on the breast are unknown. Furthermore, the effect of changing the level of breast support on biomechanical and perceptual responses to intermittent exercise has not been determined, despite the increasing number of females participating at a recreational level in sports of an intermittent nature (Women’s Sport and Fitness Foundation, 2011). The increased physiological and mechanical demands of intermittent exercise compared to steady-state running (Greig et al., 2006) provide rationale to investigate the effect of breast support on breast kinematics, breast comfort, running kinematics and perceived exertion during an ITP.
Running velocity is known to affect breast kinematics when breasts are both supported and unsupported; as treadmill velocity increases so does the amount of breast displacement (Mason et al., 1999; Scurr et al., 2011). The highest velocity that breast motion has previously been reported at is 4.17 m.s-1 (Scurr et al., 2011); yet sprinting velocity for elite female athletes during team sports has been reported up to 6.94 m.s-1 (Table 1.4; Krustup et al., 2005).  As sprinting elicits a forward lean of the trunk (Novacheck, 1998) running kinematics may be altered to counter a large breast mass increasing this torque. Scurr et al. (2011) found no significant increases in breast displacement during an incremental treadmill test between 2.78 m.s-1 and 4.17 m.s-1, yet it is unknown whether increases in breast velocity and acceleration occur as treadmill velocity increases, which may affect the perception of breast comfort and running kinematics. 
Anecdotal evidence suggests that the transition from walking to running and running to walking can be an uncomfortable experience for larger-breasted women with no or poor breast support. The phasic activity of the breast is known to differ between a walking and running velocity (Scurr et al., 2009), perhaps explaining this discomfort due to the disruption in the pattern of breast motion that must occur when transitioning. As the choice of gait transition velocity is made by the athlete (Thorstensson & Roberthson, 1987) perhaps an earlier transition would occur if low breast support was worn to minimise the time spent in the transition period; comparing the preferred transition velocity (mean of walk-to-run and run-to-walk velocities) in different breast support conditions will increase understanding of the effect gait transition may have for larger-breasted female athletes.
In the majority of studies where breast kinematics has been reported for continuous running a period of ‘familiarisation’ has occurred (Haake & Scurr, 2010; Mason et al., 1999; McGhee & Steele, 2010a; McGhee et al., 2007; Scurr et al., 2009; Scurr et al., 2010). McGhee and Steele (2010a) suggested that at least two minutes of constant velocity running was needed to ensure that ‘steady-state’ breast motion had been achieved. Yet it is not clear what the criteria for ‘steady-state’ breast motion is, how this is quantified, or the effect that ‘non-steady state’ breast motion may have on a larger-breasted female athlete.  Within-participant variation in breast displacement has however been reported as being low (< 6% coefficient of variance; CV%) after five gait cycles (Scurr et al., 2011). 
1.4.7.3. Rationale for biomechanical variables (treadmill activity)
Stride length (m) and frequency (strides per minute; strides.min-1) have an established link with running economy (Cavanagh & Kram, 1990) and previous research has explored the effect of breast support on stride parameters (Boschma, 1994; Eden et al., 1992; McGhee et al., 2007; Shivitz, 2001; White et al., 2011). The distance covered per minute (m) is a variable that provides a performance implication from any stride changes due to breast support. Increased maximum knee flexion angles (degrees; °) during stance have been found to increase oxygen cost (McMahon et al., 1987) and increased knee flexion in the swing phase is anticipated to relate to better running economy (Cavanagh et al., 1977) by reducing the limb’s moment of inertia (Hay, 1978); knee angles have not previously been compared between breast support conditions. Thigh angle measured with respect to the vertical axis is a common variable studied during running (Milliron & Cavanagh, 1990; Williams, 1985); maximum thigh ROM has a close association with stride parameters.
Trunk and arm movements have received less attention in the running literature, although some links have been established between upper-extremity kinematics and running economy (Hinrichs, 1990; Williams & Cavanagh, 1987); as the breasts are positioned on the thorax an investigation of upper-extremity kinematics is warranted.  The suprasternal notch has been used to represent vertical thorax displacement and frequency previously (Haake & Scurr, 2010); there is some evidence that vertical thorax displacement decreases as breast support decreases (Boschma, 1994; Mutter et al., 2002) warranting inclusion of these variables. Additionally, low vertical oscillation of the trunk has been linked to increased running economy (Williams & Cavanagh, 1987). Excessive trunk rotation, flexion and extension are proposed to be mechanical flaws in running style (Messier & Cirillo, 1989). Thorax ROM (°) in the sagittal, frontal and transverse planes enable understanding of whether the high magnitude of force acting anteriorly to the thorax (due to the breast weight of participants) could affect thorax movements differently depending on the breast support worn. 
Arms should be held low and relaxed during running (Hinrichs, 1990) with an optimum elbow angle of ~ 90°; excessive arm rotation has been linked to poor running economy (Williams & Cavanagh, 1987).  Boschma (1994) reported no difference in arm angle ROM in the sagittal and frontal planes between breast support conditions yet this was for a small-breasted population of female runners. Mean elbow angle (°) and upper arm ROM (°) in the sagittal and frontal planes warrant investigation across breast support conditions due to their links to running economy; it is also proposed higher breast discomfort may alter arm movements during running in a larger-breasted population based on subjective feedback previously reported (White et al., 2011). 
1.4.8. Vertical Jumping

Vertical jumping is a frequent component of many sports; with netball players averaging three jumps per minute (Gasston & Simpson, 2004) and volleyball players averaging 22 jumps per game (Tillman et al., 2004). The jump for height is an important performance element in many sports, e.g. volleyball and basketball, and has received considerable attention in the research. Naturally, one of the consequences of a jump is the following impact at landing; with landing forces reported to be as high as seven times body weight (GRF / body weight in Newtons (N); BW) in volleyball (Tillman et al., 2004) and 6.8 times BW in netball (Steele & Milburn, 1988). Previous research has unsurprisingly been focused on the implications of landing impacts and the injury potential of various landing situations. Although, as landing technique can also affect the subsequent jump height achieved (Bobbert, Huijing & van Ingen Schenau, 1987; Ford, Myer, Smith, Byrnes, Dopirak & Hewett, 2005; Horita, Komi, Nicol & Kyröläninen, 2002) and the stability of the landing (Steele & Milburn, 1987) there could be implications for performance. 
The body has to utilise various movement patterns in order to dissipate the energy on landing from a jump (Cortes, Onate, Abrantes, Gagen, Dowling & Van Lunen, 2007) and numerous injuries have been attributed to this task, especially in the lower extremities. The lower extremity joints flex on landing in order to reduce and control the downward momentum acquired during the flight phase (Decker, Torry, Wyland, Sterett & Steadman, 2003). Evidence suggests that humans can voluntarily alter the external loading experienced during landing impact (by up to eight times BW) by altering their landing strategy (McNitt-Gray, 2000, cites McNitt-Gray, Anderson, Barbieri & Cvengos, 1990). Landing forces have been found to decrease with increased flexion of the lower-extremities (McNair, Prapavessis & Callender, 2000; McNitt-Gray, 1991). Research has observed modifications in landing strategy in response to different landing surfaces (Lees, 1981; McNitt-Gray, Yokoi & Millward, 1994), where athletes favoured a greater degree of joint flexion as the stiffness of the landing surface increased, therefore increasing the landing phase duration. Landing stiffness has also been reported to increase with the demands of the activity (Arampatzis, Schade, Walsh & Brϋggemann, 2001; Farley, Blickhan, Saito & Taylor, 1991). Some level of stiffness is needed to optimise performance and reduce injury risk (Butler, Crowell & Davis, 2003), yet studies have shown that participants can consciously alter their landing stiffness to alter the forces that the body experiences (Devita & Skelly, 1992; Dufek & Bates, 1990; Zhang, Bates & Dufek, 2000).
Knee flexion in particular has been reported to play an important role in dissipating landing impacts from a jump, with a reduction in peak external loading attributed to a greater range of knee flexion on landing (Cortes et al., 2007; Devita & Skelly, 1992; Lafortune et al., 1996; Yi, Park & Lee, 2004). Increased knee flexion over a greater time period was recommended by Steele and Milburn (1987) to reduce jarring and enhance stability in netball. Devita and Skelly (1992) traditionally defined the landing technique as ‘stiff’ or ‘soft’ with a maximum knee flexion angle greater than and less than 90°, respectively. Females have been shown to elicit a more erect landing technique than males, an increased risk of anterior cruciate ligament injuries in female athletes is thought to be attributed to this (Decker et al., 2003; Lephart, Ferris, Riemann, Myers & Fu, 2002; Salci, Kentel, Heycan, Akin & Korkusuz, 2004; Yi et al., 2004). Decker et al. (2003) found that although females landed more erect at ground contact than males, they subsequently exhibited greater knee and ankle ROM and angular velocities throughout the landing phase, suggesting that females may attempt to dissipate large forces over a greater joint ROM and therefore adopt a ‘softer’ landing. Landing strategies employed by individuals are varied and complex and it is unknown whether breast support could instigate changes in the landing strategy chosen by female athletes. 

1.4.8.1. Breast support and vertical jumping

Considerable breast movement occurs in all directions during bare-breasted jumping (Bridgman et al., 2010; White et al., 2009b; White et al., 2010) yet the effect of breast support on breast kinematics during vertical jumping is not known. The external validity of studies only utilising bare-breasted jumping is questionable. The level of breast support is known to affect breast comfort and kinematics during running (Mason et al., 1999; Scurr et al., 2010; White et al., 2009a; White et al., 2011), and has led to some changes in running kinematics and kinetics (Boschma, 1994; Mutter et al. 2002; Shivitz, 2001; White et al., 2009a). This provides justification to investigate the effect of breast support on jump performance (i.e. jump height achieved) and the landing strategy chosen during jumping tasks. Conversely, landing strategies may influence breast kinematics and/or breast comfort and warrant investigation. 
Although not investigated during jumping, changing the level of breast support has been associated with adaptations in running kinetics. Individual participants demonstrated an increase in vertical GRF and a decrease in vertical stiffness with increasing breast support during running (Shivitz, 2001). This suggested that some individuals increased GRFs in a high support condition. The reduction in vertical stiffness with greater breast support was attributed to the concurrent increase in CofM displacement, where participants ran with a ‘bouncier’ running gait in a more supportive bra. Interestingly, reduced vertical CofM displacement when running has been linked to a better running economy (Williams & Cavanagh, 1987), suggesting that higher breast support may adversely affect running performance. Conversely, an increase in medial GRF was found with no breast support during overground running compared to a sports bra condition (White et al., 2009a); the authors suggested that a larger moment created at the foot-ground interface (due to greater mediolateral breast displacement with no breast support) could have led to the increased medial GRF. Preliminary findings suggest that running kinetics may consciously be altered in response to the level of breast support worn and justify an investigation into whether jump landing kinetics may also be affected by breast support. 

There is some evidence to suggest that as breast support decreases vertical trunk displacement decreases during running (Boschma, 1994; Mutter et al., 2002; Shivitz, 2001). The trunk segment contributes to a major proportion of the GRFs during landing as it comprises 36% of the body’s mass (Lees, 1981). The breasts can add substantial load to the trunk segment, with a 34 DD cup female’s breasts weighing an estimated 1150 g (Turner & Dujon, 2005). Trunk mass and position are known to affect lower extremity biomechanics during a vertically orientated landing task, with increases in demand at the knee and ankle when trunk load increases (Kulas, Hortobágyi & DeVita, 2010; Kulas, Zalewski, Hortobágyi & DeVita, 2008). An increase in trunk flexion at landing has also produced concomitant increases in flexion at the hip and knee (Blackburn & Padua, 2008), proposed to reduce the risk of knee injury on landing and result in a less erect landing posture. The effect of breast support level on trunk position and lower extremity kinematics during jump landing should be investigated.

White et al. (2009b) found weak to moderate relationships between vertical jump height and breast kinematics with breast displacement, velocity and acceleration increasing as jump height increased. Again this study was conducted bare-breasted and the effect of breast support on jump height is unknown. Jump height has been shown to increase with the addition of a custom-fit pair of compression shorts, attributed to a decrease in muscle oscillation (Doan et al., 2003). Although this was compression of the lower body, a similar effect could be hypothesised for the wobbling mass of the upper body, with a sports bra providing greater compression and a reduction in breast displacement compared to an everyday bra (Scurr et al., 2010; White et al., 2009a; White et al., 2011). If wearing high breast support led to increases in jump height this would be an important performance consideration for female athletes.  
1.4.8.2. Rationale for biomechanical variables (vertical jumping)
The majority of vertical and drop jump research has focused on landing from a jump, rather than take-off, due to the injury potential of faulty landing mechanics (Cortes et al., 2007) and the effect of landing on subsequent jump performance (Arampatzis et al., 2001; Bobbert et al., 1987; Farley et al., 1991; Ford et al., 2005; Horita et al., 2002). Maximum vertical GRF (BW), average vertical loading rate (body weights per second; BW.s-1) and vertical stiffness (body weights per metre; BW.m-1) are commonly assessed during jump landing due to the high contribution of force in this direction and the implications for injury and performance. Athletes can also consciously alter these variables to change the forces the body experiences (Devita & Skelly, 1992; Dufek & Bates, 1990; Lees, 1981; McNitt-Gray et al., 1994). Shivitz (2001) reported a higher vertical GRF and lower vertical stiffness when athletes wore high breast support during running; as these kinetic variables have been found to be affected by breast support their investigation is warranted. 
Large components of force have been reported in all three directions during landing from a jump (McClay et al., 1994). Although a/p and m/l GRFs (BW) are lower in magnitude than the vertical GRF during jump landing (McClay et al. 1994) they still contribute to the overall force profile and may provide useful information about the landing strategy, with the amount of a/p and m/l sway contributing to changes in these variables. Anterior and posterior GRFs should be presented separately, in addition to the a/p GRF range, to provide an indication of the contribution of forces in each direction. An increase in landing phase duration (seconds; s) occurs simultaneously with a greater degree of joint flexion (McNitt-Gray et al., 1994) and is a useful variable to assess to aid understanding of any kinetic or kinematic changes due to breast support. 
Vertical jumping is predominately a sagittal plane activity and research has focused on the degree of trunk, hip, knee and ankle flexion that occurs on landing to attenuate the large forces experienced (Decker et al., 2003). Common kinematic variables studied are the flexion angle (°) of the trunk, hip, knee and ankle at initial contact, maximum flexion (°) and ROM (°) during the landing phase (e.g. Blackburn & Padua, 2008; Bobbert et al., 1987; Kulas et al., 2008; McNitt-Gray, 1991; Steele & Milburn, 1987; Yu, Lin & Garret, 2006). The thorax markers used in the determination of multi-planar breast kinematics enable the calculation of flexion angles at the thorax. As females exhibit higher angular velocities at the lower extremities than males in an attempt to dissipate large forces over a wide ROM (Decker et al., 2003), peak instantaneous angular velocities (degrees per second; °.s-1) of the thorax, thigh, knee and ankle are important to measure due to their role in the landing strategy employed. These sagittal plane kinematic variables, in conjunction with chosen kinetic variables and jump height, will provide an insight into whether breast support influences jump performance and the landing strategy.
1.4.9. Summary

The breast is a fragile structure with limited intrinsic support. Increased breast motion during exercise (especially in larger-breasted females) may lead to breast discomfort, irreparable damage to the breast tissue and become a barrier to exercise. A well-fitted and supportive bra has been recommended in the literature for women of all breast sizes to try and reduce breast discomfort and increase exercise engagement.  Females should be encouraged to take part in sport and exercise due to the associated health benefits.
The female athlete remains less well understood and studied compared with male athletes (Holschen, 2004), although female success in sport on a global stage and the development of women’s professional sport teams is evidence of a closing gender gap. Female participation in sport is increasing at a recreational level in the UK (Women’s Sport and Fitness Foundation, 2011) and with the Olympic games held in London in 2012 interest in sport and exercise is set to increase in the UK (Girginov & Hills, 2008). This reinforces the importance of research focusing on improving female performance in sport. An examination into the implications of wearing different levels of breast support on female recreational athlete performance is warranted.
Research into breast kinematics is still in its infancy and there are clear gaps evident in understanding. The impact of breast support on performance in sport and exercise by female recreational athletes is not yet understood. The work in this thesis aims to broaden understanding of the effect that breast support has on biomechanical and perceptual variables during steady-state running, intermittent exercise and vertical jumping in a larger-breasted female recreational athlete population.  
CHAPTER 2. General Methods
Within this chapter general methods for the thesis are detailed. Rationale is provided on the breast support conditions and bra sizes selected. Information is provided on the motion capture system utilised, how multi-planar breast kinematics were calculated and the determination of filtering methods for kinematic data. Finally, there are descriptions of how each biomechanical variable was calculated and the perceptual variables measured throughout Chapters 4, 5 and 6, along with the statistical analyses and acknowledged assumptions, limitations and delimitations of the work.

2.1. Bra selection rationale
For the high support condition Shock Absorber’s™ UK best-selling sports bra (B4490) was selected (Personal communication, August 2008). This bra was voted the no.1 sports bra by readers of Runner’s World magazine in 2008 and Shock Absorber™ is currently the best-selling sports bra brand in Europe (Personal Communication, 2011). The B4490 has a fully  adjustable racer back with single (cup size D) or double (cup sizes DD and E) back fastening, is non-wired and is made from 45% Polyester, 44% Polyamide and 11% Elastane (Figure 2.1a). The B4490 is classified as a ‘combination’ bra as it has both encapsulation and compression styling.

For the low support condition an everyday bra (Figure 2.1b) was selected; Bowles et al. (2008) reported that the majority of active women were still wearing everyday bras (instead of sports bras) to exercise. The everyday bra chosen was the best-selling (Personal communication, 2008) plain, non-padded, underwired t-shirt bra from the UK’s leading lingerie retailer (Marks & Spencer™), made from 88% Polyamide and 22% Elastane Lycra. The everyday bra selected was similar to those tested in previous studies (Scurr et al., 2010; Scurr et al., 2011; White et al., 2009a; White et al. 2011), which had been reported to reduce less breast displacement when compared to a sports bra. The same bra was also used in the initial bra fitting of all participants.
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Figure 2.1 a) Sports bra (high support) b) Everyday bra (low support)

2.2. Bra sizes tested

The average bra size in the UK has reportedly increased (Greenbaum et al., 2003; Mintel International Group, 2001). Bra sales of D to G cup sizes have risen by 50% year-on-year since 2005 (Fisher, 2010). Larger-breasted women in particular need appropriate breast support when exercising due to increased breast displacement and discomfort (Bridgman et al., 2010; Gehlsen & Albohm, 1980; Lorentzen & Lawson, 1987) and have been the population used in the majority of breast motion studies to date; larger-breasted women were therefore chosen for this programme of research. However, it is unclear in the literature what bra sizes are classed as ‘larger-breasted’; McGhee et al. (2007) and McGhee and Steele (2010a) classed participants of a C cup size and above to be large-breasted in their studies, whilst others classed women who were a D cup size and above to be large-breasted (Lorentzen & Lawson, 1987; Scurr et al., 2010; White et al., 2009a). 

To provide rationale for the bra sizes to be tested in this programme of research, a survey (Appendix A) of recreational female athletes was conducted to establish the mode bra size within this population. Forty-five female recreational athletes were emailed the survey which asked for their perceived bra size. Twenty-six responses were received (58% response rate). The most commonly reported cup size was a C cup and the mode band size was a 32. Therefore, for the purpose of these studies larger-breasted women were classed as a D cup size and above, with a band size of 32 and above.

Ideally all testing in this programme of research would involve participants with the same bra size (e.g. 34D). However, it is difficult to find volunteers who meet the required criteria and who also have the same breast sizes. On a practical level this is made especially difficult as women have been found to have a poor ability to self-select an appropriately-fitting sports bra (McGhee & Steele, 2010b), so often women will not be the bra size they report to be. Therefore, instead of choosing one specific bra size, a small range of bra sizes were chosen. This was thought to be preferable to previous studies which have investigated a non-specific bra size cohort, e.g. ‘C+’ or ‘D+’ cup participants (McGhee et al., 2007; McGhee & Steele, 2010a; McGhee et al., 2012). 

To determine a range of appropriate bra sizes, a cross-grading chart was used (Figure 2.2).  The range of bra sizes chosen for testing are highlighted in Figure 2.2. Five bra sizes were chosen: (1) 32D; (2) 32DD and 34D; (3) 32E, 34DD and 36D; (4) 34E and 36DD; (5) 36E. The smallest bra size was therefore a 32D, identified as the minimum criteria for a ‘larger breast size’ from the survey (Appendix A) results. 
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Figure 2.2 Example cross-grading chart; bra sizes chosen for testing are highlighted
Bra size (i.e. breast mass) is a significant predictor of breast displacement, velocity and acceleration (Wood et al., 2012). It is therefore important to establish whether small differences in bra sizes between participants (within the range chosen) adversely affected breast kinematics. Relationships between bra size and breast kinematic variables were explored for Chapters 4, 5 and 6 to ensure breast kinematics did not increase significantly as bra size increased within the range selected. Bra sizes were first changed into numerical data based on the cross-grading size chart (1 = 32D; 2 = 32DD and 34D; 3 = 32E, 34DD and 36DD; 4 = 34E and 36DD; 5 = 36E; Figure 2.2) for both the low and high support conditions. No relationships between bra size and the amount of breast displacement, velocity or acceleration were identified (p > 0.05) in either breast support condition across all chapters, proposing that bra size was not a confounding factor in further analyses. 

2.3. Motion capture system
Eight optoelectronic cameras (Oqus 300, Qualysis, Sweden) were utilised in Chapters 4, 5 and 6 to track marker coordinates (see Figure 2.3 for camera set-up). Qualysis Track Manager (QTM) software (version 2.7 build 783, Qualysis, Sweden) was configured using the settings in Table 2.1 and cameras were calibrated before each testing session using a wand calibration and a static ‘L’ frame (Qualysis, Sweden). Following data collection markers were identified and three-dimensional data reconstructed within the QTM software. Where marker drop-outs occurred (when not at peaks or a change in direction) data were interpolated for up to 5 consecutive data samples (Milner, 2008), using the cubic B-spline function within the QTM software. The global coordinate system (GCS) identified x as the line of progression (a/p), y as m/l, and z as vertical. 
Table 2.1 Configuration of motion capture system

	Oqus camera setting
	Configuration

	Residual error (Calibration)
	< 1 mm

	Prediction error
	30 mm

	Maximum residual
	10 mm

	Sampling Frequency
	200 Hz
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Figure 2.3 Plan view diagram of lab set-up for a) treadmill testing and b) jump testing (positive x direction = participants facing forwards)
2.4. Calculation of multi-planar breast kinematics

Assessing multi-planar breast kinematics relative to the trunk has been advocated in the literature (Bridgman et al., 2010; Scurr et al., 2009; Scurr et al., 2010; Scurr et al., 2011; White et al., 2009a; White et al., 2011; Zhou et al., 2012a), yet multi-planar trunk kinematic analysis is problematic when assessing female participants due to the position of the bra obscuring important landmarks. The reference system chosen for this thesis to represent the thorax has been presented previously (Haake & Scurr, 2010; Scurr et al., 2010; Scurr et al., 2011), regarded by Zhou et al. (2011) as the most stable thorax reference frame to date. However, this reference system does not correspond with the International Society of Biomechanics standard (Figure 1.4; Wu et al., 2005) that states four markers in the thorax midline optimally defines the thorax reference frame, a method since advocated by Zhou et al. (2012a). This reference system was not considered for this programme of research due to difficulties with landmarks being obscured by the bras and not enough optoelectronic cameras to enable sufficient capture of all markers. 

To monitor breast movement during the exercise protocols for steady-state running, intermittent exercise and vertical jumping, retro-reflective markers (7 millimetres (mm) in diameter; Qualysis, Sweden) were positioned on the right nipple, or on the bra over the nipple (Campbell, Munro, Wallace & Steele, 2007; Gehlsen & Albohm, 1980; Himmelsbach et al., 1992; Lorentzen & Lawson, 1987; Scurr et al., 2010; Scurr et al., 2011; Starr et al., 2005; White et al., 2009a; White et al., 2011) in the bra conditions. Additional markers on the suprasternal notch and the right and left anterioinferior aspect of the 10th ribs enabled relative multi-planar breast movement to be calculated (Scurr et al., 2010; Scurr et al., 2011) that was independent to the six-degrees-of-freedom movement of the thorax.

A thorax reference plane was created using the two rib markers and the suprasternal notch (origin). A rotational transformation matrix was used (Figure 2.4; Foley, van Dam, Feiner & Hughes, 1995) to convert nipple coordinates in the GCS to the LCS. The thorax LCS (u, v and n) is depicted at the suprasternal notch in Figure 1.3 (see copy below).
[image: image11.jpg]Effect of breast support on breast kinematics during running 3

4

| oordinate: Figure 2. (A) Sports bra: Shock Absorber’s UK best-selling sports

5 system bra, the B4490, made from 57% polyester, 34% polyamide, and

| Y. 9% elastane (Shock Absorber UK, August 2008, personal

: communications). (B) Everyday bra: Marks and Spencer’s UK

best-selling everyday bra, Seamfree Plain Underwired T-Shirt Bra,

non-padded, made from 88% polyamide and 22% elastane lycra
(Marks and Spencer, August 2008, personal communication).

nos<e~  Figure 1. Marker positioning and axis of the laboratory coordinate

v g °S). ; £ \
M systems and the local coordinate system (L.CS) JF— GSA_DA‘-;"%‘c\ _L,@d\' ) < '\6%%&{&*
Lo le Lodn
Due to discomfort in the bare-breasted condition, transformation matrix (Foley, van Dam, Feiner, &
all trials began with a 2-min familiarization period at Hughes, 1995). The left and right rib markers
l4m- s™ (5 km - h™!). Following this, treadmill created the reference axis u, which determined
@‘0 speed was steadily increased over a 2-min period to thorax pitch. The suprasternal notch marker made
S 5“ 2.8m-s~' (10km-h"") (Gehlsen & Albohm, up the thorax reference plane for the local coordinate
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that some participants could manage without breast coordinate system, from which nipple translation was
support. The treadmill test was completed in three calculated (Figure 1).
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error and a maximum interpolation of 10 frames. from the displacement data throughout the gait cycle
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eral, and z vertical (Figure 1). To establish relative across participants. First (velocity, m - s and
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freedom movement of the trunk, an orthogonal local calculated for each sample (0.0l s). Acceleration
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Copy of Figure 1.3 Marker positioning and axis used by Scurr et al. (2010) to calculate multi-planar breast kinematics
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Figure 2.4 Transformation matrix used where, p is the original coordinates, q is the transformed coordinates, o is the origin of the LCS and u, v and n represent vectors in the direction of y, z and x (respectively) in the LCS (Foley et al., 1995)

Utilising the transformed nipple coordinates, minima positional coordinates were subtracted from maxima coordinates in each gait cycle to calculate breast displacement (m) in each plane using MatLab (version R2010a) software for all treadmill activity (Chapters 4 and 5). To identify gait cycles, the a/p coordinates of a right heel marker were derived to calculate velocity; the instant the velocity vector changed from positive to negative indicated footstrike (Zeni, Richards & Higginson, 2008). This was found by Fellin, Rose, Royer and Davis (2010) to be a valid and reliable method of determining footstrike (error range from 22.4 milliseconds (ms) to 24.6 ms). Multi-planar breast kinematics were calculated for five gait cycles during treadmill activity in-line with previous breast motion studies (Scurr et al., 2009; Scurr et al., 2011; White et al., 2011) as analysing five gait cycles has been shown to be adequate for consistent (< 6% within-participant CV%) breast displacement values (Scurr et al., 2011). During jumping breast displacement was calculated by subtracting minima positional coordinates from maxima coordinates in each plane for each jump within Microsoft Excel software (Chapter 6).

Instantaneous, first (velocity, m.s-1) and second (acceleration, m.s-2) derivatives were calculated at each sample interval (0.005 s). The minima velocity and acceleration values were subtracted from the maxima values to give a range of peak velocity and acceleration (Wood et al., 2012) within each of the five gait cycles (and then averaged) for treadmill activity (MatLab) and for each vertical jump (Microsoft Excel). 
2.5. Data Filtering
It is necessary to reduce the white noise that contaminates sampled kinematic data, especially when derivatives are to be computed, by filtering (Challis, 2008). As the movement signal is assumed to occupy the low frequencies, low-pass filtering (sometimes referred to as smoothing) is commonly undertaken with image-based motion analysis data (Challis, 2008; Derrick, 2004). There are various methods used in biomechanics for low-pass filtering data, broadly either digital filters (e.g. the Butterworth filter) or splines (e.g. a quintic spline). Whilst splines are particularly useful if there are data missing that need interpolation, this method assumes that the trajectory signal has a predetermined shape, and has been shown to cause reasonable errors when the vertical trajectory of a toe marker was reconstructed during walking (Winter, 2009). A digital filter is a type of weighted moving average where a cut-off frequency can be determined (Derrick, 2004) and is the most commonly used technique to attenuate noise in kinematic data (Winter, 2009). Although it is acknowledged that digital filters distort the data at the beginning and end of the signal (Derrick, 2004), extra data collected before and after the portions of data to be analysed will minimise this distortion.
A second order Butterworth filter was chosen to smooth the kinematic data in this thesis as it has been reported to produce the closest approximation to the criterion curve compared to the Smith’s and Hanning methods (Baker, 1994) and very similarly to a quintic spline (Challis, 1999). This filter type has also been utilised in previous breast motion studies (Haake & Scurr, 2010; Scurr et al., 2009; Scurr et al., 2010; Scurr et al., 2011). The second order Butterworth filter was applied to the data in both the forward and reverse direction to remove the phase lag (Challis, 1999), creating a fourth-order zero-phase-shift filter, which yields a filtered signal that is back in phase with the raw data but with most of the noise removed (Winter, 2009).

2.5.1. Cut-off frequencies for breast kinematics data

No rationale has been presented for the filter cut-off frequencies used in breast motion studies to date. A variety of cut-off frequencies have been used on breast kinematic data; 4 hertz (Hz) (Mason et al., 1999), 7 Hz (Himmelsbach et al., 1992), 8 Hz (Zhou et al., 2012a) and 10 Hz (Haake & Scurr, 2010; Scurr et al., 2010; Scurr et al., 2011) have been reported, yet no rationale has been provided for these choices. Similar cut-off frequencies have been used across breast support levels and across running velocities; however, Haake and Scurr (2010) reported changes in breast frequency depending on breast support level and predicted changes in frequency depending on the velocity of the movement. There is consequently a need to establish the most appropriate cut-off frequencies for breast kinematic data. 

Therefore a pilot study was conducted using steady-state running at a treadmill velocity of 2.58 m.s-1 (Chapter 4) in the no, low and high breast support conditions to determine an appropriate cut-off frequency. A frequency spectrum analysis was first conducted. Since the majority of relative breast displacement during running occurs in the vertical direction (56%, Scurr et al., 2009; 50%, White et al., 2009a), the relative vertical breast coordinate data in each breast support condition were analysed to determine the frequency components. A Fast Fourier Transformation (involving considerably less calculations compared to a Discrete Fourier Transformation; Winter, 2009) was performed in MatLab and the power density spectrum revealed peaks in frequency occurred at approximately 3 Hz, 5 Hz and 7.5 Hz, although at different powers depending on the breast support condition. Visually the cut-off frequency was approximately 13 Hz for all breast support conditions after the initial power analysis; Figure 2.5 provides an example of the power density spectrum performed in MatLab.
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Figure 2.5 An example power density spectrum performed in MatLab using transformed right nipple vertical breast coordinate data in a no support condition for one participant running at 2.58 m.s-1
A residual analysis (Winter, 2009) was then used to determine the most appropriate cut-off frequency for the filter in each breast support condition (Figure 2.6). The unfiltered relative vertical breast coordinate data were filtered using 18 different cut-off frequencies (from 4 Hz to 21 Hz, at 1 Hz intervals) and relative breast displacement was calculated. The unfiltered displacement of the breast was then compared to the filtered displacement at each frequency and a mean residual calculated (Winter, 2009). Each mean residual was plotted against the respective cut-off frequency and the amount of noise versus the signal distortion allowed to pass through the filter was assumed to be equal. A linear regression line was best-fit using the final four data points (18, 19, 20, 21 Hz) and projected to the y axis. A horizontal line was projected back to the data plot; a vertical line from this point represented the cut-off frequency (Winter, 2009). 

[image: image17.emf]0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Mean Residual (mm)

Cut-off frequency (Hz)


Figure 2.6 Cut-off frequency determination for one participant running at 2.58 m.s-1 using residual analysis (Winter, 2009)

When the residuals were plotted on a graph (as in the example; Figure 2.5) the cut-off frequency was determined as approximately 13 Hz for each breast support condition; identical to the cut-off frequency established with the power density spectrum. A second order recursive Butterworth filter was therefore applied at 13 Hz to the breast kinematic data collected during steady-state running in Chapter 4 for all participants.

Due to the similarity in cut-off frequencies established using the residual and frequency spectrum analyses, it was deemed sufficient to use just one method to determine the cut-off frequency of breast kinematics data during intermittent exercise and jumping activity. Therefore, for intermittent exercise (Chapter 5) a power density spectrum was plotted for all participants’ relative vertical breast coordinate data at each treadmill velocity. After reviewing the power density spectrums (in MatLab) a decision was made to use a cut-off frequency of 10 Hz for walking (1.67 m.s-1), 13 Hz for jogging (3.06 m.s-1) and running (3.89 m.s-1) and a 15 Hz cut-off for sprinting (4.17 m.s-1) data. For jumping (Chapter 6), the cut-off frequency for breast displacement data was determined as 13 Hz, after reviewing power density spectrums for all participants. 
2.5.2. Cut off frequencies for other kinematic data

As the frequency content of markers on different landmarks of the body may differ (Winter, 1990), cut-off frequencies for each biomechanical variable were chosen by visual inspection of power density spectrums (Table 2.2). These cut-off frequencies were used across each activity mode.

Table 2.2 Cut-off frequencies (Hz) chosen by visual inspection of the power density spectrum for each biomechanical variable

	Marker/s
	Biomechanical variable
	Cut-off frequency (Hz)

	Heel
	Stride frequency, Stride length
	10

	Greater trochanter, lateral knee epicondyle, lateral malleolus, 5th metatarsalphalangeal joint
	Thigh flexion, Knee flexion, Ankle flexion
	10

	Acromion process, lateral elbow epicondyle, radius styloid process
	Elbow angle, Upper arm ROM
	8

	Suprasternal notch, anterioinferior aspect of 10th ribs
	Thorax ROM, Thorax vertical displacement
	6


2.6. Biomechanical variables
2.6.1. Stride parameters

2.6.1.1. Stride frequency (strides.min-1)

Anterioposterior right heel marker velocity data were used to determine footstrike events in Chapters 4 and 5 using the method proposed by Zeni and colleagues (2008), also used in previous breast motion studies (Scurr et al., 2009; Scurr et al., 2010; Scurr et al., 2011; White et al., 2009a; White et al., 2011). Direction changes in the heel marker a/p velocity (positive to negative or negative to positive) were used to signify footstrike and toe-off
. Right a/p heel velocity data were exported from the QTM software into Microsoft Excel and inputted into MatLab to be filtered (10 Hz; Table 2.2) and the time history was then plotted. Stride duration was determined from five complete gait cycles (Scurr et al., 2009) by calculating the time difference between two consecutive minimum values that signified toe-off (see example in Figure 2.7). 

Stride frequency was then calculated using the following equation (2.1):

Equation 2.1

60 ÷ Stride Duration (s) = Stride Frequency (strides.min-1)
2.6.1.2. Stride length (m)

Stride length (see example in Figure 2.7) was determined using the following equation (2.2):

Equation 2.2

Treadmill Velocity (m.s-1) ÷ Stride Frequency (Hz)
The mean of five complete gait cycles were presented (White et al., 2011).
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Figure 2.7 Example trace of a/p right heel velocity whilst running at 2.58 m.s-1, showing an example of how stride frequency and length were calculated 

2.6.1.3. Distance covered per minute (m)

To determine changes in stride parameters over a longer duration the following equation was used (Equation 2.3):

Equation 2.3


Distance covered per minute (m) = Stride Frequency (strides.min-1) × Stride Length (m)

2.6.2. Lower-extremity angles

The movement of the thigh during running can either be measured with respect to an external reference (vertical axis) to obtain a segment angle or it can be measured with respect to the proximal adjacent body segment (usually the trunk) to obtain a hip joint angle (Schache, Bennell, Blanch & Wrigley, 1999).  However, as the trunk is generally inclined during running, studies measuring a hip joint angle tend to show increased flexion and decreased extension angles compared with studies that have measured the thigh angle (Alton et al., 1998; Milliron & Cavanagh, 1990). Therefore the two-dimensional thigh angle measurement was chosen for this programme of work for all activities modes (Figure 2.8), which has been utilised in many previous studies (e.g., Frishberg, 1983; Milliron & Cavanagh, 1990; Williams, 1985). Knee flexion / extension angles were calculated for all activity modes using the two-dimensional lower extremity angle analysis technique proposed by Winter (2009), where the absolute angle of the shank segment was subtracted from the absolute angle of the thigh segment (Figure 2.10); a knee angle convention utilised in many studies (e.g. Williams, 1985; Williams & Cavanagh, 1987). A two-dimensional intersegment (shank and foot) angle was calculated for the ankle in the sagittal plane (Bobbert et al., 1987; McNitt-Gray, 1991; Steele & Milburn, 1987) during jumping (Figure 2.9). 
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Figure 2.8 Sagittal plane angle (θ) conventions for the thigh, knee and ankle
2.6.2.1. Ankle 

Marker coordinates at the right lateral epicondyle of the femur, lateral malleolus and the 5th metatarsalphalangeal joint were used (Bobbert et al., 1987; McNitt-Gray, 1991; Steele & Milburn, 1987) so an intersegment (shank and foot) angle could be calculated for the ankle in the sagittal plane at each time point during the landing phase of the jump (Chapter 6). The flexion angle at initial contact (°), the maximum flexion angle (°) and the ROM (°) (maximum angle – the initial contact angle) were then reported for the ankle during the landing phase (see Figure 6.2 for landing phase definition) (Figure 2.9). 
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Figure 2.9 An example of the ankle flexion / extension angle (°) during the landing phase of a vertical countermovement jump (n = 1) illustrating where angles were calculated

2.6.2.2. Knee
2.6.2.2.1. Knee angle (treadmill activity)

Markers on the right greater trochanter, lateral epicondyle of the femur and lateral malleolus were used (Alton, Baldey, Caplan & Morrissey, 1998) to calculate knee flexion and extension angles in the sagittal plane using Winter’s (2009) two-dimensional knee analysis technique. For Chapters 4 and 5 the vertical (z) and a/p (x) coordinates of each marker were exported from the QTM software, filtered in MatLab (10 Hz), and placed in Microsoft Excel. Absolute angles were calculated using the trigonometric relationship of the tangent (Figure 2.10). 
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Figure 2.10 Calculations for the absolute angles (θ) of the thigh and shank in the sagittal plane used to calculate knee angle, with axis definitions
The time history of the knee flexion / extension angle was plotted. Maximum stance and swing knee flexion (°) were then identified for five complete gait cycles for each participant; an example of a walking (Figure 2.11) and running (Figure 2.12) trace are provided. 
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Figure 2.11 Example knee flexion / extension during five gait cycles (n = 1) whilst walking at 1.67 m.s-1; with footstrike, max stance and swing flexion labelled 
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Figure 2.12 Example knee flexion / extension during five gait cycles (n = 1) whilst running at 2.58 m.s-1; with footstrike, max stance and swing flexion labelled 

2.6.2.2.2. Knee angle (jumping)

For jump landings (Chapter 6) knee flexion / extension angles were calculated at each time point as described in section 2.6.2.2.1; the flexion angle at initial contact (°), the maximum flexion angle (°) and the ROM (°) (maximum angle – the initial contact angle) were then reported for the knee during the landing phase (Figure 2.13). 
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Figure 2.13 An example of the knee flexion / extension angle (°) during the landing phase of a vertical countermovement jump (n = 1), illustrating where angles were calculated
2.6.2.3. Thigh

2.6.2.3.1. Thigh angle (treadmill activity)

Markers on the right greater trochanter and lateral epicondyle of the knee were used to calculate thigh flexion (-°) / extension (+°) angles in the sagittal plane. Ninety degrees was subtracted from the thigh angle calculated in section 2.6.2.2.1 (process described in Figure 2.10) to compute this segment angle. The time history of the thigh flexion / extension angle was then plotted. The thigh ROM for each participant was recorded in each gait cycle by calculating the difference between the maxima and minima points (Figure 2.14).
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Figure 2.14 Example thigh flexion (-°) / extension (+°) during five gait cycles (n = 1) whilst running at 2.58 m.s-1, with an illustration of how ROM° was calculated

2.6.2.3.2. Thigh angle (jumping)

For jump landings (Chapter 6) thigh flexion (-°) / extension (+°) angles were calculated at each time point as described in section 2.6.2.3.1; the flexion angle at initial contact (°), the maximum flexion angle (°) and the ROM (°) (maximum angle – the initial contact angle) were then reported for the thigh during the landing phase (Figure 2.15).
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Figure 2.15 An example of the thigh flexion (-°) / extension angle (+°) during the landing phase of a vertical countermovement jump (n = 1), illustrating where angles were calculated

2.6.3. Upper-extremity angles

2.6.3.1. Thorax

The thorax segment has been defined by markers on the suprasternal notch and the left and right anterioinferior aspect of the 10th ribs in previous breast motion studies (Scurr et al., 2010; Scurr et al., 2011) and was reported to be the most valid and reliable reference system to calculate multi-planar breast displacement to date (Zhou et al., 2011), so this marker set was chosen to define the thorax segment in this thesis.
2.6.3.1.1. Vertical thorax displacement (m)

The suprasternal notch marker has been assumed to represent vertical thorax motion during running in previous research (Haake & Scurr, 2010) and is reported to oscillate in a sinusoidal manner. In the GCS vertical (z) coordinate data (mm) of the suprasternal notch were exported from QTM, filtered in MatLab (6 Hz; Table 2.2), and exported to Microsoft Excel. The time history of the vertical coordinate data was then plotted; the minima were subtracted from the maxima for five gait cycles to determine the mean vertical thorax displacement in the frontal plane (Figure 2.16). Vertical thorax displacement data (mm) were converted into m (x 1000) in order to make comparisons with breast displacement data. Haake and Scurr (2010) calculated peak amplitude of the suprasternal notch by subtracting the displacement of consecutive turning points and dividing by 2; however, as breast displacement in this thesis was calculated as the peak-to-peak amplitude, the suprasternal notch data in this thesis were not divided by 2.
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Figure 2.16 Example vertical thorax displacement (m) during five gait cycles (n = 1) whilst running at 2.58 m.s-1, with an example of how vertical thorax frequency (Hz) and displacement was calculated

2.6.3.1.2. Vertical thorax frequency (Hz)

The line graph created to calculate vertical thorax displacement (Figure 2.16) was also used to determine the vertical thorax frequency, using the method adopted by Haake and Scurr (2010). The time (s) between consecutive minima points (one complete cosine wave) was recorded; to determine the vertical thorax frequency (Hz) 1 was divided by the time taken. The mean vertical thorax frequency (Hz) for each participant was determined from the same five gait cycles used to calculate vertical thorax displacement.  
2.6.3.1.3. Thorax angles (treadmill activity)

Thorax motion in the GCS has been defined as flexion/extension (sagittal plane), lateral rotation (frontal plane) and axial rotation (transverse plane) by Wu et al. (2005), illustrated in Figure 2.17. 
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Figure 2.17 Thorax (l) and Global (g) coordinate systems and definition of thorax motion in each plane with suprasternal notch (STN), right rib (RR) and left rib (LR) markers identified
Two-dimensional thorax segment angles relative to each viewing plane were calculated, a method utilised in many previous studies that have assessed trunk or thorax kinematics, albeit with various marker sets (Elliott & Roberts, 1980; Frigo, Carabalona, Dalla Mura & Negrini, 2003; Kubo et al., 2006; Lamoth, Beek & Meijer, 2002; Thorstensson et al., 1984). Thorax marker coordinates (GCS) were exported from the QTM software into Microsoft Excel. Firstly, to calculate thorax ROM in the sagittal (flexion/extension) and frontal (lateral rotation) planes the mid-point between the two rib markers was found at each sample, using the following equations (2.4 to 2.6):

Equation 2.4
              Mid-rib x = ((Left rib x – Right rib x) ÷ 2) + Right rib x

Equation 2.5

Mid-rib y = ((Left rib y – Right rib y) ÷ 2) + Right rib y

Equation 2.6

Mid-rib z = ((Left rib z – Right rib z) ÷ 2) + Right rib z

Thorax flexion/extension and lateral rotation angles were then calculated as the angle between the thorax segment (mid-rib to suprasternal notch) and the global z axis in the sagittal and frontal plane, respectively; thorax axial rotation angles were calculated as the angle between the thorax segment (right to left rib) and the global y axis in the transverse (x-y) plane (Figure 2.18). Calculations took place in Microsoft Excel using trigonometry (see Figure 2.19 for thorax flexion / extension example). The thorax ROM (°) in the sagittal, frontal and transverse planes was reported using the range between the maxima and minima points in each gait cycle and averaged over five gait cycles.
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Figure 2.18 Diagrams illustrating how ROM° was calculated in the a) sagittal, b) frontal and c) transverse planes with suprasternal notch (STN), right rib (RR), left rib (LR) and mid-rib (MR) identified
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Figure 2.19 Example of how a thorax flexion (+°) angle (θ) was calculated using trigonometry 

2.6.3.1.4. Thorax angles (jumping)

For jump landings (Chapter 6) thorax flexion (+°) / extension (-°) angles in the sagittal plane were calculated at each sample as described in section 2.6.3.1.3; the flexion angle at initial contact (°), the maximum flexion angle (°) and the ROM (°) (maximum angle – the initial contact angle) were then reported for the thorax during the landing phase (Figure 2.20).

[image: image31.emf]-15

-10

-5

0

5

10

15

20

0 25 50 75 100

Thorax Flexion / Extension Angle (

�

)

Landing Phase (%)

Initial Contact Angle (�)

Maximum Flexion Angle (�)

ROM (�)


Figure 2.20 An example of the thorax flexion (+°) / extension angle (-°) during the landing phase of a vertical countermovement jump (n = 1), illustrating where angles were calculated
2.6.3.2. Elbow

Markers on the right acromion process, right lateral epicondyle of the humerus and the right radius styloid process were used to calculate a two-dimensional intersegment angle at the elbow at each sample (Cook & Strike, 2000; Messier & Cirillo, 1989). The elbow angle convention is depicted in Figure 2.21. The elbow angle data were calculated in the QTM software, filtered in MatLab (8 Hz), and then inputted into Microsoft Excel and a time history of the elbow angle was plotted.  The mean elbow angle (°) (Messier & Cirillo, 1989) was then calculated for each gait cycle (and averaged over five gait cycles); Figure 2.22 illustrates an example of how the mean elbow angle (°) was calculated. 
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Figure 2.21 A diagram illustrating the intersegment angle of the elbow that was calculated at each time point
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Figure 2.22 Example intersegment elbow angle (°) during five gait cycles (n = 1) whilst running at 2.58 m.s-1, illustrating how the mean angle (°) was calculated 

2.6.3.3. Upper arm

Markers on the acromion process and lateral epicondyle of the humerus were used to calculate upper arm ROM (°) relative to the thorax in the sagittal and frontal planes (Figure 2.23). Marker coordinates were exported from QTM, filtered in MatLab (8 Hz), and inputted into Microsoft Excel, where the upper arm segment (acromion process to lateral epicondyle of the humerus) angle to the thorax segment (suprasternal notch to mid-rib) in the sagittal (x-z) and frontal (y-z) planes were calculated. The four-point angles were calculated within QTools software (Qualysis, Sweden) and a time history of the upper arm angle was plotted.  The mean upper arm ROM in each plane was recorded in each gait cycle (and averaged over five gait cycles) by calculating the difference between the maxima and minima points (Figure 2.24).
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Figure 2.23 Diagrams illustrating the 4-point angle (°) calculated for the upper arm segment during treadmill activity in the frontal (a) and sagittal (b) planes
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Figure 2.24 Example upper arm angle (°) in the sagittal plane during five gait cycles (n = 1) whilst running at 2.58 m.s-1, with an example of how ROM (°) was calculated 
2.6.4. Angular velocity 

Instantaneous angular velocity (°.s-1) at each sample of the ankle, knee, thigh and thorax was calculated for the jump landing (Chapter 6) using the following equation (2.7):

Equation 2.7

Angular velocity (°.s-1) = (Angle2 – Angle1) ÷ 0.005
The peak ankle angular velocity (°.s-1) during each landing phase was reported (mean of 6 jumps); Figure 2.25 illustrates an example of angular velocity at the ankle. 
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Figure 2.25 An example of ankle angular velocity (°.s-1) during the landing phase of a vertical countermovement jump (n = 1), illustrating the peak angular velocity

2.7. Perceptual variables

2.7.1. Breast and bra comfort

Breast comfort is a common measure in breast motion studies and relationships have been explored between breast comfort and breast kinematic variables (Bridgman et al., 2010; Mason et al., 1999; McGhee & Steele, 2010a; McGhee et al., 2012; McGhee et al., 2007; Scurr et al., 2010; White et al. 2009a; White et al., 2011). Although breast discomfort reported during exercise has been proposed to be related to stretch in the breast’s anatomical structures (Mason et al., 1999), the exact source of this discomfort remains unknown, providing justification to continue collecting breast comfort data alongside breast kinematics. Participants provided a rating of breast comfort following the activities and conditions in Chapters 4, 5 and 6. The VAS for breast comfort used for Chapters 4 and 5 was identical to that proposed by Mason et al. (1999), with 0 representing very comfortable (no pain), 5 representing uncomfortable and 10 representing painful (Figure 1.6) that had been utilised in previous research (Scurr et al., 2010; White et al., 2009a). Despite the limitations of this scale outlined in section 1.4.5 it was beyond the scope of this thesis to redevelop this comfort scale. 
A bra comfort VAS was also introduced for Chapters 4 and 5 in an attempt to distinguish between breast discomfort and discomfort caused by the bra itself during the activity (i.e. rubbing/chafing issues), due to the recognised limitations of the scale. The bra comfort VAS had 0 representing very comfortable (would wear), 5 uncomfortable and 10 very uncomfortable (Appendix C). Following data collection and analysis in Chapters 4 and 5 the wording of the breast comfort VAS was modified slightly for Chapter 6 (Appendix E), the new VAS had 0 representing very comfortable, 5 comfortable and 10 very uncomfortable. 

2.7.2. Bra supportiveness, fit and perceptions of performance
In Chapter 6 additional questions were asked about the participant’s perception of bra supportiveness and bra fit at the end of the testing session (Appendix F), a progression from testing in Chapters 4 and 5. A VAS similar to the breast comfort scale was used for bra supportiveness, with 0 representing very unsupportive, 5 representing moderately supportive and 10 representing very supportive. For perceptions of bra fit participants used a VAS with 0 representing very poor fit, 5 representing moderately good fit and 10 representing very good fit. This measure of bra fit replaced the ‘bra comfort’ scale utilised in Chapters 4 and 5 to avoid confusion that could have occurred between the breast and bra comfort scales. Also in Chapter 6 participants were asked if they felt the breast support condition had an impact on their jump performance and landing strategy employed (Appendix F). 
2.7.3. Rating of perceived exertion

The conscious perception of effort is a link between physiological parameters affected by exercise (which could arise from biomechanical changes; Williams & Cavanagh, 1987) and the behavioural changes that may be required to maintain homeostasis (Crewe, Tucker & Noakes, 2008). A session RPE was given by participants using Borg’s RPE scale (1985; Appendix B) immediately after completing the steady-state run and intermittent exercise protocol in Chapters 4 and 5, respectively. Asking participants to give a global rating of RPE for the entire exercise session after the conclusion of an exercise bout, as opposed to rating a momentary level of exertion as is the usual practice with RPE, has been shown to be a valid and reliable method of monitoring exercise intensity (Herman, Foster, Maher, Mikat & Porcari, 2009) and was useful in this context to compare between breast support conditions. The RPE scale was from 6 to 20, where 6 represented “no exertion at all” and 20 represented “maximal exertion”. Instructions were given to participants on how to rate perceived exertion, as detailed by Borg (1998), to ensure similar information was provided to all participants. No RPE was given for jumping as short-term maximum effort minimises the need for subjective scaling (Borg, 1998).
2.8. Statistics
2.8.1. General

All statistical analyses were undertaken using Predictive Analytics Software (version 18). Data were first checked for normality (using Kolmogorov-Smirnov and Shapiro-Wilks tests, p > 0.05), in addition to sphericity (Mauchley’s test of Sphericity, p > 0.05) and homogeneity of variance when appropriate. An alpha level of 0.05 was used for all statistical analysis, unless a Bonferroni correction was applied. When specific predictions were made the one-tailed probabilities have been reported; these values were obtained by dividing the two-tailed probabilities by 2 (Field, 2009, p.331).

Descriptive statistics (mean ± standard deviation (SD)) have been presented on the magnitude of multi-planar breast displacement, velocity and acceleration and on the dependent biomechanical variables recorded. As reporting the means and SDs of ordinal data is not appropriate, the mode of subjective comfort and RPE ratings are presented. For relationship testing r > 0.7 indicated a strong relationship and r > 0.5 indicated a moderate relationship (Fallowfield, Hale & Wilkinson, 2005).

2.8.2. Breast kinematics and bra fitting
Differences in breast kinematics in each direction between the low and high support conditions in Chapters 4 and 6 were analysed using paired-samples t-tests for normally distributed data or Wilcoxon signed-ranks test for non-normally distributed data. Differences in breast kinematics between the low and high support conditions at each treadmill velocity of the ITP (Chapter 5) and in each direction were analysed using two-way repeated-measures analyses of variance (ANOVAs). For these statistics the two independent variables were velocity (4 levels: walk, run, jog, sprint) and support (2 levels: low and high) and the dependent variables were displacement, velocity or acceleration in each direction (a/p, m/l or vertical). A Bonferroni correction was applied by the software to the pairwise comparisons when main effects were compared post-hoc; the simple main effects were assessed when there was a significant interaction found between velocity and support level.

The percentage of breast movement reduction vertically, mediolaterally and anterioposteriorly in the low and high support conditions, compared to the no support condition, was calculated (example in Equation 2.8). These data (over 5 gait cycles) for each participant were used to give an indication of the percentage reduction in breast movement provided by the low and high support conditions. A Pearson’s product-moment correlation coefficient explored relationships between breast kinematics (low and high conditions combined) and treadmill velocity in Chapter 5. 
Equation 2.8
 
% reduction = 100 – ((displacement in high support / displacement in no support) x 100)

A Spearman’s rho correlation coefficient explored relationships between breast size and breast kinematics within Chapters 4, 5 and 6 as breast size data were not normally distributed. For the investigation of bra fitting methods, paired samples t-tests were used to assess differences between traditional and best-fit cup and band sizes. To determine whether the cup and band differential scores (traditional size minus best-fit size) increased as participant’s traditional bra size increased, a Spearman’s rho correlation coefficient matrix established relationships between the traditional cup and band size data and differential scores.
2.8.3. Biomechanical variables

As interactions between dependent biomechanical variables were not of interest multivariate analysis was not conducted; biomechanical variables between the low and high support conditions were therefore compared using paired-samples t-tests for normally distributed data (t) and Wilcoxon signed-ranks tests for non-normally distributed data (Z). Although it is acknowledged that the risk of a Type 1 error is increased when multiple t-tests or Wilcoxon signed-ranks tests are conducted, the alpha level was not adjusted for the biomechanical variables as this programme of research was considered exploratory. Additionally, a Bonferroni adjustment would be very conservative in this situation (i.e. may over-correct for Type 1 errors) and consequently the chance of making a Type 2 error is increased and statistical power decreased (Knudson, 2009). As Atkinson and Nevill (2001) proposed that small changes in sports performance could be worthwhile, it is equally as important to ensure a Type 2 error is not made. 

Differences in biomechanical variables between the low and high support conditions at each treadmill velocity of the ITP (Chapter 5) and in each direction were examined using two-way repeated-measures ANOVAs (see details of a similar analysis in section 2.8.2 for breast kinematics). Relationship testing was utilised to investigate whether relationships existed between breast kinematics and biomechanical variables in Chapters 4, 5 and 6. For normally distributed data a Pearson’s product-moment correlation coefficient was calculated (rp), and for non-normally distributed data a Spearman’s rho correlation coefficient (rs) was calculated. Although further statistical analysis on relationship data was desirable, multiple regression analyses were deemed unsuitable and therefore not utilised in this thesis. The recommended minimum sample size for multiple regression is 50 + 8k, where k is the number of predictors (Green, 2001); therefore with 9 predictors (vertical, a/p and m/l breast displacement, velocity and acceleration) a minimum of 122 participants are needed. In addition, a small effect size was expected which increases the number of cases of data required to carry out a meaningful analysis (Field, 2009, p.223).

2.8.4. Perceptual variables

To assess the relationship between multi-planar breast kinematics and breast comfort to other biomechanical variables a Spearman’s rho correlation coefficient was used (rs) as comfort data were ordinal.  Differences in breast comfort between the three breast support conditions (no, low and high support) in Chapters 4 and 6 were analysed using a Friedman test with repeated Wilcoxon signed-ranks tests (with a Bonferroni adjustment; Field, 2009, p.577) for post-hoc analysis. Differences in breast comfort, breast support, bra fit, bra comfort and RPE between the low and high conditions only were compared using Wilcoxon signed-ranks tests. 
2.8.5. Variance, effect size and power

The consistency of measurements, or an individual’s performance on a test, is defined as reliability (Atkinson & Nevill, 1998). Within-participant variation is arguably the most important type of reliability measure for researchers as the smaller the within-participant variation, the easier it will be to measure a change in performance (Atkinson & Nevill, 1998; Hopkins, 2000). There are several statistics used to express reliability; namely a Pearson’s product moment correlation, an intraclass correlation coefficient, CV% and limits of agreement (Currell & Jeukendrup, 2008). Although all these reliability statistics were considered for this thesis the CV% was chosen because this statistic is suitable for ratio data, it provides a good indicator of absolute variance, and is unaffected by sample size (Hopkins, 2000). In addition as CV% is dimensionless it can be compared across populations (Hopkins, 2000), which meant CV% reported in this thesis could be compared to previous breast motion research that have also reported this statistic.  It is however acknowledged that the CV% statistic only accounts for 68% of the variability (Currell & Jeukendrup, 2008). 
The CV% was calculated both within-participants (between the 5 gait cycles or 6 jumps) and between-participants to provide an indication of the variability of kinematic and kinetic data (Equation 2.9). Sport scientists commonly use an arbitrary criterion of < 10 CV% as an ‘acceptable’ level of measurement error (Atkinson & Nevill, 1998); therefore within- and between-participant CV% less than 10% will be deemed low. Within- and between-participant CV% for breast kinematic data and biomechanical variables were also compared between low and high support conditions for each activity mode using multiple paired-samples t-tests with a Bonferroni adjustment (p = 0.003).
Equation 2.9

((SD/mean) x 100)
Effect sizes (Cohen’s d) were calculated for all parametric comparisons to provide an objective measure of the importance of an effect (Equation 2.10). Guidelines proposed by Cohen (1988) were used to interpret the strength of the effect size statistics (small effect = 0.2 d; medium effect = 0.5 d; large effect = 0.8 d). Power (β-1) was unable to be determined a priori as the associated effect size was difficult to establish with the lack of research previously published in this area; therefore power was estimated retrospectively for breast kinematics and biomechanical variables between breast support conditions using G*Power3 software (version 3.1; Faul, Erdfelder, Lang & Buchner, 2007).  A power of > 0.8 was deemed as good (Cohen, 1988).  

Equation 2.10

((mean1 – mean2) / (mean SD of mean1 and mean2))
2.9. Assumptions, Limitations & Delimitations 

2.9.1. Assumptions & Limitations

Larger-breasted (D to E cup) female athletes who were classed as ‘recreational’ (participated in at least 30 minutes of sport at moderate intensity at least 3 times a week but  did not follow a professionally designed training regime; Sport England, 2011) were recruited for Chapters 4, 5 and 6; therefore results from these chapters are primarily applicable to this population. 

A marker placed on the outside of the bra over the nipple is assumed to represent the underlying movement of the nipple; i.e. no independent breast movement should occur between the nipple and the marker representing it. This method has been utilised in many published studies (Gehlsen & Albohm, 1980; Lorentzen & Lawson, 1987; Mason et al., 1999; Scurr et al., 2010; Scurr et al., 2011; Starr et al., 2005; White et al., 2009a; White et al., 2011; Zhou et al., 2009; Zhou et al., 2012a). It was not the aim of this thesis to determine the systematic error this technique may introduce to the calculation of breast kinematics. To reduce the concern of independent breast movement both bras were appropriately fitted in accordance with results from Chapter 3.

Testing between breast support conditions across all activity modes could not be blinded (i.e. participants had knowledge of what bra condition they were performing in). Therefore there may be some bias in the ratings of perceptual variables, with participants possibly rating bras in a way they felt they were expected to. Although every effort was made to not explain to participants the research questions being asked in these chapters, as it was a repeated-measures design (and the bras were very different from each other) participants were susceptible to this bias, which could have affected results. Results from all the perceptual variables measured are inexorably limited by the honesty of the participants. 

The results of this thesis are limited by the ability of the statistical tests to detect significant differences or relationships if they exist in the population. Post-hoc power analyses were carried out (G*Power 3) after 11 (Chapters 4 & 5) and 12 (Chapter 6) participants had been tested and the power to detect differences in breast kinematics between the low and high support conditions was good (> 0.8; Cohen, 1988). As the size of these samples were sufficient to distinguish between breast support conditions (acting as the independent variable), further participants were not recruited. The power to detect differences or relationships in biomechanical variables (due to breast support) could not be determined prior to data collection as there was no previous indication of associated effect sizes. As this thesis was exploratory the majority of variables had not previously been investigated in this context. Post-hoc power analyses alluded to low power for some biomechanical variables between breast support conditions, therefore the chance of making a type-II error was increased (Fallowfield et al., 2005). 

Skin deformation and displacement cause marker movement with respect to the underlying bone, regarded as a soft tissue artefact, and is a source of error for human movement analysis (Leardini, Chiari, Della Croce & Cappozzo, 2005). Guidelines proposed by Cappozzo, Catani, Della Croce and Leardini (1995) were enforced for all testing to minimise relative movement, yet this is an acknowledged limitation of using passive markers. 

2.9.2. Delimitations

An acknowledged delimitation is the increased risk of deformability of the thorax segment defined in this work due to the effect of breathing on this segment that could introduce error. A comparison between the reference system used in this thesis and the International Society of Biomechanics standard (Wu et al., 2005) to understand how the calculation of breast kinematics may be affected is warranted but was beyond the scope of this thesis. 

Kinematic analysis of the lower-extremities during treadmill activity and vertical jump landing took place in the sagittal plane only; analyses in the frontal and transverse planes were excluded. This decision was made as the greatest range of movement occurs in the sagittal plane during these activities (Milliron & Cavanagh, 1990) and there was rationale to focus on sagittal plane activity (see sections 1.4.7.3 and 1.4.8.2) based on previous research in the area. Whilst some upper-extremity biomechanical variables were considered in more than one plane, due to their greater contribution to movement in all planes (Rau et al., 2000), a delimitation of this thesis is the consideration of lower-extremity biomechanical variables primarily in the sagittal plane. 

Activity modes investigated in this thesis were limited to steady-state running, intermittent exercise and vertical jumping; activities identified as popular for female recreational athletes to participate in (see 1.4.6.). Non-linear activities, such as agility tasks, backwards running, side-stepping and dancing, were not considered as they were deemed to be outside of the scope of this thesis and too problematic for data collection with the equipment and facilities available to the researcher. 

CHAPTER 3. Investigation of bra fitting methods
3.1. Introduction
The bra is one of the closest fitting garments worn by women, designed to support and mold the soft tissues of the upper female form (Hardaker & Fozzard, 1997).  However, regardless of how good the design of the bra, if the size is wrong, then it may not provide effective support (Page & Steele, 1999). It was important to establish an appropriate method of bra fitting that could be used in this programme of work. A well-fitted bra will help to minimise any independent breast movement that may occur during exercise (within the bra) and ensure optimum comfort (Mason et al., 1999; White et al., 2009a) for participants. 
Although the traditional method of bra fitting is still used today by retailers the accuracy of this method has been questioned (please refer to section 1.4.4).  Due to the large number of issues surrounding the traditional method of bra fitting, especially for larger-breasted women (Greenbaum et al., 2003; Pechter, 1998), there is a need for an easier and more reliable way of bra fitting. Best-fit criteria for well-fitting bras have been presented (Brace yourselves, 2004; Figleaves, 2007; McGhee, Steele & Munro, 2008); however, limited empirical evidence exists to support these criteria. No studies have scientifically compared the traditional method of bra fitting with the use of best-fit criteria or investigated the accuracy of the traditional method as bra size increases above a D cup, which it was originally designed for (Pechter, 1998). 
This chapter describes and implements a simple series of best-fit criteria for bra fitting, consolidated from existing best-fit criteria (Brace yourselves, 2004; Figleaves, 2007; McGhee et al., 2008), and was the first work to compare this approach with the traditional method of bra fitting. This will establish rationale for a bra fitting method to utilise throughout this programme of work, helping to ensure the most appropriate bra fit for female recreational athletes as they exercise.

3.2. Aims and hypotheses
The first aim was therefore to compare women’s bra size based on best-fit criteria (best-fit size) to women’s bra size resulting from the traditional method of bra fitting (traditional size). The second aim was to determine the accuracy of the traditional size against the best-fit size as breast size increased. The experimental hypotheses for this chapter were as follows:
H1 = there will be significant differences between participants’ best-fit and traditional bra sizes. 

H2 = as bra size increases the discrepancy between the best-fit and traditional bra size will increase. 

3.3. Protocol
3.3.1. Participants

Following institutional ethical approval, forty-five female volunteers from a University staff and student population (mean ± SD: age 32 ± 11.37 years, height 1.65 ± .06 m, body mass 67.42 ± 13.02 kilograms (kg)) were recruited via posters and email communication. All participants were aged over 18 years (range: 19 to 58 years), had not been pregnant or breast-fed within the last year, or had any previous breast surgery; no restrictions were put on the upper age limit or ethnicity of the participants recruited. Self-reported band sizes ranged from 32 to 44 inches (mode 34 inches) and self-reported cup sizes ranged from AA to GG (mode DD cup). Participants were asked to attend a single fitting session and to arrive wearing one of their everyday bras.
3.3.2. Procedures
Participants were given a verbal explanation of procedures and an opportunity to ask questions. When fully briefed, participants gave written informed consent. Participants then completed a questionnaire, where they reported their age, current bra size and how often they were professionally fitted for bras. 

The participant’s body mass and height were recorded before the bra fitting commenced. In a private area participants were then asked to remove their upper body clothing (apart from their bra). Due to the sensitive nature of the topic, participants were measured individually and all procedures were carried out by two trained and experienced female bra fitters who had attended a professional short course in bra fitting. If there was a discrepancy in bra sizes between bra fitters, sizing and fitting was repeated until an agreement was reached. 

Participants were firstly measured using the traditional method (Zheng et al., 2006); the traditional bra size was established in the participant’s own bra (regardless of whether their own bra fitted appropriately) as this reflects procedures undertaken when women are fitted for a bra in a retail outlet. Chest circumference (inches) was measured at the infra-mammary fold with a plastic anthropometric tape (Rosscraft, Canada). Measurements were taken when the participant reached relaxed end expiration (McGhee & Steele, 2006). To derive band size 4 inches were added to an even chest circumference measurement and 5 inches were added to an odd chest circumference measurement (Zheng et al., 2006). Cup size was calculated by measuring the circumference of the chest over the fullest part of the breast (bust girth, inches); the difference between bust girth and the band size then dictated cup size (Table 3.1). To ensure a consistent approach, when participants were measured between two cup sizes the larger cup size was always recorded and when participants were measured between two band sizes the smaller band size was recorded. 

Table 3.1 Cup size conversion table (Zheng et al., 2006)
	Bust girth – band size
	-1”
	0”
	1”
	2”
	3”
	4”
	5”
	6”
	7”
	8”

	Cup size
	AA     
	A
	B
	C
	D
	E
	F
	FF
	G
	GG


Five global aspects of bra fit were identified (band, cup, underwire, front and straps) as most important for appropriate everyday bra fit from existing best-fit criteria available (Brace yourselves, 2004; Figleaves, 2007; McGhee et al., 2008). These were then amalgamated to produce a simple 5-step approach to bra fitting (Table 3.2).
To establish the best-fit bra size participants were then given the best-selling plain, non-padded, underwired t-shirt bra from the UK’s leading lingerie retailer (Marks & Spencer®; made from 88% Polyamide and 22% elastane Lycra®) in the size indicated by the traditional measurement method. One bra style and brand was used to minimise the error associated with fit discrepancy between brands (Hardaker & Fozzard, 1997). The fit of this bra was then assessed using the 5-step approach to bra fitting (Table 3.2). If an adjustment in bra size was needed, based on the best-fit criteria, the bra was changed until the fit was assessed as correct by both the trained bra fitters. 

Table 3.2 Best-fit criteria; a five-step approach to bra fitting
	Step 1
	BAND 
	The band should fit firmly around the chest. It should not slide around as you move, but it should not be too tight to be uncomfortable, affect breathing or make flesh bulge over the band. The band should be level all the way around the chest.

	Step 2
	CUP 
	The breasts should be enclosed within the cups, with no bulging or gaping at the top or sides. If the cup material is puckering then the cup size is probably too big. 

	Step 3
	UNDERWIRE
	The underwire should follow the natural crease of the breasts and not rest on any breast tissue (in the centre, underneath the bra or under the arms). If the underwire is resting too far down the ribcage (i.e. where the ribcage gets slightly narrower) the band size is probably too small.

	Step 4
	FRONT
	The front of the bra (the lower edge under the breasts and between the cups if a separate piece exists) should sit flat against the body and not gape away from the chest. If the front of the bra is lifting away the cup size may need to be increased.

	Step 5
	STRAPS
	The shoulder straps should be adjusted to comfortably provide breast support without being too tight (i.e. digging into the skin). The main support for the breast should come from a firm band, not tight shoulder straps. 


Figure 3.1 illustrates some examples of inappropriate bra fit. The most difficult criteria to achieve were the cup and underwire; once the band size was established, a cup size that encased the breast without any bulging, gaping, or underwire resting on breast tissue was identified. For some participants four or five different bra sizes were tried before both bra fitters were confident that the fit met all the criteria in Table 3.2.
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Figure 3.1 Examples of ill-fitting bras; (i) - Band not level; (ii) - Band too tight; (iii) - Cup too small; (iv) - Cup too baggy; (v) - Underwire resting on breast tissue; (vi) - Underwire resting too low; (vii) - Front pulling away from the chest; (viii) – Shoulder straps digging in. Pictures i) and ii) relate to step 1 (Table 3.2); iii) and iv) relate to step 2; v) and vi) relate to step 3; vii) relates to step 4; whilst viii) relates to step 5.

3.3.3. Data Analysis

Participant’s traditional and best-fit bra sizes were converted into numerical scores for analysis; cup sizes (range: AA to GG) were allocated numerical scores from 1 to 11 (AA = 1, A = 2, B = 3, etc) and band sizes (range: 30 to 44 inches) were allocated numerical scores from 1 to 8 (30 = 1, 32 = 2, 34 = 3, etc). To address H2, scores for the differential between the best-fit and traditional cup and band sizes (traditional size minus best-fit size) were also calculated for each participant. The differential score was negative if the traditional cup or band size were smaller than the best-fit size and positive if the traditional cup or band sizes were greater than the best-fit size. Band size differentials ranged from -1 to 5 and cup size differentials ranged from -8 to 2. Self-reported bra sizes are presented but data were not statistically compared with the traditional and best-fit bra sizes obtained due to the variety of bra makes/styles worn by participants. 

3.4. Results
Notably, out of the 45 participants, 69% (31) had either never or rarely been professionally bra fitted. Self-reported band sizes ranged from 32 to 44 inches (mode 34 inches) and self-reported cup sizes ranged from AA to GG (mode DD cup). 

The traditional method reported a significantly smaller average cup size of a D cup, compared to an E cup established using the best-fit size (t(44) = -7.143, p < 0.001). The majority of participants (84%; n = 38) were measured as a smaller cup size using the traditional method then that established using the best-fit method. A significant difference in band size (t(44) = 7.187, p < 0.001) was also found between the traditional and best-fit size. For 76% (n = 34) of participants the best-fit band size was smaller than that measured by the traditional method.

The traditional and best-fit band sizes and the traditional and best-fit cup sizes for each participant are displayed in Figures 3.2 and 3.3 in size order (based on the best-fit size). The relationships between the traditional cup and band size scores and the cup and band size differential scores were investigated to determine whether the accuracy of the traditional method was affected by bra size. A significant strong correlation (rs = 0.72, p < .001) was found between the traditional band size and the band size differential, showing that the traditional band size increased as the band size differential increased. This suggests that the traditional bra fitting method became more inaccurate compared to using bra fitting criteria as band size increased. However, no significant correlation was found between the traditional cup size and the cup size differential (rs = -0.256, p = 0.089). Therefore, unlike band size, the traditional cup size was inaccurate compared to using best-fit criteria across all cup sizes.
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Figure 3.2 Traditional and best-fit band sizes (participants ordered by best-fit band size)
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Figure 3.3 Traditional and best-fit cup sizes (participants ordered by best-fit cup size)
4.5. Discussion and conclusions

This was the first research to amalgamate published best-fit criteria and empirically compare these to the traditional method of bra fitting. This chapter described and implemented a simple 5-step approach to bra fitting (Table 3.2), establishing five key global aspects of bra fit from existing best-fit criteria (Brace yourselves, 2004; Figleaves, 2007; McGhee et al., 2008). Comparisons of bra sizes determined using the best-fit criteria and the traditional method of bra fitting identified that the majority of women were wearing an inappropriate bra size compared to the appropriate size identified using the best-fit criteria, accepting H1. The best-fit size determined by the best-fit criteria was, on average, one cup size larger and one band size smaller than the bra size determined by the traditional bra fitting method. A large percentage (69%) of women in the present chapter had either never or rarely had a professional bra fitting, therefore suggesting that it is important that women are educated in the criteria of a good fitting bra so they can determine their own bra fit.

Ryan (2000) reported that breast mass should be removed from the shoulders to eliminate pectoral girdle myalgia; therefore a firm, but not uncomfortable, band should be recommended to provide the primary support for the breasts. However, in this chapter the traditional method of bra fitting overestimated band size in 76% of women compared to the best-fit band size. This result has implications for women when purchasing a bra after being fitted by the traditional method. Wearing bras with less support in the band may reduce the ability of the bra to support the breasts (Page & Steele, 1999), which could have negative consequences for exercising females in particular as increased breast motion has been linked to breast discomfort (Mason et al., 1999; White et al., 2009a). Future research should aim to quantify the effect of a poorly fitting bra on breast motion during exercise.
Due to the relationship between band and cup size, determined by the cross-grading method, wearing a bra with a loose under band may mean that the cup size is too small. This is supported by the results of this chapter as the traditional method of bra fitting underestimated cup size in 84% of women. An incorrect fit in the cup area may cause irritation if the bra impinges on the breast tissue (Page & Steele, 1999). It is important that female athletes are educated in correct bra fit as there is evidence to suggest that the features most disliked in a sports bra were related to poor fit, such as shoulder straps digging in, which could then deter their use (Bowles et al., 2008).
It has previously been reported in the literature that women were often wearing bras that were too tight in the band and too loose in the cup when comparing the self-reported and traditional bra size (Greenbaum et al., 2003; McGhee & Steele, 2006; Wood et al., 2008); however, the efficacy of these studies is questionable. Studies that have utilised the traditional method of bra fitting as a ‘gold standard’ are problematic as this chapter has confirmed that the traditional method of bra fitting is not accurate when compared to published best-fit criteria (Pechter, 1998; Greenbaum et al., 2003; Wood et al., 2008).  Furthermore, self-reported bra sizes are redundant when 80% of women have been reported to choose and wear the wrong-sized bra (Wood et al., 2008). As a consequence of poor bra size identification by women the recruitment of participants in breast motion studies when specific sizes are needed becomes very difficult. This adds justification to recruiting participants within a small range of bra sizes within this thesis rather than just relying on one size.
Findings also showed that the larger the band size measured, the greater the difference between the best-fit band size and the traditional band size (rs = 0.72), partially accepting H2. This suggests that the larger the woman’s band size (as assessed using best-fit criteria), the more erroneous the traditional method became. Perhaps excess flesh around the chest in larger women increased the subjectivity of the tape measure reading. This is contrary to earlier findings by Greenbaum et al. (2003) who suggested that larger-breasted women were wearing bras that were too tight in the band; yet their ‘best-fit bra size’ was measured using the traditional bra fitting method. Larger-breasted female athletes in particular should therefore be cautious of using the traditional method of bra fitting as a band which is too loose may affect the ability of their bra to reduce breast motion during their activities (Page & Steele, 1999), leading to breast discomfort (Mason et al., 1999; White et al., 2009a) and embarrassment (Starr et al., 2005). Inaccuracies in cup size using the traditional method of bra fitting compared to using best-fit criteria were found across all bra sizes, highlighting the need for women of all bra sizes to be wary of using traditional bra fitting techniques to assess their bra fit. This result may not be surprising, considering individual variation in size, contour and density of breasts (Hoffman, 2001). 

When participant’s bra size was measured in this chapter the common bra fitting mistakes (when compared to best-fit criteria) were that the under band of the bra was too loose and the cup was too tight. Women are therefore urged to ensure they are wearing a bra with a firm under band (see Table 3.2), and that if they decrease their band size then they may need to increase their cup size. It is important that women realise there may be discrepancies in bra sizing between manufacturers (Hardaker & Fozzard, 1997) and that their body shape may influence bra fit (Chen, LaBat & Bye, 2010; Pandarum, Yu & Hunter, 2011). A woman’s breasts will change size and shape throughout the menstrual cycle and throughout the life cycle (McCool et al., 1998; Page & Steele, 1999), so frequent evaluation of bra fit is necessary. As a result, bra fit should be assessed immediately prior to testing rather than relying on any bra fits that may have taken place at previous sessions due to possible changes in breast size that may have occurred. In addition, due to the changes that occur in breast size throughout the menstrual cycle, there must also be a consideration for when participants are tested in this thesis (i.e. the same point of the menstrual cycle for each participant would be ideal). 
Subsequent to this chapter, McGhee and Steele (2010b) published a study to challenge methods used to assess appropriate bra fit in a sports bra; this study systematically determined the best method for women to independently choose a well-fitted sports bra. The authors also compared the ‘correct bra size’, determined in a sports bra using professional bra fitting criteria (similar to the best-fit criteria utilised in this chapter), with participant’s self-selected bra size and one determined by bra size measurements. The findings confirmed results from this chapter and the use of professional bra fitting criteria is promoted for both everyday and sports bra fit. The same best-fit criteria (Table 3.2) will therefore be utilised to appropriately fit both the everyday and sports bras for the female recreational athletes in the rest of this thesis.
In conclusion, results from this chapter that recommended the use of best-fit criteria for everyday bras, combined with findings published by McGhee and Steele (2010b) focusing on sports bra fit, were utilised within this programme of research for accurate sports bra and everyday bra fit. Best-fit criteria (Table 3.2) were therefore used to bra fit participants in Chapters 4, 5 and 6, instead of using the traditional method. Now an appropriate bra fitting procedure has been established, the investigation into the effect of breast support on biomechanical and perceptual variables for female recreational athletes begins in the next chapter by assessing steady-state running.
CHAPTER 4. The effect of breast support on biomechanical and perceptual variables during steady-state running
4.1. Introduction

Running is a very popular activity for female recreational athletes in the UK (Sport England, 2011) and research that can facilitate improvements in this activity may have important implications for those who participate. The majority of research in the area has utilised elite male runners and less attention has been given to female and recreational athlete populations. The optimisation of running mechanics may reduce energy cost and indirectly improve running performance (Anderson, 1996; Cavanagh & Kram, 1990; Dillman, 1975; Messier & Cirillo, 1989; Williams, 1985; Williams & Cavanagh, 1987). Biomechanical changes to female athletes, which may allow them to utilise less energy at a given velocity, should be of benefit. 

Breast kinematics have been found to reduce, and breast comfort increase, when a sports bra is worn compared to an everyday bra (Mason et al., 1999; Scurr et al., 2010; Scurr et al., 2011; White et al., 2009a; White et al., 2011). Shivitz (2001) proposed that if a female runner experiences breast discomfort whilst running she may try and alter her running technique. Initial findings from two master’s theses (Boschma, 1994; Shivitz, 2001) suggest that large individual changes in some kinematic parameters occur based on the level of breast support worn. Vertical trunk displacement has been alluded to as a parameter sensitive to change if breast support is altered (Boschma, 1994; Mutter et al., 2002; Shivitz, 2001), with findings suggesting that female runners may try to minimise trunk movement with less breast support to reduce breast discomfort. As the breasts are situated on the thorax it is reasonable to assume there may be a close relationship between thorax movements and breast kinematics.
Breast kinematic variables have generally been reported for continuous running after a short duration (~ 2 minutes). The criteria for ‘steady-state breast motion’ remains unclear, however participants may not have settled into a steady-state running pattern by this time and collecting kinematic data after a longer period of continuous running should be investigated. Evidence suggests that stride parameters remain similar between low and high breast support conditions (Boschma, 1994; Shivitz, 2001; White et al., 2011) yet statistical power was low in these studies, perhaps participants had not settled into a steady-state running pattern. 
Although there are an increasing number of studies that have investigated the effect of breast support on breast kinematics and breast comfort (Gehlsen & Albohm, 1980; Lorentzen & Lawson, 1987; Mason et al., 1999; McGhee & Steele, 2010a; McGhee et al., 2012; Scurr et al., 2010; Scurr et al., 2011; Starr et al., 2005; White et al., 2009a; White et al., 2011; Zhou et al., 2009) during short duration running no empirical studies have been published that explore the effect of breast support on running kinematics. Boschma’s (1994) work in particular provides a useful insight in to how running kinematics may change due to the breast support worn, however only a limited number of variables were compared (stride length, stride rate, vertical trunk displacement and arm angle ROM) and participants were of a B to D cup size. Larger-breasted cohorts of female runners should be investigated as they are more likely to experience exercise-related breast discomfort (Bridgman et al., 2010; Lorentzen & Lawson, 1987) that may subsequently influence their running mechanics. 
The relationship between running kinematics and optimum performance is complex and not fully understood, high variability also exists in individual running mechanics (Williams, 1985). However, if female runners wear bras that are not appropriate for the demands of this activity (i.e. they experience excessive breast movement and breast discomfort) alterations in running style could be made in an attempt to mitigate these changes and they may perceive themselves to be working harder when wearing lower breast support. Alterations could include minimising upper-extremity movements (Mutter et al., 2002) and decreasing running velocity (by reducing stride length or frequency) in an attempt to reduce breast movement, which could be a detriment to their running performance. There is rationale to explore changes in biomechanical and perceptual variables that breast support may induce to increase our understanding of this important area of female health. 

Rationale for the inclusion of biomechanical variables in this chapter comes from previous research that has investigated the effect of breast support on running kinematics (Boschma, 1994; Mutter et al., 2002; Shivitz, 2001; White et al., 2011), in addition to previous research that has established links between running kinematics and running economy (Anderson, 1996; Cavanagh & Kram, 1990; Dillman, 1975; Messier & Cirillo, 1989; Williams, 1985; Williams & Cavanagh, 1987). A comparison of biomechanical variables between breast support conditions identified in section 1.4.7.3 will enable a greater understanding of the relationship between breast support and running kinematics.
4.2. Aims and hypotheses

The primary aim of this chapter was to investigate the effect of breast support on biomechanical variables during steady-state running, with a secondary aim to assess the effect of breast support on perceptual variables in this activity. The experimental hypotheses for this chapter were as follows:

H1 = Vertical, m/l and a/p breast displacement (m), breast velocity (m.s-1) and breast acceleration (m.s-2) will be significantly lower in the high support condition compared to the low support condition

H2 = Stride frequency (strides.min-1), stride length (m), distance covered per minute (m), maximum stance knee flexion (°), maximum swing knee flexion (°), thigh ROM in the sagittal plane (°), vertical thorax displacement (m), vertical thorax frequency (Hz), thorax ROM in the transverse, frontal and sagittal planes (°), mean elbow angle (°) and upper arm ROM in the frontal and sagittal planes (°) will significantly differ between low and high support conditions

H3 = There will be significant relationships between breast kinematics, breast and bra comfort and biomechanical variables 
H4 = Breast and bra comfort will be significantly greater in the high support condition compared to the low support condition

H5 = Perceived exertion will be significantly lower in the high support compared to the low support condition

H6 = There will be significant relationships between breast kinematics and breast comfort (as breast kinematics increase, breast comfort will decrease) 
4.3. Protocol

4.3.1. Participants

Following institutional ethical approval, eleven female recreational athletes (mean ± SD: age 26 ± 7 years, height 1.66 ± 0.04 m, body mass 64.31 ± 6.38 kg) were selected (see section 1.4.6.). Participants were not pregnant, had not breast-fed within the last year and had not had breast surgery as these factors are known to cause changes within the breast (McCool et al., 1998; Page & Steele, 1999). All participants had experience in treadmill running.

Participants were recruited via personal contacts and posters placed within the Department of Sport and Exercise Science at the University of Portsmouth. Volunteers for future and previous studies (that had been conducted within our research group) were also approached. Due to the lack of published multi-planar breast kinematic data a post-hoc power calculation was conducted (G*Power 3.1 software; Faul et al., 2007) after 11 participants had been tested; this indicated that a sample size of 11 would provide a power of 1 for breast kinematic results, therefore no further participants were recruited.

Participants recruited had bra sizes that ranged between a 32 to 34 band size and a D to E cup size (see section 2.2). Seven out of the 11 participants were not fitted with the same bra size in the low and high support conditions; this was not unexpected due to the differences in bra fit between manufacturers (Hardaker & Fozzard, 1997; McGhee & Steele, 2006). As the menstrual cycle affects breast size and discomfort (McCool et al., 1998; Milligan, Drife & Short, 1975; Page & Steele, 1999), all participants were tested between the end of menstruation and the start of the luteal phase of their menstrual cycle (day 4 to 15) when the breast is reported to be at its lowest size (Milligan et al., 1975). Participants were asked to refrain from vigorous exercise and alcohol consumption 24 hours prior to their testing. Written informed consent was obtained from each participant and kept on file.

4.3.2. Procedures
For testing, participants were required to visit the laboratory on two occasions, no more than 5 days apart (and between days 4 and 15 of their menstrual cycle). The first visit involved a bra fitting by a trained bra fitter (see Chapter 3; White & Scurr, 2012) and familiarisation with procedures. For their second visit, participants first completed a health history questionnaire and blood pressure was measured using an electronic sphygmomanometer (Omron HEN705, Netherlands) to ensure it fell within acceptable levels dictated by institutional ethical guidelines (systolic pressure >90 and <150 millimetres of mercury haemoglobin (mmHg); diastolic pressure >60 and <90 mmHg). Resting heart rate (HR) was recorded (Polar, UK) for 5 minutes prior to testing when participants were sat quietly before the warm-up as this data were needed for subsequent analysis of exercise intensity. Participants then completed a 5-minute treadmill (h/p/cosmos mercury, Germany) warm-up at a self-selected pace, followed by static stretching. Subsequent to the warm-up participants put on either the everyday bra (low support condition) or the sports bra (high support condition) in a random order and bra fit was assessed again to confirm appropriate bra fit. 

The marker set used for breast kinematic analysis (Scurr et al., 2010; Scurr et al., 2011) consisted of 5 markers (7 mm; Qualysis, Sweden) placed on the suprasternal notch, right nipple (on the bra, directly over the nipple, in the supported conditions) and the left and right anterioinferior aspect of the 10th ribs (see section 2.4 for details). Only one side of the body was used for the sagittal plane analysis as gait is a cyclic sequence with a high degree of symmetry (Rau et al., 2000) and the camera set-up was optimised with the field-of-view focused on the frontal plane and right side. In addition, as no differences in breast kinematics between the right and left breast have previously been reported (McGhee et al., 2007; Scurr et al., 2011) only the right nipple was utilised for breast kinematics analysis. A custom marker set was devised (Figure 4.1) to enable calculation of the chosen dependent variables (stride frequency, stride length, distance covered per minute, maximum stance knee flexion, maximum swing knee flexion, thigh ROM in the sagittal plane, vertical thorax displacement and frequency, thorax ROM in the sagittal, frontal and transverse planes, mean elbow angle and upper arm ROM in the sagittal and frontal planes); see section 2.6 for details.
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Figure 4.1 Picture of custom marker set used for treadmill tests

Spherical retroreflective markers (7 mm; Qualysis, Sweden) were placed on the following landmarks on the right side of the body to calculate biomechanical variables (see section 2.6 for justification): acromion process, lateral epicondyle of the humerus, radius styloid process, superior border of the greater trochanter, lateral epicondyle of the femur, lateral malleolus and the heel of the trainer (lateral border). The marker set for biomechanical analysis met the selection criteria defined by Cappozzo et al. (1995), where markers were sufficiently tracked within the field of view of the cameras and relative movement between markers and underlying bone was minimised by using double-sided hypoallergenic tape to firmly attach markers to the participant’s skin, therefore minimising independent marker movement artefacts. 

In-line with Drust et al.’s (2000) study that compared steady-state and intermittent treadmill protocols, treadmill velocity and duration were determined for this chapter to reflect the mean intensity and duration of the ITP devised for Chapter 5.  Therefore the treadmill velocity was 2.58 m.s-1 (the mean velocity of the ITP) and the duration was 7 minutes and 20 s (the total duration of the ITP including transition times) for the steady-state run. Each participant completed the treadmill run in the low and high breast support condition (in a random order). A 1% treadmill incline was used to replicate the energy demand of outdoor running (Jones & Doust, 1996). Multi-planar kinematic data were captured by eight infrared Oqus cameras (200 Hz; Qualisys, Sweden) positioned around the treadmill. A thirty second data capture between 6 minutes 30 s and 7 minutes enabled five complete gait cycles to be analysed (Scurr et al., 2010; White et al., 2009a). An external trigger marking the start and end of the treadmill test was synchronised with the motion capture system via a 32-channel USB interface unit (Qualisys, Sweden).

Participants’ HR was recorded (Polar, UK), and averaged at 15 s intervals, during the same thirty second data capture. On completion of the run treadmill velocity was reduced to a comfortable walk (1.39 m.s-1) for one minute to allow participants’ time to cool down and a session RPE (Appendix B) was given by participants for the test.  Participants also completed a short breast comfort questionnaire after each treadmill run (Appendix C). Ten minutes rest was given to participants before they repeated the run in the next bra condition; HR was not used as a determinant of rest time (i.e. HR returning to resting level) due to its inherent variability between participants (Eston, Williams & Faulkner, 2009).

Participants were additionally required to run (2.58 m.s-1) for up to 2 minutes in a no support condition. It was anticipated that a 7 minute 20 s bare-breasted treadmill run could not be sustained by larger-breasted participants (Boschma, 1994), therefore a maximum of two minutes of bare-breasted running was undertaken (Scurr et al., 2010). Multi-planar breast kinematic data were collected throughout the 2 minute run and the last 30 seconds of data recorded were used; comfort ratings were collected as soon as running ceased. As larger-breasted female recreational athletes are highly unlikely to go running with no breast support the practical significance of analysing biomechanical changes in running kinematics in a no support condition is disputed; the aim of the chapter was to investigate the effect of a low and high support bra on biomechanical and perceptual variables. No breast support data were therefore only used to determine the percentage breast movement reduction achieved by each bra, to understand the movement pattern of the unsupported breast and to provide a condition which elicited the greatest amount of breast discomfort (to aid interpretation of breast comfort ratings). No biomechanical variables were assessed in the no support condition.  

4.3.3. Data Analysis

Markers were identified and multi-planar data reconstructed in the QTM software (Qualisys, Sweden). The first five full gait cycles at the beginning of the 30 s data collection were used to calculate breast kinematics and other biomechanical variables. All raw kinematic data were filtered using a second order recursive Butterworth filter (MatLab). Please refer to section 2.5 for details of how cut-off frequencies for kinematic data were determined. Information on the calculation of biomechanical variables and the statistical analyses undertaken are detailed in sections 2.6 and 2.8, respectively. The percentage maximum heart rate reserve (%HRRmax) method, as described by Karvonen and Vuorimaa (1988), was used to provide an indication of exercise intensity in the low and high support conditions. The procedure for calculating %HRRmax values is shown in Equation 4.1.

Equation 4.1   
%HRRmax = (Mean HR – RHR) ÷ (HRmax – RHR)                 
Where: mean HR = mean heart rate over the 30 s of data capture; RHR = resting heart rate; HRmax = maximum heart rate (220 – age) 

Vertical displacement data (suprasternal notch and nipple) were divided by their respective mean displacements to make the visual comparison of data easier in Figure 4.1.

4.4. Results

4.4.1. Multi-planar breast kinematics

A time delay between the peak displacement of the suprasternal notch and breast is evident in the no support condition (average time lag of 8.5% of the gait cycle; Figure 4.2); adding the support of either the everyday bra or the sports bra notably changes the magnitude of relative breast displacement and reduces the time delay between the suprasternal notch and breast to an average time lag of 2% and 3% of the gait cycle, respectively. A double peak in vertical breast displacement is illustrated within each gait cycle in each breast support condition.

Breast displacement in all directions, vertical and a/p breast velocity and vertical acceleration were significantly higher (p < 0.05) in the low support compared with the high support condition (Figure 4.3). 
Pie charts in Figure 4.4 illustrate the percentage contribution of breast kinematics in the a/p, m/l and vertical directions; the vertical direction predominates (42% to 54%), with a slight (but notable, ~10%) increase in the m/l contribution for breast acceleration compared to breast displacement in both breast support conditions. 

The highest mean percentage reductions (Figure 4.5) for breast displacement, velocity and acceleration were seen in the high support condition compared to the low support condition (61%, 62% and 68%, respectively). The lowest mean percentage reduction was seen in a/p displacement in the low support condition (14%). Similar percentage reductions in m/l breast velocity and acceleration between the low and high support conditions are noteworthy. 
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Figure 4.2 Vertical displacements (m) of the suprasternal notch and the right breast (relative to the suprasternal notch) during running at 2.58 m.s-1 in the a) no b) low and c) high breast support conditions (n = 1)
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Figure 4.3 Mean (SD) breast displacement (m), velocity (m.s-1) and acceleration (m.s-2) in all directions between the high and low support conditions over five gait cycles during running at 2.58 m.s-1 (n = 11), * = significant difference (p < 0.05)
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Figure 4.4 Mean percentage contributions of a/p, m/l and vertical breast displacement (a), velocity (b) and acceleration (c); data are an average of the low and high support conditions (n = 12)
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Figure 4.5 Mean (SD) percentage reductions in breast displacement, velocity and acceleration in the low and high support conditions (n = 11) compared to the no support condition

4.4.2. Biomechanical variables

Ten out of fourteen biomechanical variables measured did not differ significantly (p > 0.05) between breast support conditions (Table 4.1). Despite a constant treadmill velocity (2.58 m.s-1) and no changes in stride frequency between breast support conditions, stride length was significantly shorter in the low support condition (p = 0.002), leading to significantly less distance being covered per minute in the low support  condition (p = 0.006). Thigh angle ROM was also lower in the low support than the high support condition (p = 0.039), although the mean difference in thigh angle ROM between breast support conditions was only 0.45°. The maximum knee flexion during the swing phase was significantly greater in the high support condition (t(9) = -2.333, p = 0.044); although the absolute mean difference was small (1.07°) 8 out of 10 participants (1 participant was excluded due to marker dropout) had greater maximum swing knee flexion, with the largest individual difference being 5.94°.
Table 4.1 Mean (SD) results for biomechanical variables over five gait cycles during running at 2.58 m.s-1 in the low and high support conditions (n = 11), * = significant difference (p < 0.05)

[image: image46.emf]Biomechanical variable  Mean low  support   ( SD )  Mean high  support   ( SD )  p  value  

  Stride frequency (strides.min - 1 )    81.97 ( 1.48 )    81.97 ( 1.94 )    0.499  

  Stride length (m)      1.85 ( 0.05 )    1.89 ( 0.05 )    0.002    

Distance covered per minute (m)  151.68 ( 3.39 )  154.76 ( 0.47 )  0.006    

Maximum stance knee flexion  (°)    47.80   ( 1.13 )    47.79   ( 0.98 )    0 .994    

Maximum swing knee flexion (°)  92.65  (1.70 )  93.72  (1.90 )  0.044  

Thigh ROM in the sagittal plane (°)  47.58 ( 3.15 )  48.03 ( 3.12 )  0.039  

Vertical thorax   displacement ( m)  0.10   ( 0. 01 )  0.10   ( 0. 01 )  0.349  

Vertical thorax frequency (Hz)  2.66 (0.06)  2.66 (0.08)  0.613  

Thorax ROM in the transverse plane (°)    24.72 ( 9.32 )  25.46 ( 8.55 )  0.082  

Thorax ROM in the frontal plane (°)  8.21   ( 2.46 )  8.16   ( 2.09 )  0. 910  

Thorax ROM in the sagittal plane (°)  7.48   ( 1.24 )  7.01   ( 1.07 )  0.213  

Mean e lbow angle (°)  71.59   ( 5. 70 )  70.32   ( 6.19 )  0.075    

Upper a rm ROM in the frontal plane (°)  13.96 ( 3.79 )  14.13 ( 4.82 )  0.448    

Upper a rm ROM in the sagittal plane (°)    68.78 ( 10.90 )    70.44 ( 9.29 )    0.237    

 

*  

*  

4.4.3. Perceptual variables
4.4.3.1. Breast and bra comfort
The high support condition was consistently rated as ‘comfortable’ with ‘no pain’ (mode: 0); running in the low support condition was most frequently reported as being between ‘uncomfortable’ and ‘painful’ (mode: 7) for the breast. Running with no support was reported to be the most uncomfortable or painful condition (mode: 8), yet notably this was only one rating higher than running in the low support condition (Figure 4.6). An overall significant difference was found in breast comfort (χ2= 21.00, df = 2, p < 0.001); post-hoc tests revealed significant differences between all breast support conditions (p < 0.017).  
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Figure 4.6 Breast comfort ratings for each participant in each breast support condition after the run (2.58 m.s-1; n = 11); missing bars equal a rating of 0
Across the breast support conditions breast displacement, velocity and acceleration displayed significant moderate to strong correlations to breast comfort (Table 4.2). Breast comfort was most correlated with a/p breast kinematics (mean correlation of r = 0.754), followed by m/l breast kinematics (mean correlation of r = 0.648) and least correlated with vertical breast kinematics (mean correlation of r = 0.596).

Table 4.2 Correlations between ratings of breast comfort and mean breast kinematics during running at 2.58 m.s-1 across the no, low and high support conditions (n = 11), * = significant correlations between breast comfort and breast kinematics (p < 0.05)
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Anterioposterior acceleration  0.79 1  <0.001*  

Anterioposterior displacement   0.7 48  <0.001*  

Mediolateral displacement  0.7 36  <0.001*  

Anterioposterior velocity  0.72 2  <0.001*  

Mediolateral acceleration  0.62 2  0.002*  

Vertic al velocity  0.62 0  0.002*  

Vertical displacement  0.6 19  <0.001*  

Mediolateral velocity  0.5 85  0.003*  

Vertical acceleration  0.55 0  0.007*  

 


Bra comfort followed the same pattern as breast comfort, with the sports bra rated as more comfortable (mode: 0) than the everyday bra (mode: 6) (Z = -2.830, p = 0.005). Two out of 11 participants did however rate bra comfort higher in the everyday bra than the sports bra.

4.4.3.2. RPE and HR

The mode rating of RPE for the high support condition was 14 (somewhat hard), compared with 11 (light) for the low support condition, however no statistically significant difference (Z = -1.146, p = 0.252) was found, probably due to the high variability in these results (range: 9 to 17).  The mean %HRRmax during the last 30 s of the run was 78% (± 13%) in the low support condition and 76% (± 14%) in the high support condition; exercise intensity did not differ significantly between the low and high support conditions (t = -1.280, p = 0.229). 

4.4.4. Relationships between breast kinematics, comfort and biomechanical variables

Relationships were explored between breast kinematics, comfort and biomechanical variables when data were grouped together (i.e. not separated into low and high support conditions) (Table 4.3). Notably, a/p breast displacement (rp = -0.644), breast (rs = -0.629) and bra comfort (rs = -0.514) related negatively to stride length (p < 0.05). Furthermore, breast displacement (a/p, m/l, vertical), velocity (a/p, vertical), acceleration (vertical) and breast and bra comfort related negatively to the distance covered per minute (p < 0.05). Relationships were also found for two upper-extremity variables; m/l breast velocity related positively to thorax ROM in the sagittal plane (rp = 0.541, p = 0.037) and thorax ROM in the frontal plane related positively to a/p breast acceleration (rs = 0.732, p = 0.002) and m/l breast acceleration (rp = 0.606, p = 0.017). 
Table 4.3 Relationships (r) between breast kinematics, perceptual variables and biomechanical variables, * denotes a significant relationship (p < 0.05)
	
	a/p Disp (m)
	a/p Vel (m.s-1)
	a/p Acc (m.s-2)
	m/l Disp (m)
	m/l Vel (m.s-1)
	m/l Acc (m.s-2)
	Vertical Disp (m)
	Vertical Vel 
(m.s-1)
	Vertical Acc 
(m.s-2)
	Breast Comfort
	Bra Comfort

	Stride frequency (strides.min-1)
	0.114
	0.023
	0.075
	-0.084
	-0.212
	-0.245
	0.004
	-0.089
	-0.202
	0.158
	0.133

	Stride length (m)

	-0.644*
	-0.459
	-0.376
	-0.325
	-0.077
	-0.047
	-0.381
	-0.460
	-0.275
	-0.629*
	-0.514*

	Distance covered per minute (m)
	-0.745*
	-0.645*
	-0.497
	-0.570*
	-0.311
	-0.259
	-0.540*
	-0.663*
	-0.629*
	-0.690*
	-0.610*

	Maximum stance knee flexion (°)
	0.053
	0.215
	0.339
	0.068
	-0.191
	-0.052
	0.042
	-0.077
	-0.243
	0.056
	0.064
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Maximum swing knee flexion (°)
	-0.047
	0.192
	0.187
	-0.075
	0.023
	0.143
	-0.046
	0.104
	0.405
	-0.109
	-0.053

	Thigh ROM (°)

	0.083
	-0.029
	0.107
	0.266
	0.072
	0.091
	0.224
	-0.248
	-0.425
	0.186
	0.044

	Vertical thorax displacement (m)
	-0.261
	-0.143
	-0.204
	-0.001
	0.020
	0.142
	-0.148
	0.062
	0.204
	-0.248
	-0.189

	Vertical thorax frequency (Hz)
	0.272
	0.250
	0.244
	0.050
	-0.192
	-0.036
	0.260
	0.167
	0.212
	0.006
	0.237

	Thorax ROM (transverse plane) (°)
	0.011
	0.300
	0.311
	0.215
	0.195
	0.422
	0.406
	0.163
	-0.089
	0.025
	0.015

	Thorax ROM (frontal plane) (°)
	0.326
	0.489
	0.732*
	0.221
	0.377
	0.606*
	0.249
	0.149
	0.025
	0.357
	0.264

	Thorax ROM (sagittal plane) (°)
	0.121
	0.139
	-0.182
	0.069
	0.541*
	0.297
	-0.071
	-0.062
	-0.131
	0.360
	0.393

	Mean elbow angle (°)


	0.243
	0.011
	-0.018
	-0.069
	-0.382
	-0.262
	0.231
	0.200
	0.074
	0.248
	0.073

	Upper arm ROM (frontal plane) (°)
	0.020
	0.025
	-0.007
	0.258
	-0.011
	-0.066
	0.073
	0.148
	0.167
	0.169
	0.340

	Upper arm ROM (sagittal plane) (°)
	0.030
	0.011
	0.279
	-0.300
	-0.045
	0.084
	0.136
	-0.027
	-0.071
	0.274
	-0.032
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4.4.5. Variance, Effect and Power

Within-participant CV% over five gait cycles for breast displacement, velocity and acceleration were low in each support condition (range: 1.36% to 5.54%), with the low support condition significantly less variable than the high support condition within-participants (p = 0.002). The between-participant CV% were however much higher in each support condition (12.3% to 48.5%) for breast kinematic data and did not differ between the low and high support conditions. Effect size statistics for comparisons in breast displacement, velocity and acceleration between breast support conditions ranged from medium to large (0.53 d to 3.92 d). 

There were no differences in the amount of within- or between-participant CV% between the low and high support conditions for biomechanical variables (p > 0.003). Within-participant CV% for the majority of biomechanical variables across five gait cycles were considered low (<10%) for each support condition, except for the thorax (in the frontal plane) and the arm (in the frontal plane), where the within-participant CV% ranged from 11.33% to 22.42%. The between-participant CV% for the lower-extremity biomechanical variables and for the vertical thorax displacement and mean elbow angle was also considered low (<10%), yet the variance in upper-extremity biomechanical variables was much higher (range: 13.19% to 52.14%). Within- and between-participant CV%, effect sizes (d) and Power (β-1) are detailed for all variables in Appendix D (i & ii). 
4.5. Discussion and conclusions

This was the first research to investigate the effect of breast support on biomechanical and perceptual variables during steady-state running.  Differences in multi-planar breast kinematics between a low and high breast support condition were first investigated to understand differences in the level of breast support provided to participants. The high support condition reduced breast displacement by 33%, 30% and 62% more in the vertical, mediolateral and anterioposterior directions (respectively) than the low support condition. The pattern of breast displacement was consistent with previous research (Scurr et al., 2009). The greater reduction in breast displacement in all directions when participants wore high breast support partially accepts H1 and confirms earlier findings (Mason et al., 1999; Scurr et al., 2010; Scurr et al., 2011; White et al., 2009a; White et al., 2011), also adding to rationale for women to wear appropriate breast support when running in order to reduce breast displacement. 

No difference was found in m/l breast velocity between the low and high support conditions, partially rejecting H1; this was also found by Scurr et al. (2010) who tested similar bras, suggesting that either the amount of m/l support provided by the sports bra chosen may need improvement or that the everyday bra was especially good at reducing velocity in this direction. Additionally, in both the m/l and a/p directions, breast acceleration did not differ between the supported conditions (also found by Scurr et al., 2010); suggesting that breast acceleration is not as sensitive to changes in breast support as breast displacement or velocity. However, a/p breast acceleration had the strongest relationship to breast comfort (Table 4.2) in this chapter and reached 41.2 m.s-2 in the low support condition, higher than breast acceleration reported in previous studies (~20 to ~27 m.s-2; Himmelsbach et al., 1992; Mason et al., 1999; Scurr et al., 2010). Although comparisons between breast motion studies can be problematic due to differences in the calculation of breast acceleration, it is arguable that breast acceleration is still an important measure based on the findings in this chapter and should be considered, especially as it provides an approximation of mechanical loading on the breast. 

Participants ran at a constant treadmill velocity of 2.58 m.s-1 in this chapter and no statistically significant differences were seen in stride frequency between breast support conditions (p > 0.05), yet in the low support condition participants ran with a shorter stride length (mean difference 0.04 m; p = 0.002). As a result when the distance covered per minute (stride frequency x stride length) was compared participants ran significantly further in the high support condition (p = 0.006), equivalent to just over three metres each minute; H2 is therefore partially accepted. This result is contrary to previous findings; Boschma et al. (1994), Shivitz (2001) and White et al. (2011) reported no changes in mean stride length between participants with changes in breast support. Although, both Boschma et al. (1994) and Shivitz (2001) acknowledged large individual changes in some stride parameters and breast sizes were larger in this chapter; White et al. (2011) also acknowledged poor power for stride results, the power attributed to stride length data in this chapter (0.8) was considered good (Cohen, 1988). 

As there was no change in treadmill velocity or stride frequency across support conditions, it is proposed that the shortening in stride length by participants in the low support condition was possible due to participants progressively moving backwards on the treadmill belt during the five gait cycles analysed. The velocity set on a treadmill assumes that the runner has a stationary position on the belt at all times, however the treadmill belt was 1.5 m in length, which therefore allows the participant to move along the length of the belt and in effect not run as fast as the treadmill velocity programmed. As a result, stride length can be reduced as this was calculated by dividing the treadmill velocity by stride frequency. The participant would have to eventually move forwards on the treadmill in order to not fall off the back, yet a slow progressive movement backwards is feasible. Anterioposterior coordinate data of the suprasternal notch were therefore examined during the same five gait cycles for each participant (in the GCS) and results confirmed a greater mean backwards progression on the treadmill belt in the low support condition (mean: 92.1 mm) than the high support condition (mean: 67.8 mm). Crucially, if stride length data for the five gait cycles were extrapolated over the treadmill run (7 minutes 20 s) then participants would have covered 22.2 m more in the high support condition. 
Cavanagh and Kram (1990) suggested that individuals choose their stride frequency and length combination based on running economy and utilise the combination that optimises economic cost. Participants may have chosen to not ‘stride out’ as far in the low support condition due to the higher breast displacement, velocity, acceleration and discomfort experienced compared to the high support condition. The shortening of stride length in the low support condition could have important implications for performance and is an important and novel finding of this chapter. 
Differences found in stride length and distances covered per minute were further supported by relationship testing, partially accepting H4. A significant negative relationship was found between a/p breast displacement (rp = -0.644), breast (rs = -0.629) and bra comfort (rs = -0.514) and stride length. Intuitively, increases in a/p breast displacement and decreases in breast comfort may have led participants to consciously decrease their stride length, a notion supported by shorter stride length and thigh ROM in the low support condition. A strategy of reducing stride rate due to reduced comfort was similarly proposed by McGhee et al. (2007). Stride parameter results imply that there may be a detriment in performance during steady-state running if inadequate breast support is worn; this promotes the use of high breast support for female recreational athletes. 

A more flexed knee during the swing phase reduces the limb’s moment of inertia, allowing the runner to rotate the limb quicker and with less effort (Hay, 1978) and a more acute knee angle during swing has been proposed to be related to better running economy (Cavanagh et al., 1977). The mean maximum swing knee flexion angle in this chapter was greater (i.e. more flexed) in the high support condition (t(9) = -2.333, p = 0.044), suggesting that running with high breast support may be beneficial for running performance and partially accepts H2. Although the mean absolute difference was only 1.07° between conditions, 80% of participants elicited this response with individual differences up to 5.94° between breast support conditions. This result coincides well with the longer stride length and thigh ROM found in the high support condition. 
Ankle kinematics were not chosen for investigation during treadmill activity in this thesis due to limited research linking footstrike patterns to running economy (Anderson, 1996). Furthermore, no previous studies had compared ankle kinematics between breast support conditions or identified the ankle as an area for future analysis. However based on the findings from this chapter, which suggest lower-extremity biomechanics are affected by breast support, in retrospect it would have been beneficial to explore the effect of breast support on ankle kinematics during treadmill activity in this thesis. The inclusion of ankle kinematics analysis in future breast motion research is therefore recommended. 

Feedback from participants in previous research suggested that changes occur in upper-extremity movements when breast support is altered (White et al., 2011). Although Boschma (1994) found no difference in arm ROM between breast support conditions this was for a population of smaller-breasted females and exploration into the movement of the upper-extremity was warranted. Mean thorax frequency data compared well with previous literature (2.7 Hz reported for running at 2.78 m.s-1; Haake & Scurr, 2010), although there was no significant difference between the low and high support conditions (t(10) = -0.523, p = 0.613). While no differences in arm or thorax kinematics were reported between breast support conditions, some relationships were found between breast kinematics and thorax ROM in the sagittal and frontal planes. 
Although the statistics do not reveal causality of these relationships, it is proposed that participants who have greater thorax ROM in the sagittal and frontal planes are stimulating increases in breast kinematic variables, rather than increased breast kinematics leading to increased thorax ROM. The lack of differences found in thorax ROM between the low and high support conditions supports this argument. If, as the findings suggest, an individual’s running style influences breast kinematics, then perhaps runners’ with certain mechanics may require greater breast support than others. This suggestion promotes the idea of custom-made sports bras for athletes. Williams (1985) reported high variability in running mechanics among individuals; high between-participant CV% was found for upper-extremity variables in this chapter (up to 52%, compared to < 11% in the lower body), highlighting the individual nature of running gait. Analysis of upper-extremity kinematics is acknowledged to be much more variable than lower-extremity kinematics (Rau et al., 2000) though. 
The high support condition was rated as significantly more comfortable than the low support condition (p < 0.017). This confirms earlier findings (Mason et al., 1999; Scurr et al., 2010; White et al., 2009a; White et al., 2011) and promotes the use of a sports bra during running to reduce exercise-induced breast discomfort. The mode comfort score of the low support condition (7) was however only one rating lower than the no support condition (8). With 59% of women reported to be more likely to wear an everyday bra to exercise in (Bowles et al., 2008) it is noteworthy how uncomfortable the low support condition was rated after ~7 minutes of steady-state running compared to the high support condition (difference of 7 ratings), demonstrating the impact wearing high support can make to breast comfort. Although some caution should be exercised when interpreting comfort data in this thesis due to the limitations of the VAS scale highlighted, there was a substantial difference in breast comfort reported between the high and low support conditions. It is credible that this large difference in breast comfort perception is the driving force behind differences seen in lower-extremity biomechanical variables. 

It is recognised that there are limitations to using visual analogue scales to assess breast comfort (see section 1.4.5.). As breast ‘comfort’ and breast ‘pain’ terms were both used on the scale it may have been confusing for participants, especially as pain is a sensation felt and comfort is a perception. Furthermore, in this chapter all participants ran in no support at the end of testing; this decision was made in an attempt to make participants feel more at ease with procedures. Comfort perception in the bra conditions could have therefore been related to their prior experiences, i.e. whether or not the participant normally wore high support may have affected their comfort perception in the low support condition and vice versa.  Therefore, in future it is recommended that the no support condition is performed first so this can be used more effectively as a ‘baseline’ level for comfort, i.e. the most uncomfortable condition against which other bras can be rated. 

Bra comfort generally followed the same pattern as breast comfort, with the high support condition (mode: 0) rated significantly more comfortable (p = 0.005) than the low support condition (mode: 6), H4 is therefore accepted. Perhaps features such as wider shoulder straps and no underwire in the sports bra (Bowles et al., 2011; Lawson & Lorentzen, 1990) enhanced bra comfort ratings during running compared to the everyday bra. However, as good bra fit was determined for participants, bra comfort perceptions may have been lower in the everyday bra as participants were aware that their breasts were more uncomfortable (i.e. greater breast movement) and they could not distinguish between breast and bra comfort ratings. Indeed, a moderate significant relationship between breast and bra comfort ratings (rs = 0.694, p < 0.001) was found. Further questions on bra comfort to support the visual analogue scale would have aided interpretation of these results as it is not clear what features of the everyday bra made it uncomfortable for the participants to wear for running compared to the sports bra. The efficacy of using a separate bra comfort scale is questioned, instead bra fit perceptions should be assessed in future using a specific bra fit scale to ensure there is no confusion between ‘breast’ and ‘bra’ comfort.
Significant moderate to strong relationships were found between breast kinematics and breast comfort across all breast support conditions (rs = 0.550 to 0.791; p < 0.007), accepting H6. Interestingly, the strongest correlations were found overall in the a/p direction, with the strongest correlation in breast comfort found with a/p breast acceleration (rs = 0.791), i.e. as a/p breast acceleration increased breast comfort decreased. This is contrary to previous research that has found the strongest relationships between vertical breast velocity and breast comfort (McGhee et al., 2007; Scurr et al., 2010) or vertical breast displacement and breast comfort (Himmelsbach et al., 1992; Mason et al., 1999). Differences such as breast size, treadmill velocity and run duration may explain why results in this chapter differed from previous studies. The high support condition reduced 62% more a/p displacement than the low support condition, which may explain why there is a strong relationship between a/p displacement and comfort (rs = 0.748) in this chapter. 

Anterioposterior breast kinematic variables have shown to be most closely related to breast comfort and stride parameters in this chapter. This was surprising as most breast displacement, velocity and acceleration occurred in the vertical direction during running (Figure 4.4). The exact mechanism of exercise-induced breast discomfort is unknown, although it is thought to be related to stretch on the delicate tissues that help support the breast (Page & Steele, 1999), i.e. the skin and Cooper’s ligaments. Anterioposterior breast movement during running results in the breast being pulled away from the chest wall (tension force), then compressing quickly (up to 41.2 m.s-2) and repetitively against it. This could be contributing to the increased perception of discomfort related to a/p breast kinematics, which was also related to a decreased stride length and therefore performance. The consistent ‘slap’ of the breast against the chest wall defined by McGhee et al. (2007), proposed to lead to increased breast discomfort for larger-breasted athletes during running, may in fact be associated more with increases in a/p breast kinematics than vertical breast kinematics, which were not investigated by McGhee et al. (2007).
Heart rate was similar between breast support conditions (low support: 78% HRRmax; high support: 76% HRRmax), indicating that the intensity of the exercise performed was the same regardless of the type of bra worn. It was however hypothesised that participants would perceive exercise intensity to be higher in the low support condition, as a result of altered running kinematics (Messier & Cirillo, 1989). However, no difference in RPE was reported (p = 0.252), rejecting H5. Interestingly, the mode RPE in the high support condition was 14 (somewhat hard) compared with 11 in the low support condition (light); results were however quite variable between participants (range: 9 to 17). The notion that participants ‘put more effort’ in to the high support condition (reflected in a longer stride length) whilst their breasts were more supported and comfortable is a plausible explanation for an increased RPE mode in the high support condition found in this chapter. A longer-distance run may elicit a clearer distinction in RPE ratings between breast support conditions and could be an area of future investigation.  

In summary, the high support condition significantly reduced breast kinematics and increased breast and bra comfort compared to the low support condition when larger-breasted participants ran at a constant treadmill velocity of 2.58 m.s-1. In the high support condition stride length was longer, thigh ROM increased and knee flexion was more acute during the swing phase. These results have implications for performance if larger-breasted females choose to run with low support, as they may be unable to cover the same distance in a specified time compared to if they wore high breast support. Despite changes in breast kinematics, comfort, stride parameters, maximum swing knee flexion and thigh ROM no changes in maximum stance knee flexion or upper-extremity biomechanical variables were evident between the low and high support conditions. Participants who ran with more thorax ROM (sagittal and frontal planes) had increases in some breast kinematic variables, indicating that an individual’s running mechanics may influence the amount of breast motion that occurs and custom-made breast support may be necessary. Despite alterations in running mechanics, participants rated perceived exertion similarly between the low and high support conditions.

The use of a well-fitted high support bra for larger-breasted women when running at a steady-state velocity is recommended based on the findings of this chapter. An investigation in to the effect of the same low and high support conditions on biomechanical and perceptual variables during intermittent exercise and jumping activity is necessary, to provide a greater understanding of the effect that breast support has on larger-breasted female recreational athletes. Chapter 5 will now explore the effect of breast support on intermittent treadmill exercise.
CHAPTER 5. The effect of breast support on biomechanical and perceptual variables during intermittent exercise
5.1. Introduction

The preceding chapter identified that wearing high breast support can reduce multi-planar breast kinematics and increase breast comfort at a steady-state velocity of 2.58 m.s-1. Fourteen biomechanical variables were also compared, many for the first time, between a low and high support condition and some performance implications were identified. Chapter 4 provided useful information for the female recreational runner; however there is evidence that an increasing number of female recreational athletes now participate in sports of an intermittent nature (Women’s Sport and Fitness Foundation, 2011), where the level of breast support has not previously been considered. Invasive team sports (such as football and hockey) for example are characterised by intermittent activity profiles (Drust et al., 2000). Intermittent exercise is more physiologically and mechanically demanding than steady-state running (Greig et al., 2006) yet it remains an area that has received no attention in the breast biomechanics literature.

The demands of intermittent exercise on the breast are unknown as previous breast motion research has mainly focused on continuous exercise, such as walking, jogging and running (Zhou et al., 2011). Furthermore, no previous research has determined whether breast support may affect biomechanical and perceptual variables during intermittent exercise, and the influence this may have on an athlete’s performance. It is not possible to record breast motion during a typical team sport (e.g. a football or hockey match) due to the interactions that occur between players, the environment that most team sports occur in and the number of changes in direction that take place. However, by using an ITP that simulates team sport match-play breast kinematics and biomechanical variables can be monitored.

Due to the unpredictable nature of team sports, short periods of sprint activity may be required at several occasions throughout the game (Spencer et al., 2005). Breast kinematics have previously been reported up to 4.17 m.s-1 (Scurr et al., 2011); despite sprint velocity for elite female athletes during team sports being reported up to 6.94 m.s-1 (Krustup et al., 2005), breast kinematics at a sprint velocity are yet to be reported.  Arguably no significant changes in breast displacement were found during an incremental treadmill test between 2.78 m.s-1 and 4.17 m.s-1 (Scurr et al., 2011) suggesting no need for exploration of breast kinematics at higher velocities. However, breast velocity and acceleration were not explored by Scurr et al (2011) and results from Chapter 4 imply that these are important breast kinematic variables to assess. 

In addition, a familiarisation period of at least two minutes has been advocated before breast kinematics data are collected to ensure a ‘steady-state’ breast motion has been achieved (McGhee & Steele, 2010a), which is not practical if assessing breast kinematics during an ITP. There are certainly gaps in our knowledge and understanding of breast kinematics at higher velocities and with the absence of a familiarisation period. It will therefore be valuable to explore the effect of performing intermittent walking and running, with pre-determined changes in treadmill velocity, on the breast whilst also assessing biomechanical and perceptual variables, to understand the effect of breast support on female recreational athletes during intermittent exercise.  

A sport characterised by an intermittent activity profile will include many transition periods of either an accelerating or decelerating velocity. The phasic activity of breast motion is known to differ between a walking and running gait (Scurr et al., 2009), which may induce breast discomfort due to the disruption in the breast motion pattern that must occur during a transition. By investigating the implications of breast support during intermittent exercise the effect of these transition periods can also be considered. Participants who undertook steady-state runs in Chapter 4 also completed an ITP in the same low support and high support conditions during their testing session. This chapter investigates multi-planar breast kinematics, biomechanical and perceptual variables during four components of an ITP (walking, jogging, running and sprinting) and the preferred transition velocity in order to further our understanding of breast support implications for female recreational athletes. 

5.2. Aims and hypotheses
The primary aim of this chapter was therefore to investigate the effect of breast support on biomechanical variables during intermittent exercise, with a secondary aim to assess the effect of breast support on perceptual variables in this activity. The experimental hypotheses for this chapter were as follows:

H1 = Vertical, m/l and a/p breast displacement (m), velocity (m.s-1) and acceleration (m.s-2) will be significantly lower in the high support than the low support condition at each treadmill velocity

H2 = Breast displacement (m), velocity (m.s-1) and acceleration (m.s-2) will significantly increase as treadmill velocity increases in both the high and low support conditions

H3 = Stride frequency (strides.min-1), stride length (m), distance covered per minute (m), maximum stance knee flexion (°), maximum swing knee flexion (°), thigh ROM in the sagittal plane (°), vertical thorax displacement (m), vertical thorax frequency (Hz), thorax ROM in the sagittal, frontal and transverse planes (°), mean elbow angle (°) and upper arm ROM in the sagittal and frontal planes (°) will significantly differ between the low and high support conditions at each treadmill velocity

H4 = There will be significant relationships between breast kinematics and biomechanical variables at each treadmill velocity

H5 = Breast and bra comfort during the ITP will be significantly higher in the high support condition compared to the low support condition
H6 = Perceived exertion will be significantly lower for the whole ITP in the high support compared to the low support condition 
H7 = Preferred transition velocity (m.s-1) will be significantly lower in the high support compared to the low support condition

5.3. Protocol

5.3.1. Intermittent treadmill protocol

Based on the multi-sprint sport treadmill protocol presented by Drust et al. (2000) an ITP, that could be programmed into the treadmill (H/P/Cosmos Mercury, Germany) and run remotely, was devised. Five universal movements were included: standing still, walking, jogging, running and sprinting (Dobson & Keogh, 2007). Utility movements (moving backwards and sideways) had to be omitted from the protocol due to the technical limitation of the treadmill.

To help determine the treadmill velocity of each component of the ITP a pilot test with 10 female recreational athletes who regularly took part in team sports was conducted. Participants were asked to walk (purposefully), jog (at 50% intensity), run (at 75% intensity) and sprint (at 100% intensity) at their own pace over a 20 m distance, outdoors on a level grass surface between timing gates (Brower, UK). A 20 m distance was chosen as this distance has previously been used in field tests assessing intermittent exercise, e.g. the Yo-Yo Intermittent Recovery test (Bangsbo et al., 2008) and the Loughborough Intermittent Shuttle Test (Nicholas et al., 2000). The velocity of each component of the ITP was taken from the pilot testing with recreational athletes (Table 5.1), as velocities presented within existing literature on elite athletes were deemed too high for the population chosen. The duration of each component (Table 5.1) was similar to the durations found in previous literature (Krustrup et al., 2005; Spencer, Lawrence, Rechichi, Bishop, Dawson & Godman, 2004) and adapted so they would work within the restrictions of the treadmill software. 

An exercise bout of ~100 s duration (excluding transition times) that would be repeated three times consecutively (~300 s in total), was devised (Figure 5.1) to make up the ITP that included five components (standing, walking, jogging, running and sprinting). The five minute duration was chosen as this was the duration of treadmill activity undertaken by participants in Boschma’s (1994) study that had previously assessed breast support and running kinematics. Treadmill acceleration for transitions between programmed treadmill velocities was set to maximum (0.38 m.s-2), however a considerable transition time between activities still occurred, which was taken into account when calculating the overall duration of the ITP. 

Table 5.1 Average velocity (m.s-1) and duration (s) of each activity calculated during pilot testing (n = 10)

[image: image49.emf]Component  Distance (m)  Time (s)  Velocity (m.s - 1 )  

Walk  20  12.44  1.61  

Jog (50%)  20  6.48  3.09  

Run (75%)  20  5.14  3.89  

Sprint (100%)  20  4.11  4.87  
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Figure 5.1 Diagrammatic representation of one cycle of the ITP (total duration = 102.53 s)

Table 5.2 details the velocity (m.s-1) used for each component, as well as the order and duration of components when transition time was included. The total distance covered by participants in the ITP was 960 m (in 7 minutes and 20 s). When extrapolated, this is representative of a total distance of 11.8 km covered in a 90 minute football match, which corresponds well to previous research (9.7 to 11.3 km; Krustup et al., 2005). 
Table 5.2 The order, treadmill velocity (m.s-1), distance (m) and duration (s) of each exercise bout forming one cycle of the ITP; components chosen for analysis are highlighted

[image: image51.emf]Component Velocity  ( m . s - 1 )  Distance  Set (m)  Time (s)  Transition  Velocity   Difference  (m . s - 1 )  Transition  Time (s)  Bout   Duration (s)  

Walk (W) 1.67  40  23.95  S - W  1.67  4.39  19.56  

Run (R) 3.89  70  17.99  W - R  2. 22  5.84  12.15  

Jog (J) 3.06  60  19.35  R - J  0.83  2.08  17.27  

Sprint (SP) 4.72  40  8.47  J - SP  1.66  4.26  4.21  

Walk (W) 1.67  50  29.94  SP - W  3.05  8.03  21.91  

Jog (J) 3.06  60  19.35  W - J  1.39  3.76  15.59  

Stand (S) 0  0  20  J - S  3.06  8.16  11.84  

Overall Mean   2.58  Total   32 0  Total   139.05   Mean   1.98  Total   36.52  Total   102.53  

 


The ITP was piloted on one participant prior to testing to ensure the duration, order and velocities of the activities chosen were manageable and reflected an intermittent activity profile. An RPE rating of 15 (Hard) was given by the participant after the ITP, suggesting that the ITP was suitable for this experiment as testing at a higher intensity would have required maximum or near-maximum effort.   

5.3.2. Participants

The previous chapter established the effect of breast support on biomechanical and perceptual variables during steady-state running. The same eleven participants that took part in Chapter 4 were used for this chapter. Please refer to Chapter 4 (section 4.3.1.) for full details of the participants recruited.  Participants completed a steady-state run and the ITP in the low support and high support conditions and one no support run within the same testing session.  

5.3.3. Procedures

Please refer to section 4.3.2 for details of pilot testing, pre-test checks and marker placement. The same bras were also used by participants for testing in this chapter (section 2.1).

Each participant completed the ITP once in the high support and once in the low support condition, in a random order. Participants did not complete the ITP bare-breasted as this was thought to be too long to exercise unsupported (Boschma, 1994) and had the potential to cause a large amount of breast discomfort. Multi-planar kinematic data were monitored by 8 infrared Oqus cameras (200 Hz; Qualisys, Sweden) positioned around the treadmill for the whole duration of the ITP. An external trigger marking the start and end of each exercise bout was synchronised with the motion capture system via a 32-channel USB interface unit (Qualisys, Sweden).
Immediately following the completion of the ITP participants rated their perceived exertion (Appendix B) and completed a short comfort questionnaire (Appendix C). Ten minutes rest was given between each treadmill test during the testing session.

5.3.4. Data Analysis 

Preliminary data analysis were carried out to determine whether there were any differences in breast kinematics between the three cycles of the ITP (n = 1). Breast kinematics were analysed (for both breast support conditions) at each treadmill velocity (including both walk and jog conditions) and between each cycle of the ITP using paired samples t-tests with a Bonferroni adjustment (p < 0.017); no differences were identified (p > 0.017). Therefore, it was decided to utilise just one of the cycles of the ITP for analysis in this chapter; the last cycle was chosen for analysis as this allowed for the most familiarisation of the ITP by participants. Additionally, as no differences were found in breast kinematics between the two walk and two jog stages (Walk 1 = stand-walk; Walk 2 = sprint-walk; Jog 1 = run-jog; Jog 2 = walk-jog; Table 5.2), it was deemed appropriate to utilise just one of these walk and jog conditions for analysis. 

Within the last cycle of the ITP the first walk, run, jog and sprint were therefore chosen for analysis (Table 5.2) based on the preliminary data analysis. The first five full gait cycles (Scurr et al., 2009) once the transition to each treadmill velocity was made were used to analyse breast kinematics and other biomechanical variables; an event marker identified the start of each of the three cycles within the ITP to enable the timing of each of the components to be identified for analysis. 
Markers were identified and data reconstructed in the QTM software. All raw kinematic data were first filtered using a second order recursive Butterworth filter using MatLab software. The cut-off frequency for breast kinematic data at each treadmill velocity were determined as 10 Hz for walking, 13 Hz for jogging and running and 15 Hz for sprinting; please see the General Methods (section 2.5) for full details of the frequency analyses undertaken. 

Information on the calculation of biomechanical variables (stride frequency, stride length, distance covered per minute, maximum stance knee flexion, maximum swing knee flexion, thigh ROM in the sagittal plane, vertical thorax displacement and frequency, thorax ROM in the sagittal, frontal and transverse planes, mean elbow angle and upper arm ROM in the sagittal and frontal planes) and the statistical analyses undertaken are detailed in sections 2.6 and 2.8, respectively. Breast comfort, bra comfort and RPE were assessed using the same scales as Chapter 4 (see section 2.7.). The %HRRmax was calculated for each participant to provide an indication of exercise intensity in the low and high support conditions (see 4.3.3.). 

In previous literature the preferred transition velocity has generally been defined as the average between the walk-to-run and the run-to-walk velocities (Hreljac, 1995; Hreljac, Imamura, Escamilla, & Edwards, 2007; Raynor, Abernethy, & Jong, 2002). During a continuous protocol where the treadmill constantly accelerates and decelerates, the preferred transition velocity can be difficult to determine. Previously walking and running have been distinguished by the absence or presence of a flight phase (e.g. Diedrich & Warren, 1995), with the preferred transition velocity determined at the time when a flight phase first occurred (walk-to-run) or when a double support was first observed (run-to-walk). However, at velocities close to the preferred transition velocity it has been reported that participants have a short period of double support (i.e. during slow running), which may lead to an overestimation or underestimation of the preferred transition velocity (Hreljac, 1995). Hreljac et al. (2007) therefore proposed that a more accurate method of estimating this can be formulated from an observation of knee flexion angle at mid-stance during the transition step, as the difference between the position of the knee at mid-stance during walking (close to the anatomical position) and running (approximately 50°) is large. 
The first walk-to-run transition and the sprint-to-walk transition were analysed across all participants as an examination of one participant found no differences (p > 0.05) between the two walk-to-run (walk-run and walk-jog) and two run-to-walk (sprint-walk and jog-stand) transitions that occur throughout one cycle of the ITP (see Table 5.2) in either breast support condition. The walk-to-run transition was defined to occur at mid-stance of the first running step and the run-to-walk transition at the mid-stance of the first walking step, graphs of the knee flexion/extension angle were used to determine the time of the walk-to-run transition (Figure 5.2) and run-to-walk transition (Figure 5.3). Knee angle data were calculated using the method detailed in section 2.6.2.2.1 and data were filtered with a cut-off frequency of 10 Hz.
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Figure 5.2 Knee flexion / extension angle (°) with the walk-to-run transition (WRT) highlighted at the occurrence of mid-stance during the first running step (n = 1) 

Treadmill velocity (m.s-1) at the walk-to-run and run-to-walk transitions was then determined by averaging the participant’s a/p foot velocity (using the heel marker) whilst the foot was in contact with the treadmill during the transition step identified by the knee angle data (Hreljac et al., 2007). A single value of the preferred transition velocity (m.s-1) was determined for each participant for the low and high support conditions by averaging the treadmill velocity at the walk-to-run and run-to-walk transition (Hreljac et al., 2007).
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Figure 5.3 Knee flexion / extension angle (°) with the run-to-walk transition (RWT) highlighted at the occurrence of mid-stance during the first walking step (n = 1) 

5.4. Results

5.4.1. Multi-planar breast kinematics

5.4.1.1. Comparison of breast kinematics between breast support conditions

The greatest breast displacement was during jogging and running (0.06 m), with the greatest breast velocity (1.30 m.s-1) and breast acceleration (53.46 m.s-2) found during sprinting, all in the vertical direction and in the low support condition (Figure 5.4). Statistics confirmed significant differences between the low and high support conditions in all directions for breast displacement (p < 0.002) and breast velocity (p < 0.010) and in the a/p and vertical directions for breast acceleration (p < 0.017) across all treadmill velocities; with values higher in the low support condition. It is evident from Figure 5.5 that during walking the percentage contribution of breast kinematics in each direction is roughly equal, yet during jogging, running and sprinting, the vertical direction predominates (~50%).
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5.4.1.2. Comparison of breast kinematics between treadmill velocities

Walking produced significantly lower values of breast displacement, velocity and acceleration than each of the other components; no differences were found in breast kinematics between jogging and running, whilst some differences were found between sprinting and/or jogging and running (Tables 5.3 to 5.5).

Table 5.3 Pairwise comparisons of breast displacement (m) in each direction between each treadmill velocity, * = significant difference (p < 0.05)
[image: image54.emf] a/p d isplacement  m/l   d isplacement  Vertical d isplacement  

Walk - Jog  <0.001*  0.002*  <0.001*  

Walk - Run  0.001*  0.009*  0.001*  

Walk - Sprint  <0.001*  0.008*  <0.001*  

Jog - Run  1.000  1.000  1.000  

Jog - Sprint  0.138  0.154  0.203  

Run - Sprint  1.000  0.056  0.072  

 


Table 5.4 Pairwise comparisons of breast velocity (m.s-1) in each direction between each treadmill velocity, * = significant difference (p < 0.05)

[image: image55.emf] a/p  v elocity  m/l  v elocity  Vertical  v elocity  

Walk - Jog  0.008*  0.001*  <0.001*  

Walk - Run  0.007*  <0.001*  <0.001*  

Walk - Sprint  0.010*  0.002*  <0 .001*  

Jog - Run  1.000  0.149  1.000  

Jog - Sprint  0.054  0.745  0.046*  

Run - Sprint  0.735  0.116  0.193  

 


Table 5.5 Pairwise comparisons of breast acceleration (m.s-2) in each direction between each treadmill velocity, * = significant difference (p < 0.05)

[image: image56.emf] a/p a ccelerat ion  m/l a cceleration  Vertical a cceleration  

Walk - Jog  0.005*  0.002*  <0.001*  

Walk - Run  0.007*  0.002*  <0.001*  

Walk - Sprint  0.003*  0.001*  0.001*  

Jog - Run  1.000  0.206  1.000  

Jog - Sprint  0.022*  0.436  0.042*  

Run - Sprint  0.055  0.014*  0.157  

 


Moderate to strong positive relationships were found between breast kinematics and treadmill velocity (r = 0.599 to 0.737, p < 0.001) indicating that breast displacement, velocity and acceleration increased as treadmill velocity increased (Figure 5.6); although it is evident from Figure 5.6 that the largest difference in breast kinematics occurs between walking and the higher treadmill velocities.

          
5.4.2. Biomechanical variables
5.4.2.1. Comparison of biomechanical variables between breast support conditions

More thorax ROM (sagittal plane) was found in the low support condition during walking (0.98°; p = 0.031), jogging (0.71°; p = 0.044) and sprinting (2.08°; p = 0.030) compared to the high support condition, although not during running (p = 0.500). At a sprint velocity greater knee flexion during the swing phase was found in the high support condition (t(8) = 3.466, p = 0.008). During sprinting, vertical thorax displacement was 0.09 m in the low support condition (compared with 0.10 m in the high support condition); this 10% difference was nearing statistical significance (p = 0.070). No other differences were found in biomechanical variables between the low and high support conditions analysed at any treadmill velocity (p > 0.05). 
Table 5.6 Mean (SD) biomechanical data over the first five gait cycles of walking at 1.67 m.s-1 during the ITP in the low and high support conditions (n = 11), * = significant difference (p < 0.05) 

[image: image57.emf] Mean low  support   ( SD )  Mean high  support   ( SD )  p  value  

Stride frequency (strides.min - 1 )  62.80 (1.75)  62.55 (1.86)  0.321  

Stride length (m)  1.60 (0.05)  1.60 (0.05)  0.342  

Distance covered per minute (m)  100.20 (0.00)  100.20 (0.00)  n/a  

Maximum  stance  knee  flexion (°)  14.91 (1.21 )  16.04 (1.60 )  0. 267  

Maximum swing knee flexion   (°)  70.82 (2.73)  72.35 (4.01)  0.441  

Thigh ROM in the sagittal plane (°)  40.71 (2.08)  41.39 (2.60)  0.148  

Vertical thorax displacement ( m)  0.05 (0.0 1)  0.05 (0.01 )  0.426  

Vertical  thorax frequency (Hz)  2.09 (0.04)  2.08 (0.09)  0.264  

Thorax ROM in the transverse plane (°)  9.17 (3.11)  8.34 (2.52)  0.134  

Thorax ROM in the frontal plane (°)  5.21 (1.03)  4.90 (1.25)  0.367  

Thorax ROM in the sagittal plane (°)  5.47 (1.11 )  4.49 (1.41 )  0. 031*  

Mean e lbow angle   (°)  145.46 (3.02)  145.88 (3.36)  0.629  

Upper a rm ROM in the frontal plane (°)  6.04 (1.96)  6.16 (2.66)  0.436  

Upper a rm ROM in the sagittal plane (°)  28.87 (8.73)  32.84 (10.82)  0.102  

 


Table 5.7 Mean (SD) biomechanical data over the first five gait cycles of jogging at 3.06 m.s-1 during the ITP in the low and high support conditions (n = 11), * = significant difference (p < 0.05)

[image: image58.emf] Mean low  support   ( SD )  Mean high  support   ( SD )  p  value  

Stride frequency (strides.min - 1 )  83.18 (2.39)  82.67 (2.53)  0.210  

Stride length (m)  2.24 (0.06)  2.25 (0.07)  0.198  

Distance covered per minute (m)  186.00 (0.00)  186.00 (0.00)  n/a  

Maximum stance knee flexion  (°)  48.75 (1.16)  49.48 (1.03)  0.434  

Maximum swing knee flexion   (°)  101.27 (6.03)  99.09 (6.92)  0.176  

Thigh ROM in the sagittal plane (°)  59.82 (2.78)  59.66 (4.44)  0.443  

Vertical thorax displacement ( m)  0.10 (0.01 )  0.10   (0.01 )  0.225  

Vertical thorax frequency (Hz)  2.85 (0.07)  2.86 (0.07)  0.765  

Thorax ROM in the transverse plane (°)  28.90 (9.04)  28.69 (8.51)  0.358  

Thorax ROM in the frontal plane (°)  9.28 (2.36)  8.99 (2.02)  0.456  

Thorax ROM in the sagittal plane (°)  8.54 (1.66 )  7.83 (2.04 )  0. 044*  

Mean e lbow angle   (°)  74.02 (5.95)  72.30 (5.80)  0.449  

Upper a rm ROM in the frontal plane (°)  17.28 (4.34)  18.34 (3.95)  0.186  

Upper a rm ROM in the sagittal plane (°)  53.52 (11.02)  52.94 (10.82)  0.404  

 

Table 5.8 Mean (SD) biomechanical data over the first five gait cycles of running at 3.89 m.s-1 during the ITP in the low and high support conditions (n = 11), * = significant difference (p < 0.05)

[image: image59.emf] Mean low  support   ( SD )  Mean high  support   ( SD )  p  value  

Stride frequency (strides.min - 1 )  84.55 (2.01)  84.59 (2.84)  0.620  

Stride length (m)  2.76 (0.07)  2.76 (0.09)  0.500  

Distance covered per minute (m)  233.40 (0.00)  233.40 (0.00)  n/a  

Maximum stance knee  flexion   (°)  48.23 (1.22)  48.59 (1.14)  0.713  

Maximum swing knee flexion   (°)  114.41 (5.48)  113.33 (6.55)  0.416  

Thigh ROM in the sagittal plane (°)  59.71 (4.43)  57.74 (4.13)  0.097  

Vertical thorax displacement ( m)  0.10 (0.00 )  0.10 (0.01 )  0.394  

Vertical  thorax frequency (Hz)  2.78 (0.07)  2.78 (0.09)  0.963  

Thorax ROM in the transverse plane (°)  28.78 (9.16)  28.45 (8.61)  0.226  

Thorax ROM in the frontal plane (°)  8.42 (2.20)  8.48 (2.46)  0.848  

Thorax ROM in the sagittal plane (°)  8.95 (1.75 )  8.68 (2.04 )  0. 500  

Mean e lbow angle (°)  74.82 (4.84)  74.00 (4.81)  0.285  

Upper a rm ROM in the frontal plane (°)  17.05 (3.99)  18.52 (5.24)  0.159  

Upper a rm ROM in the sagittal plane (°)  53.95 (11.46)  52.03 (8.95)  0.234  

 


Table 5.9 Mean (SD) biomechanical data over the first five gait cycles of sprinting at 4.72 m.s-1 during the ITP in the low and high support conditions (n = 11), * = significant difference (p < 0.05)  


[image: image60.emf] Mean low  support   ( SD )  Mean high  support   ( SD )  p  value  

Stride frequency (strides.min - 1 )  88.91 (2.75)  88.31 (2.63)  0.197  

Stride length (m)  3.19 (0.10)  3.21 (0.09)  0.198  

Distance covered per minute (m)  283.20 (0.00)  283.20 (0.00)  n/a  

Maximum stance knee  flexion   (°)  48.27 (1.14)  48.50 (1.02)  0.597  

Maximum swing knee flexion   (°)  120.31 (4.29)  123.54 (5.86)  0.008*  

Thigh ROM in the sagittal plane (°)  63.90 (3.71)  63.03 (4.06)  0.248  

Vertical thorax displacement ( m)  0.09 (0.01 )  0.10 (0.01 )  0.070  

Vertical  thorax frequency (Hz)  2.88 (0.11)  2.84 (0.06)  0.201  

Thorax ROM in the transverse plane (°)  31.32 (10.86)  30.55 (9.60)  0.253  

Thorax ROM in the frontal plane (°)  9.04 (2.56)  8.59 (2.57)  0.531  

Thorax ROM in the sagittal plane (°)  9.57 (3.48 )  7.49 (2.41 )  0. 030*  

Mean e lbow angle (°)  75.14 (4.89)  73.96 (6.08)  0.181  

Upper a rm ROM in the frontal plane (°)  18.43 (2.47)  17.06 (3.14)  0.090  

Upper a rm ROM in the sagittal plane (°)  62.16 (12.03)  61.45 (12.09)  0.375  

 


5.4.2.2. Comparison of biomechanical variables between treadmill velocities
All biomechanical variables during walking significantly differed from jogging, running and sprinting (p < 0.003); p values displayed have been adjusted with a Bonferroni correction (Table 5.10). Stride parameters, maximum swing knee flexion and thigh ROM differed significantly between all treadmill velocities (p < 0.012); whilst many upper-extremity variables did not differ between jogging, running and sprinting (p > 0.05). 

             Table 5.10 Pairwise comparisons of biomechanical variables between each treadmill velocity, * = significant difference (p < 0.05)

	
	Walk-Jog
	Walk-Run
	Walk-Sprint
	Jog-Run
	Jog-Sprint
	Run-Sprint

	Stride frequency (strides.min-1)
	<0.001*
	<0.001*
	<0.001*
	<0.001*
	<0.001*
	0.001*

	Stride length (m)
	<0.001*
	<0.001*
	<0.001*
	<0.001*
	<0.001*
	<0.001*

	Distance covered per minute (m)
	<0.001*
	<0.001*
	<0.001*
	<0.001*
	<0.001*
	<0.001*

	Maximum stance knee flexion (°)
	<0.001*
	<0.001*
	<0.001*
	0.050
	0.078
	1.000

	Maximum swing knee flexion (°)
	<0.001*
	<0.001*
	<0.001*
	<0.001*
	<0.001*
	<0.001*

	Thigh ROM (sagittal plane) (°)
	<0.001*
	<0.001*
	<0.001*
	0.012*
	<0.001*
	<0.001*

	Vertical thorax displacement (m)
	<0.001*
	<0.001*
	<0.001*
	0.129
	0.013*
	0.001*

	Vertical thorax frequency (Hz)
	<0.001*
	<0.001*
	<0.001*
	0.012*
	1.000
	0.016*

	Thorax ROM (transverse plane) (°)
	<0.001*
	<0.001*
	<0.001*
	1.000
	0.046*
	0.044*

	Thorax ROM (frontal plane) (°)
	<0.001*
	0.003*
	0.002*
	0.090*
	1.000
	1.000

	Thorax ROM (sagittal plane) (°)
	<0.001*
	<0.001*
	0.005*
	0.263
	1.000
	1.000

	Mean elbow angle (°)
	<0.001*
	<0.001*
	<0.001*
	1.000
	0.206
	1.000

	Upper arm ROM (frontal plane) (°)
	<0.001*
	<0.001*
	<0.001*
	1.000
	1.000
	1.000

	Upper arm ROM (sagittal plane) (°)
	<0.001*
	<0.001*
	<0.001*
	0.210
	<0.001*
	<0.001*




5.4.3. Relationships between breast kinematics and biomechanical variables
Moderate to strong (r > 0.5) significant relationships were found between some breast kinematic variables and the following biomechanical variables across different treadmill velocities; thigh ROM, vertical thorax displacement, thorax ROM in the transverse and frontal planes and upper arm ROM in the sagittal plane (Tables 5.11 to 5.14). Notably, positive strong relationships were found during jogging between thorax ROM in the transverse plane and m/l breast displacement (rs = 0.706, p = 0.001) and between thorax ROM in the frontal plane and m/l breast acceleration (rp = 0.709, p = 0.001); during sprinting increases in thorax ROM in the frontal plane were related to increases in m/l breast velocity (rp = 0.742, p < 0.001). 

          Table 5.11 Relationships (r) between breast kinematics and biomechanical variables during walking (1.67 m.s-1), * = p < 0.05

[image: image61.emf] a/p Disp  ( m)  a/p Vel  ( m.s - 1 )  a/p Acc  ( m.s - 2 )  m/l Disp  ( m)  m/l Vel  ( m.s - 1 )  m/l Acc  ( m.s - 2 )  Vertical  Disp ( m)  Vertical  Vel ( m.s - 1 )  Vertical  Acc  ( m.s - 2 )  

Stride frequency  (strides.min - 1 )  0.088  - 0.039  0.134  0.115  0.079  0.014  0.262  0.348  0.365  

Stride length  (m)  - 0.109  0.044  - 0.121  - 0.115  - 0.054  - 0.023  - 0.250  - 0.335  - 0.357  

Maximum stance  knee flexion (°)  0.027  0.268  0.106  - 0.044  - 0.140  - 0.040  - 0.118  - 0.010  0.094  

Maximum swing  knee flexion (°)  - 0.157  0.027  - 0.191  0.109  0.240  0.125  0.020  - 0.178  - 0.312  

Thigh  ROM (°)  0.092  0.006  - 0.415  0.409  0.362  0.338  0.084  - 0.054  - 0.096  

Vertical thorax  displacement ( m)  - 0.387  - 0.245  - 0.085  - 0.474*  - 0.435  - 0.372  - 0.313  - 0.374  - 0.474*  

Vertical thorax  frequency (Hz)  0.029  0.188  0.261  0.076  0.306  - 0.079  0.285  0.300  0.354  

Thorax ROM  (transverse plane) (°)  0.516*  0.631*  0.369  0.269  0.289  0.198  - 0.208  - 0.006  0.127  

Thorax ROM  (frontal plane) (°)  0.440  0.405  0.311  0.149  0.056  0.292  - 0.308  - 0.093  0.173  

Thorax ROM  (sagittal plane) (°)  0.149  0.092  0.028  0.065  0.090  0.207  0.101  0.263  0.120  

Mean elbow angle (°)  0.108  0.411  0.313  - 0.259  - 0.395  - 0.337  - 0.459  - 0.283  0.025  

Upper arm ROM  (frontal plane) (°)  0.035  - 0.045  0.148  - 0.318  - 0.211  - 0.378  - 0.446  - 0.204  - 0.359  

Upper arm ROM  (sagittal plane) (°)  0.195  - 0.213  - 0.004  - 0.268  - 0.480*  - 0.194  - 0.480*  - 0.220  - 0.144  

 


         Table 5.12 Relationships (r) between breast kinematics and biomechanical variables during jogging (3.06 m.s-1), * = p < 0.05

[image: image62.emf] a/p   Disp  ( m)  a/p   Vel  ( m.s - 1 )  a/p   Acc  ( m.s - 2 )  m/l   Disp  ( m)  m/l   Vel  ( m.s - 1 )  m/l   Acc  ( m.s - 2 )  Vertical  D isp ( m)  Vertical  Vel ( m.s - 1 )  Vertical  Acc ( m.s - 2 )  

Stride frequency  (strides.min - 1 )  - 0.120  0.107  0.003  - 0.161  0.222  0.309  0.105  0.243  0.231  

Stride length   (m)  0.120  - 0.102  - 0.001  0.168  - 0.218  - 0.303  - 0.105  - 0.248  - 0.238  

Maximum stance  knee flexion (°)  0.065  - 0.010  - 0.074  0.326  - 0.070  - 0.254  0.412  0.225  0.126  

Maximum swing  knee flexion (°)  0.001  - 0.210  - 0.297  0.018  - 0.127  - 0.251  - 0.104  - 0.210  - 0.332  

Thigh   ROM (°)  0.244  0.301  0.244  0.459  0.414  0.294  0.548*  0.564*  0.571*  

Vertical thorax  displacement ( m)  0.244  0.225  0.283  0.246  0.201  0.168  0.329  0.264  0.299  

Vertical thorax  frequency (Hz)  - 0.018  0.074  0.014  0.010  0.150  0.212  0.125  0.232  0.293  

Thorax ROM  (transverse plane) (°)  0.228  0.575*  0.516*  0.706*  0.325  0.307  0.695*  0.465*  0.332  

Thorax ROM  (frontal plane) (°)  0.487*  0.610*  0.564*  0.343  0.634*  0.709*  0.518*  0.481*  0.411  

Thorax ROM  (sagittal plane) (°)  - 0.203  - 0.064  0.027  - 0.323  0.050  0.065  - 0.004  - 0.029  - 0.158  

Mean elbow angle (°)  0.019  - 0.126  - 0.200  - 0.216  - 0.189  - 0.251  - 0.232  - 0.054  - 0.092  

Upper arm ROM  (frontal plane) (°)  0.184  - 0.171  - 0.199  0.337  0.037  - 0.085  0.156  0.237  0.299  

Upper arm ROM  (sagittal plane) (°)  0.417  0.241  0.337  0.112  0.085  0.136  - 0.068  - 0.042  - 0.153  

 


         Table 5.13 Relationships (r) between breast kinematics and biomechanical variables during running (3.89 m.s-1), * = p < 0.05

[image: image63.emf] a/p   Disp  ( m)  a/p   Vel  ( m.s - 1 )  a/p   Acc  ( m.s - 2 )  m/l   Disp  ( m)  m/l   Vel  ( m.s - 1 )  m/l   Acc  ( m.s - 2 )  Vertical  D isp ( m)  Vertical  Vel ( m.s - 1 )  Vertical  Acc ( m.s - 2 )  

Stride frequency  (strides.min - 1 )  0.049  0.148  - 0.060  - 0.242  0.151  0.273  0.276  0.280  0.147  

Stride length   (m)  - 0.062  - 0.148  0.060  0.231  - 0.162  - 0.280  - 0.284  - 0.288  - 0.154  

Maximum stance  knee flexion (°)  0.033  - 0.062  - 0.009  0.537*  - 0.039  - 0.248  0.236  0.094  - 0.041  

Maximum swing  knee flexion (°)  - 0.200  - 0.329  - 0.143  0.143  - 0.151  - 0.127  - 0.318  - 0.381  - 0.454  

Thigh ROM (°)  0.418  0.353  0.185  0.587*  0.575*  0.379  0.605*  0.561*  0.483*  

Vertical thorax  displacement ( m)  - 0.121  - 0.046  - 0.014  - 0.077  0.129  0.065  0.066  0.129  0.273  

Vertical thorax  frequency (Hz)  0.088  0.313  0.103  - 0.167  0.132  0.331  0.254  0.225  0.068  

Thorax ROM  (transverse plane) (°)  0.263  0.399  0.421  0.585*  0.214  0.102  0.517*  0.354  0.263  

Thorax ROM  (frontal plane) (°)  0.430  0.443  0.430  0.261  0.451  0.460  0.566*  0.540*  0.410  

Thorax ROM  (sagittal plane) (°)  0.200  - 0.096  - 0.275  0.045  0.007  0.021  0.173  0.145  - 0.033  

Mean elbow angle (°)  - 0.189  - 0.312  - 0.433  - 0.180  - 0.324  - 0.280  - 0.334  - 0.395  - 0.456  

Upper arm ROM  (frontal plane) (°)  0.104  - 0.121  - 0.090  0.010  0.351  0.348  0.049  0.126  0.005  

Upper arm ROM  (sagittal plane) (°)  0.583*  0.513*  0.557*  0.262  0.020  0.107  0.159  0.158  0.102  

 


         Table 5.14 Relationships (r) between breast kinematics and biomechanical variables during sprinting (4.72 m.s-1), * = p < 0.05

[image: image64.emf] a/p   Disp  ( m)  a/p   Vel  ( m.s - 1 )  a/p   Acc  ( m.s - 2 )  m/l   Disp  ( m)  m/l   Vel  ( m.s - 1 )  m/l   Acc  ( m.s - 2 )  Vertical  D isp ( m)  Vertical  Vel ( m.s - 1 )  Vertical  Acc ( m.s - 2 )  

Stride frequency  (strides.min - 1 )  0.376  0.083  0.131  0.008  0.020  - 0.149  0.314  0.266  0.097  

Stride length  (m)  - 0.373  - 0.087  - 0.134  - 0.017  - 0.019  0.152  - 0.312  - 0.265  - 0.099  

Maximum stance  knee flexion (°)  0.087  0.054  0.007  0.358  - 0.208  - 0.424  0.352  0.270  0.100  

Maximum swing  knee flexion (°)  - 0.263  - 0.071  - 0.080  0.044  - 0.049  - 0.050  - 0.325  - 0.312  - 0.314  

Thigh  ROM (°)  0.322  0.395  0.344  0.658*  0.376  0.118  0.435  0.375  0.300  

Vertical thorax  displacement ( m)  - 0.583*  - 0.116  - 0.117  - 0.437  - 0.009  0.165  - 0.120  - 0.020  0.151  

Vertical thorax  frequency (Hz)  0.447*  0.090  0.083  - 0.126  0.112  - 0.001  0.301  0.262  0.025  

Thorax  ROM  (transverse plane) (°)  - 0.003  0.271  0.292  0.602*  0.238  - 0.009  0.474*  0.324  0.219  

Thorax ROM  (frontal plane) (°)  0.393  0.417  0.414  0.389  0.742*  0.554*  0.566*  0.511*  0.288  

Thorax ROM  (sagittal plane) (°)  0.312  0.173  0.187  0.137  0.314  0.219  0.388  0.364  0.223  

Mean elbow angle (°)  0.055  - 0.190  - 0.324  - 0.157  - 0.008  0.101  0.151  0.108  - 0.092  

Upper arm ROM  (frontal plane) (°)  0.200  - 0.052  0.223  0.261  0.180  0.137  0.255  0.134  0.075  

Upper arm ROM  (sagittal plane) (°)  0.587*  0.241  0.299  0.478*  0.256  0.227  - 0.014  - 0.153  - 0.305  

 



5.4.4. Perceptual variables

5.4.4.1. Breast and bra comfort

The low support condition was rated as less comfortable (mode: 6) than the high support condition (mode: 0) (Figure 5.7). Participant 6 rated both conditions as 0 (comfortable, no pain). Bra comfort also followed the same pattern, with the sports bra rated consistently as the most comfortable bra to wear (high support condition mode = 0; low support condition mode = 6). Significant differences in breast (Z= -2.80, N = 11, p = 0.005) and bra (Z= -2.274, N = 11, p = 0.023) comfort were found between the low and high support conditions. 
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Figure 5.7 Breast comfort ratings for each participant in the low and high support conditions after the ITP (n = 11); missing bars equal a rating of 0
As breast and bra comfort were rated for the ITP as a whole it was not possible to investigate relationships between comfort and breast kinematics or biomechanical variables at each treadmill velocity.

5.4.4.2. RPE and HR

The mode RPE rating for the high support condition was 13 (somewhat hard), compared with 15 (hard; heavy) for the low support condition, yet this was not a statistically significant difference (Z = -1.000, N = 6, p = 0.531). Due to many similar responses in this data the efficacy of the statistical test used is questionable.
The mean %HRRmax during the whole of the ITP was 59% (± 10%) in the low support condition and 58% (± 12%) in the high support condition; there was no significant difference in exercise intensity between the low and high support conditions (t(9) = -0.575, p = 0.579). 

5.4.5. Preferred transition velocity

The mean preferred transition velocity in the low support condition was 2.01 m.s-1 (± 0.28 m.s-1), compared with 1.94 m.s-1 (± 0.11 m.s-1) in the high support condition (Figure 5.8); this was not a statistically significant difference (Z = -0.280, p = 0.779). 
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Figure 5.8 Mean (SD) walk-to-run and run-to-walk transition velocities (m.s-1) in the low and high support conditions with the preferred transition velocity (mean of the transition velocities) illustrated (n = 11)  

Between-participant CV% was low for the high support condition (5.62%), yet considered high for the low support condition (14.09%).

5.4.6. Variance, Effect and Power

Effect size statistics for comparisons in breast displacement, velocity and acceleration between breast support conditions (in each direction) ranged from medium to large for walking (0.56 d to 1.63 d), jogging (0.72 d to 1.46 d), running (0.54 d to 1.82 d) and sprinting (0.39 d to 1.54 d). The observed power was high for differences between treadmill velocities (range: 0.999 β-1 to 1.000 β-1) and medium to high for differences between breast support conditions (range: 0.528 β-1 to 1.000 β-1).

Within-participant CV% over five gait cycles for breast displacement, velocity and acceleration were generally low in each breast support condition during walking (range: 5.63% to 9.82%), jogging (range: 2.21% to 6.14%), running (1.65% to 10.84%) and sprinting (1.94% to 6.02%). The between-participant CV% were however much higher in each support condition for the breast kinematic data during walking (21.31% to 41.23%), jogging (16.94% to 66.36%), running (21.66% to 46.70%) and sprinting (21.08% to 42.65%). 

Effect sizes were mainly low for the biomechanical variables (d < 0.5), although some moderate to high effect sizes were reported (d = 0.52 to 0.80). The within-participant CV% for stride parameters, maximum swing knee flexion and thigh ROM across five gait cycles were considered low (<10%) for each breast support condition and at each treadmill velocity; the within-participant CV% for the upper-extremity and maximum stance knee flexion biomechanical variables were higher, ranging from 10.05% to 27.07%.  Higher within-participant CV% in upper-extremity biomechanical variables was generally seen during walking as opposed to the higher velocities. The between-participant CV% for the lower-extremity biomechanical variables and the mean elbow angle were also generally considered low (<10%) for all treadmill velocities, yet the variance in upper-extremity biomechanical variables was much higher (up to 43.18%). There were no differences in the amount of within- or between-participant CV% between breast support conditions for breast kinematics or biomechanical variables (p > 0.003).Within- and between-participant CV%, effect sizes (d) and Power (β-1) are detailed for all kinematic variables in Appendix D (iii and iv). 
5.5. Discussion and conclusions

This is the first research to investigate the effects of breast support on multi-planar breast kinematics, biomechanical and perceptual variables during intermittent exercise. Firstly, differences in multi-planar breast kinematics were established between the low and high support conditions for each component analysed of the ITP (Figure 5.4). Breast displacement, velocity and acceleration in each direction (a/p, m/l and vertical) were all lower during the high support condition (p < 0.017), apart from m/l breast acceleration, which did not differ between breast support conditions (p = 0.052); H1 is therefore partially accepted. These findings concur with previous research in the area that has assessed breast kinematics at similar velocities in a steady-state condition (Mason et al., 1999; Scurr et al., 2010; White et al., 2009a; White et al., 2011). Peak breast displacement occurred in the vertical direction during both jogging and running (0.06 m) in the low support condition, which compares well to White et al.’s (2011) study that assessed the same everyday bra in an equivalent population of larger-breasted athletes (~0.06 m, 3.11 m.s-1). Substantial breast movement reduction occurs when a sports bra is worn whilst undertaking intermittent exercise, confirming the importance of this piece of sports apparel for larger-breasted recreational athletes and strengthening the rationale to study intermittent exercise in this context.
Moderate to strong positive relationships (p > 0.05) were found between breast kinematics and treadmill velocity, although it is clear from Figure 5.6 that this is largely due to the change in magnitude of breast kinematics between a walking and running gait pattern. The percentage contributions of a/p, m/l and vertical breast kinematics also differ greatly between a walking and running gait (Figure 5.5); during walking this distribution is roughly equal yet for jogging, running and sprinting the vertical direction predominates, confirming earlier research by Scurr et al. (2009). Unsurprisingly, considerable increases (p < 0.05) in breast displacement (Table 5.3) were seen in both breast support conditions between walking (1.67 m.s-1) and the higher treadmill velocities, yet no differences in breast displacement were found across the jogging, running and sprinting velocities (3.06, 3.89 and 4.72 m.s-1, respectively), therefore H2 is only partially accepted. Scurr et al. (2011) similarly found no increase in breast displacement between 2.78 m.s-1 and 4.17 m.s-1 during an incremental treadmill test. 

It is unclear why further increases in breast displacement at treadmill velocities above 2.78 m.s-1 have not been found in both supported and unsupported conditions. When upper-extremity biomechanical variables were compared in this chapter between the higher treadmill velocities (Table 5.10) thorax ROM in the sagittal and frontal planes remained similar. However, vertical thorax displacement significantly decreased during sprinting compared to jogging and running, and thorax ROM in the transverse plane increased as treadmill velocity increased. This suggests that the driving force of the breast does change as treadmill velocity increases above 2.78 m.s-1 (along with significant changes in stride parameters between treadmill velocities), and therefore it is not clear why the plateau in breast displacement was found. The effect of increasing running velocity on the trunk segment remains largely unknown (Schache et al., 1999), although the amplitude of a/p trunk movements have also been found to remain similar with increasing treadmill velocity in previous research (Thorstensson, Carlson, Zomlefer & Nilsson, 1982). 
Vertical breast velocity and vertical and a/p breast acceleration were however found to be significantly higher during sprinting compared to jogging (p < 0.046) and m/l breast acceleration was higher during sprinting than running (p = 0.014). A difference in breast velocity and acceleration at treadmill velocities above 2.78 m.s-1 have not previously been investigated and are a novel finding of this chapter. Results suggest that breast velocity and acceleration are important variables to assess as treadmill velocity increases, or when a short duration sprinting burst occurs; especially as increased breast acceleration means an increased force that the breast will exert, potentially leading to greater breast discomfort. Peak breast acceleration occurred during sprinting in the low support condition (53.47 m.s-2) and is a much higher value than previously reported for steady-state running at lower velocities (~12 m.s-2, Mason et al., 1999; ~27 m.s-2, Scurr et al., 2010) in a low support condition; peak breast velocity also occurred in the low support condition during sprinting (1.30 m.s-1). The highest breast acceleration and velocity values may have occurred whilst sprinting due to the significantly greater thorax ROM (p = 0.044) that occurred in the transverse plane (Table 5.10) compared to the lower treadmill velocities. Assessing breast kinematics at a sprint velocity may provide useful information for sports bra manufacturers about the demands placed on the breast and the requirements for appropriate breast support during various exercise intensities. 

The within-participant CV% for breast displacement, velocity and acceleration were generally low in each breast support condition and at each treadmill velocity (between 1.65% and 10.84%), despite breast kinematic data being collected during the first 5 gait cycles of each treadmill velocity (once the transition period ceased). Previous research suggests that a constant treadmill velocity should be maintained for at least 2 minutes before breast motion data is collected to ensure ‘steady state’ breast motion has been achieved (McGhee & Steele, 2010a), however due to the low within-participant CV% found in this chapter the implication is that a period of constant velocity locomotion is not required to reach a stable and replicable pattern of breast motion. This was also found by Scurr et al. (2011) for an incremental treadmill test, where breast kinematic data were collected for the first five gait cycles of each sequential treadmill velocity reached, therefore questioning the need for lengthy familiarisation periods prior to breast kinematic data collection.

The majority of biomechanical variables remained unchanged between breast support conditions at all treadmill velocities (p > 0.05), confirming findings by Boschma (1994). The only differences occurred in thorax ROM (sagittal plane) and maximum swing knee flexion between the low and high support conditions, H3 is therefore only partially accepted. Greater thorax ROM in the sagittal plane was found (p < 0.033) in the low support condition during walking (0.98°), jogging (0.71°) and sprinting (2.08°). Perhaps increased breast displacement, velocity and acceleration in the a/p direction in particular (Figure 5.4) in the low support condition caused participants to have an increased thorax ROM due to a larger moment being created. Excessive trunk flexion and extension is considered to be a mechanical flaw in running style (Messier & Cirillo, 1989), so greater thorax ROM in the low support condition might be a detriment to running performance by reducing mechanical efficiency. As absolute mean differences in thorax ROM were small (up to 2.08°) and this pattern was not found during running the practical significance of this finding is questionable; furthermore no relationships were found between breast kinematic variables and thorax ROM in this plane (Tables 5.11 to 5.14). 

Vertical thorax displacement was proposed to be lower in the low support condition based on previous research (Mutter et al., 2002). However no differences were found in vertical thorax displacement between the low (0.09 m) and high (0.10 m) support conditions (p = 0.07). Substantial individual changes were seen in vertical thorax displacement though, also reported by Boschma (1994). This highlights the need to consider the effect of breast support on an individual basis as it is evident that breast support changes can influence individuals differently. Figure 5.9 presents the vertical thorax displacement data for each participant across each treadmill velocity. Seven of the 11 participants had a lower vertical thorax displacement in the low support condition (up to a 0.1 m difference) during running and sprinting, with participant number 3 noticeably having a lower vertical thorax displacement in the low support condition at each treadmill velocity. Large between-participant CV% found for upper-extremity variables (up to 43.18%), highlight the individuality of running mechanics and may explain the non-significant results. Investigating participants individually in this way is promoted by ecologists who view individual variability as functional and not as undesired ‘noise’ (Bartlett et al., 2007). 

Figure 5.9 Vertical thorax displacements (m) for each participant in the high and low support conditions during walking, jogging, running and sprinting
No differences were found in stride frequency and stride length between breast support conditions at any treadmill velocity (p > 0.05). Additionally, when the distance covered per minute was calculated (stride frequency x stride length) this was identical for each breast support condition at each velocity (walking = 100.2 m; jogging = 186 m; running = 233.4 m; sprinting = 283.2 m). This confirms previous research (Boschma, 1994; Shivitz, 2001; White et al., 2011) that has reported no changes in mean stride length and stride frequency with changes in breast support level. It is unknown however, whether participants would choose to walk, jog, run and sprint at different treadmill velocities if this was not controlled for (due to the level of breast support worn) and could be an area of future investigation into intermittent exercise.

Unsurprisingly, after no differences in stride parameters, no changes in thigh ROM were seen between support conditions (p > 0.05). White et al. (2009a) suggested that increased stance knee flexion may occur to reduce vertical impact forces and breast discomfort, yet no differences were found at any treadmill velocity (p > 0.05). Maximum swing knee flexion was however greater in the high support condition at the sprint velocity (p = 0.008). A more acute knee flexion angle during the swing phase has been suggested to be beneficial to running economy (Cavanagh et al., 1977) as it allows the runner to rotate the limb faster and more easily (Hay, 1978); therefore runners with increased breast support may have an improved running economy at higher treadmill velocities. This provides further evidence for larger-breasted athletes to wear high breast support and additional justification for investigating higher running velocities. Although, no differences in stride length were found during sprinting between breast support conditions and no relationships were found between breast kinematics and the maximum swing knee flexion angle (Tables 5.11 to 5.14), questioning the practical significance of this result (a mean absolute difference of 3.23°). 
Thorax ROM in the transverse plane was related positively to various breast kinematic variables at all treadmill velocities (p < 0.028), partially accepting H4; therefore either more rotation of the thorax led to increased breast kinematics or increased breast kinematics led to increases in thorax rotation. Excessive trunk rotation is associated with lower mechanical efficiency during running (Messier & Cirillo, 1989) so this may be a performance consideration for athletes if increased breast kinematics leads to greater thorax rotation. 

However it seems most likely, along with the positive relationships found between thorax ROM in the frontal plane (p < 0.021), thigh ROM in the sagittal plane (p < 0.023), upper arm ROM in the sagittal plane (p < 0.030) and breast kinematics (Tables 5.11 to 5.14), that increases in these biomechanical variables have led to increases in breast kinematic variables. Intuitively, increasing the ROM at the thorax, arms and thigh is likely to affect the driving force of the breast, subsequently leading to changes in breast displacement, velocity and/or acceleration. For example, increased rotation of the thorax is most probably the cause of significantly higher (p = 0.005) m/l breast displacement during sprinting (rp = 0.602). Furthermore, as no differences were found in these biomechanical variables between the low and high support conditions it is more likely that the relationship statistics are highlighting differences in walking and running gait patterns between participants. High between-participant CV% in upper-extremity variables were evident (Appendix D, iv) and high variance in running kinematics have been previously reported (Williams, 1985), supporting the notion that individual differences in gait patterns are likely to be influencing breast kinematics.  

Interestingly, at a sprint velocity only, vertical thorax displacement and a/p breast displacement had a negative relationship (rp = -0.583, p = 0.007). As lower vertical thorax displacement was found in the low support condition for many participants during sprinting (Figure 5.9) it is proposed that as a/p breast displacement increases participants may consciously decrease their vertical thorax displacement. This may be an attempt to reduce the higher level of breast discomfort experienced in this condition (Figure 5.7), a mechanism proposed by Mutter et al. (2002). Lower vertical trunk oscillation has however been associated with an improved running economy (Williams & Cavanagh, 1987); therefore decreasing vertical thorax displacement in an attempt to reduce breast discomfort may actually be reducing the energy cost of running. More evidence should be collected on the interaction between breast kinematics and vertical thorax displacement during sprinting to understand this mechanism and the potential effect on performance, especially as the power was low for this variable (0.29). 

Due to the high number of transitions during the ITP it was deemed impractical to ask participants to rate breast comfort at each treadmill velocity, especially as during sprinting they only maintained this velocity for just over 4 seconds. Overall breast comfort was higher (p = 0.005) in the high (mode: 0) than in the low (mode: 6) support condition as expected, accepting H5 and confirming previous research during steady-state running (Mason et al., 1999; Scurr et al., 2010; White et al., 2009a; White et al., 2011). Ten of the 11 participants rated the sports bra as more comfortable for their breasts than the everyday bra, with just 1 participant rating them both as 0 (no pain). Additionally for bra comfort, the everyday bra was rated as more uncomfortable to wear than the sports bra during the ITP (p = 0.023). Large differences in the perception of breast and bra comfort between breast support conditions provide justification to investigate the effect that breast support may have on biomechanical variables and perceived exertion during intermittent exercise, which could affect performance. 
Perceived exertion was hypothesised to be greater for the low support condition, due to greater breast movement and discomfort perhaps leading to a decreased mechanical efficiency and therefore an increase in perceived effort (Messier & Cirillo, 1989), yet no differences were seen between breast support conditions (p > 0.05), rejecting H6. Although no statistical differences in RPE were found between breast support conditions, the mode RPE in the low support condition was 15 (hard, heavy) compared with 13 (somewhat hard) in the high support condition. The largest difference was for participant 3 who rated the low support condition as 15 and the high support condition as 12. Despite no difference in exercise intensity some participants perceived the ITP to be much more demanding in the low support condition, which has implications for performance during intermittent exercise, especially over a long duration. Notably, participant 3 also had the largest individual difference in vertical thorax displacement between the low and high support conditions (Figure 5.9), highlighting the potential value of assessing individuals even when group analyses reveal no statistical differences. 

The preferred transition velocity found in this chapter compared well to what is generally reported in the literature (~2.0 m.s-1; Hreljac et al., 2007) yet did not differ between the low and high support conditions (p = 0.779), rejecting H7. Participants 1 and 3 had the largest differences in preferred transition velocity, transitioning at a higher velocity in the low support condition (0.5 m.s-1 and 0.4 m.s-1, respectively). It is unknown whether the transition between gait patterns led to more breast discomfort in the low support condition in particular, although this is speculated to be due to the considerable change in breast motion pattern that occurs between a walking and running gait (Scurr et al., 2009). Perhaps some participants consciously aimed to transition later from walking to running and earlier from running to walking in the low support condition (and therefore at a higher treadmill velocity) to minimise breast discomfort (Figure 5.7), which could have performance implications. Acceleration performance is important for field sport athletes who repeatedly sprint and an early acceleration is desirable (Murphy et al., 2003; Taskin, 2008). It is also less economical for participants to delay the walk-to-run and run-to-walk transitions as it can increase the energetic cost of gait (Thorstensson & Roberthson, 1987).

In summary, this is the first investigation into the effect of breast support on multi-planar breast kinematics, biomechanical and perceptual variables during intermittent exercise. Breast kinematics were reduced in the high support condition throughout the ITP compared to the low support condition, comparing well to previous research assessing breast kinematics during steady-state locomotion. Large differences in breast kinematics were found between walking and the higher treadmill velocities, yet limited differences existed in breast kinematics at the higher treadmill velocities, perhaps due to minimal changes found in some upper-extremity biomechanical variables at the higher treadmill velocities. Differences in breast velocity and acceleration were found between breast support conditions at treadmill velocities above 2.78 m.s-1; rationale was established to investigate breast kinematics at higher treadmill velocities. The need for lengthy familiarisation periods prior to breast kinematics data collection was questioned due to low within-participant CV% found during the ITP. 

No differences were found between breast support conditions for the majority of biomechanical variables, although the individual nature of this data was highlighted with some participants having large differences in biomechanical variables between the low and high support conditions. Some upper-extremity biomechanical variables related positively to breast kinematic data; it was proposed that individual differences in walking and running style were more likely to be leading to changes in breast kinematics, supported by high between-participant CV% in upper-extremity biomechanical variables. More acute knee flexion found during sprinting and less thorax ROM in the sagittal plane at a walking, jogging and sprinting velocity in the high support condition, compared to the low support condition, could benefit running performance.
Breast comfort was greatest in the high support condition. Some participants perceived the ITP to be more demanding in the low support condition despite consistent exercise intensity (determined by HR) between support conditions, which has implications for performance. Additionally, some participants may have transitioned at a higher treadmill velocity in an attempt to minimise breast discomfort, which could be less economical. High support for larger-breasted women is recommended for intermittent exercise to reduce breast kinematics and increase breast comfort; breast support may also affect performance during intermittent exercise in some individuals. 
Vertical jumping is a frequent activity in many sports (Gasston & Simpson, 2004; Tillman et al., 2004) and the effect of breast support on vertical jump performance is currently unknown. An investigation into the effect of the same low and high support conditions on biomechanical and perceptual variables during vertical jumping will further aid our understanding of breast support implications for female recreational athletes.
CHAPTER 6. The effect of breast support on biomechanical and perceptual variables during vertical jumping
6.1 Introduction

The previous two chapters have identified that the high support condition can reduce multi-planar breast kinematics and increase breast comfort during both steady-state running and intermittent exercise. Some negative performance implications were identified for larger-breasted female recreational athletes who wear inappropriate breast support. Chapters 4 and 5 provide important information for female recreational runners, as well as athletes who partake in sports of an intermittent nature. However, jumping is an integral part of many intermittent sports, with the jump for height an important performance element in sports such as volleyball and basketball, and should not be ignored. Jumping has received considerable attention in the literature with research focused on the implications of landing impacts and the subsequent injury potential. The effect of breast support on jump performance and landing strategy is unknown; investigating these aspects of jumping may yield an insight into whether breast support has consequences for biomechanical and perceptual variables during jumping, in addition to what has been reported for steady-state running and intermittent exercise.

Landing is a frequently performed task in sports and landing strategies are varied and complex. As the technique of landing tasks can affect the subsequent jump height achieved (Bobbert et al., 1987; Ford et al., 2005; Horita et al., 2002) and stability (Steele & Milburn, 1987) the performance of landing tasks may have implications for jump performance. Studies have shown that athletes can consciously alter their jump landing strategy to modify the external loading experienced (Decker et al., 2003; McNitt-Gray, 2000). An increase in landing phase duration by increasing joint flexion was found in response to landing on a stiffer surface (Lees, 1981; McNitt-Gray et al., 1994). The magnitudes of GRFs have been found to lower with increased flexion of the lower extremities (McNair et al., 2000; McNitt-Gray, 1991). Breast support has been found to influence some kinematic (Chapters 4 & 5; Boschma, 1994; Mutter et al., 2002; Shivitz, 2001) and kinetic (Shivitz, 2001; White et al., 2009a) variables during running. It is therefore anticipated that breast support may also affect both jump performance and the subsequent landing strategy employed. 

Although considerable multi-planar breast movement is known to occur during bare-breasted jumping (Bridgman et al., 2010; White et al., 2009b; White et al., 2010) it is highly unlikely that female recreational athletes would compete with no breast support, questioning the external validity of these studies. The level of breast support affects breast kinematics and the perception of breast comfort during steady-state running and intermittent treadmill activity (Chapters 4 & 5), yet no research has explored the effect of breast support on vertical jumping. There is reason to hypothesise that changes in breast support may also instigate differences in breast kinematics and breast comfort during jumping in larger-breasted female athletes; therefore an investigation into the implications for jump performance and landing strategy is warranted. 

Jump height has been found to relate positively to bare-breast kinematics (White et al., 2009b) and has been shown to increase with the addition of compression shorts (Doan et al., 2003). This suggests jump height could be a performance measure affected by external breast support and may be an important consideration for field sports athletes. Although a drop landing from a standard height controls for varied take-off strategies and differences in jump heights when assessing landing mechanics, it is difficult to choose a height to accommodate individual jumping and landing abilities (Swartz, Decoster, Russell & Croce, 2005), furthermore the drop jump is not pertinent for recreational field sports athletes. Discrete vertical countermovement jumps were therefore chosen for this chapter due to their functional applicability but also to enable an investigation into whether breast support affects the jump height achieved. 
Jump height was assessed as the performance outcome measure in this chapter, yet no difference in jump height was found between breast support conditions. It was therefore decided that biomechanical variables would be assessed during the landing phase of the jump only as examining take-off mechanics was determined to be of less importance. This chapter is therefore focused on whether breast support affects vertical jump performance (measured by jump height) and the landing strategy employed. Both kinetic and kinematic data were collected for the landing phase as landing strategies employed by athletes are complex and altering the body’s position on landing will also influence the forces encountered (Devita & Skelly, 1992; Lafortune et al., 1996; Yi et al., 2004). 

A similar population of larger-breasted female recreational athletes utilised in Chapters 4 and 5 were recruited for this chapter where they completed vertical countermovement jumps in the same low and high support conditions. This chapter investigates multi-planar breast kinematics, biomechanical and perceptual variables during vertical countermovement jumps to further our understanding of breast support implications for female recreational athletes. 

6.2. Aims and hypotheses

The primary aim of this chapter was to investigate the effect of breast support on biomechanical variables during vertical countermovement jumps, with a secondary aim to assess the effect of breast support on perceptual variables in this activity.  The experimental hypotheses for this chapter were as follows:

H1 = Vertical, m/l and a/p breast displacement (m), breast velocity (m.s-1) and breast acceleration (m.s-2) will be significantly lower in the high support condition compared to the low support condition during the whole jump.

H2 = Maximum vertical, anterior, posterior GRFs (BW), a/p and m/l GRF range (BW), average loading rate (BW.s-1), vertical stiffness (BW.m-1), jump height (m) and landing phase duration (s) will significantly differ between the low and high support conditions. 

H3 = The mean flexion angle at initial contact (°), maximum flexion angle (°), ROM (°) and peak angular velocity (°.s-1) of the thorax, thigh, knee and ankle during the landing phase will significantly differ between the low and high support conditions. 

H4 = In the high support condition breast comfort and the perception of support for the whole jump will be higher compared to the low support condition.

H5 = There will be significant relationships between the perception of breast comfort and support (rated for the whole jump) and sagittal plane kinematics and kinetics during the landing phase. 

6.3. Protocol

6.3.1. Participants 

Following institutional ethical approval, twelve female participants (mean ± SD: age 24 ± 4 years, height 1.66 ± 0.07 m, body mass 69.58 ± 12.26 kg) who were recreationally active were selected, with experience in jumping and landing activities. Participants were recruited via personal contacts and posters placed within the Department of Sport and Exercise Science at the University of Portsmouth. Volunteers for future and previous studies (that had been conducted within our research group) were also approached. Due to the lack of multi-planar breast kinematic data published for jumping a post-hoc power calculation was conducted (G*Power 3.1 software; Faul et al., 2007) after 12 participants had been tested; this indicated that a sample size of 12 would provide a power of 1 for breast kinematic results, therefore no further participants were recruited. 

Participants were not pregnant, had not breast-fed within the last year and had not had breast surgery as these factors are known to cause changes within the breast (McCool et al., 1998; Page & Steele, 1999). Bra sizes ranged between a 32 to 36 band size and a D to E cup size. Participants were fitted based on best-fit criteria (Chapter 3; White & Scurr, 2012), leading to 50% of participants not wearing the same bra size in the low and high support conditions (mode 34DD in the low support and 32DD in the high support condition); this was not unexpected due to differences in bra fit between manufacturers (Hardaker & Fozzard, 1997; McGhee & Steele, 2006).

As the menstrual cycle affects breast size and discomfort (McCool et al., 1998; Milligan et al., 1975; Page & Steele, 1999), all participants were tested between the end of menstruation and the start of the luteal phase of their menstrual cycle (days 4 to 15) when the breast is reported to be at its lowest size (Milligan et al., 1975). Participants were asked to refrain from vigorous exercise and alcohol consumption 24 hours prior to their testing. Written informed consent was obtained from each participant and kept on file.

6.3.2. Procedures
Participants were required to visit the laboratory on two occasions no more than 5 days apart; the first visit included a bra fitting (see Chapter 3; White & Scurr, 2012) and familiarisation with the jumping protocol. For their second visit, participants first completed a health history questionnaire, to ensure they were fit to participate on the day, and blood pressure was measured using an electronic sphygmomanometer (Omron HEN705, Netherlands) to ensure it fell within acceptable levels dictated by ethical guidelines (systolic pressure > 90 mmHg and < 150 mmHg; diastolic pressure > 60 mmHg and < 90 mmHg). Participants then completed a 5-minute treadmill (h/p/cosmos mercury, Germany) warm-up at a self-selected pace; no muscle stretches were performed as different levels of stretching can impact on the jump height achieved (Fletcher, 2010). More familiarisation followed, where participants practised performing the vertical jumps on the force platform. 

Retroreflective markers (7 mm, Qualysis, Sweden) were positioned on the right nipple, suprasternal notch and the left and right anterioinferior aspect of the 10th ribs using hypoallergenic tape to calculate relative multi-planar breast kinematics (Scurr et al., 2010; Scurr et al., 2011) for the whole jump; in the supported conditions the nipple marker was repositioned on the bra, over the nipple, as in previous research (see section 2.4 for details). 

Retroreflective markers were also placed on the following landmarks on the right side of the body to calculate sagittal plane kinematics during the jumps; greater trochanter, lateral epicondyle of the knee, lateral malleolus of the ankle and the 5th metatarsalphalangeal joint (see section 2.6 for marker set justification). Participants were filmed by eight infrared Oqus cameras (Qualisys, Sweden) positioned around the jump area (200 Hz); the distance, height, aperture and focus of the cameras was participant specific. A calibrated (according to manufacturer’s guidelines) piezoelectric force platform (9281CA, Kistler, Switzerland) recorded GRFs at 1000 Hz as participants completed the jumps. The force platform was synchronised with the motion capture system using a 32-channel USB interface unit (Qualisys, Sweden).

Each participant was required to complete six successful non-consecutive two-footed vertical countermovement jumps on the force platform in each breast support condition. Six jumps were chosen as previous research has found between 4 and 8 non-consecutive vertical jumps are needed to ensure performance stability of GRF variables on landing (James, Herman, Dufek & Bates, 2007); additionally between four and six jumps have been utilised in previous studies investigating kinematic changes during jumping tasks (Blackburn & Padua, 2008; Lees, Vanrenterghem & De Clercq, 2004; McNitt-Gray, 1991; Yu et al., 2006). A ball was suspended above the force platform that could be height adjusted to aid motivation (Ford et al., 2005) and participants were asked to perform each jump with maximum effort, reaching for the ball with both hands to simulate a game situation (i.e. reaching for a ball in netball or volleyball) (Figure 6.1). As jumps were performed with maximum effort no standardisation constraint was placed on jump technique (i.e. knee flexion depth) (Hatze, 1998). Participants wore their own footwear across all breast support conditions; as the study was a within-participant design standardised footwear was deemed unnecessary. A ‘successful’ jump was defined as one where both feet fully started and landed on the force platform (assessed by a spotter) and one where the investigator subjectively agreed that the jump was of a maximum nature. 




Figure 6.1 Example photographs of a participant preparing for the jump (a) and reaching up towards the target (b) taken during pilot testing

Similar to Chapter 4, larger-breasted female recreational athletes are highly unlikely to undertake jumping activity with no breast support and therefore the practical significance of analysing biomechanical changes in jump kinematics and kinetics in a no support condition is disputed; the aim of this chapter was to investigate the effect of a low and high support bra on biomechanical and perceptual variables. No breast support data were therefore only used to determine the percentage breast movement reduction achieved by each bra, to understand the movement pattern of the unsupported breast during a jump and to provide a condition which elicited the greatest amount of breast discomfort; no biomechanical variables were assessed in the no support condition.

At least 30 s of rest was given between jump repetitions to reduce the effects of fatigue. For each trial at least 2 s of force data were collected at the beginning of each jump to enable subsequent calculation of kinetic variables (i.e. a period of time when the participant is stationary before the jump is necessary to calculate jump height using the impulse-momentum method; Linthorne, 2001). The jumping protocol was first completed bare-breasted by each participant to establish a ‘baseline’ of breast comfort (i.e. the least comfortable experience), which participants could then refer to when rating breast comfort in the subsequent bra conditions; this alteration in the protocol was made based on observations from Chapter 4 (see section 4.5). Once six successful non-consecutive jumps were recorded in a no support condition participants repeated the protocol in the low and high support conditions (see section 2.1) in a random order.

Immediately following a set of six non-consecutive jumps in each breast support condition participants were asked to rate breast comfort using an amended VAS (Appendix E), based on limitations of the scale acknowledged in Chapter 4 (section 4.5). Post-testing participants completed a performance questionnaire (Appendix F) to gain their perception of the support provided by the bras, bra fit and the effect of the breast support condition on their perception of jump performance and the landing strategy chosen. These further questions were also added based on observations made in Chapter 4 (section 4.5).

6.3.3. Data Analysis 

Markers were identified and data reconstructed in the QTM software (Qualisys, Sweden). Six seconds of data were captured for each jump and analysed for each trial and for each participant. All raw kinematic data were first filtered using a second order recursive Butterworth filter using MatLab software (version R2010a). Cut-off frequencies for kinematic data were chosen by inspection of the frequency spectrum (section 2.5). Data for Figure 6.3 were time normalised to 101 data points through linear interpolation according to Winter (2009), using the Biomechanics Toolbar for MS Excel, downloaded from: http://www.staff.ljmu.ac.uk/spsjvanr/BiomechanicsToolbar.html 

A typical vertical GRF (BW) trace is illustrated in Figure 6.2, along with the CofM velocity (m.s-1) and displacement (m) for the same trial, determined from the numerical integration and double integration (respectively) of the vertical force curve (Cavagna, 1985). The take-off phase of the vertical jump is denoted as phase A in Figure 6.2; the start of the take-off phase was established by using the first vertical GRF to deviate below body weight by more than one threshold (the threshold was 1.75 times the peak residual found in the 1 s body weight averaging period preceding the jump; Street, McMillan, Board, Rasmussen, & Heneghan, 2001), with the end being when the vertical GRF first fell below 10 N (replicating the threshold used to find the start of the landing phase; McNitt-Gray et al., 1994). Phase B highlights the flight phase of the vertical jump. The landing phase (C) was defined as the time from initial contact (vertical GRF > 10 N) to the time required to bring the vertical velocity of the CofM to zero (and then remain consistently between 0.1 m.s-1 and -0.1 m.s-1) (McNitt-Gray et al., 1994). Trials were excluded from analysis if on inspection of the vertical GRF data the participant did not land completely on the force platform, leading to a reduced static force after the jump when compared to the start of the jump.
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Figure 6.2 An example of a vertical GRF trace (BW) with CofM velocity (m.s-1) and displacement (m) displayed on a secondary axis and jump phases identified (n = 1)
Before analysis force data were filtered within the force platform software (Bioware, Kistler, USA) using a Butterworth low-pass digital filter (50 Hz; Blackburn & Padua, 2009 & Kulas et al., 2010). All force data were normalised to body weight (BW) by dividing the force in Newtons by each participants’ body weight (N). To ensure the greatest accuracy the first 1 s of force data collected during each individual trial (when participants were static on the platform before they jumped) were utilised for normalisation as an error of 10 N in selecting body weight can lead to a 0.02 to 0.03 m jump height error (Linthorne, 2001). The kinetic variables chosen for analysis (see justification in section 1.4.8.2.) from the landing phase of the jump (Phase C in Figure 6.2) were the peak vertical GRF (BW), average loading rate (BW.s-1; maximum vertical impact peak on landing (BW) / time to impact (s)), peak anterior and posterior GRFs (BW), the a/p and m/l force range (BW) and vertical stiffness (BW.m-1). Only m/l GRF range was presented as participants landed with two feet on the same force platform, meaning individual contributions to the medial or lateral direction was unknown. Vertical stiffness was calculated using the following formula (Equation 6.1):  

Equation 6.1 
 
Vertical stiffness (BW.m-1) = FzCofM-lowest / ZCofM-lowest
The FzCofM-lowest represented the vertical GRF while the CofM was at the lowest position during the ground contact phase; the ZCofM-lowest was the vertical displacement of the CofM when it was at its lowest position during the ground contact phase (Korff, Horne, Cullen & Blazevich, 2009; Wang, Lin & Huang, 2004). This method assumed that the vertical position of the CofM at foot contact was similar to that at take-off. Jump height (m) was calculated using the impulse-momentum method (Equation 6.2); this method was chosen as the flight-time method tends to overestimate jump height due to differences in the CofM position at take-off and landing (Linthorne, 2001). 

Equation 6.2

Jump height (m) = (0 – max take-off velocity2 (m.s-1)) / (2 x -9.81)

All sagittal plane kinematic data were calculated during the landing phase of the jump only (Phase C, Figure 6.2). The flexion angle at initial contact (°), the maximum flexion angle (°), the ROM (°) (maximum flexion angle – the initial contact angle) and peak instantaneous angular velocity (°.s-1) were determined for the thorax, thigh, knee and ankle. Details of how angles were calculated at the thorax (section 2.6.3.1.4.), thigh (section 2.6.2.3.2.), knee (section 2.6.2.2.2.) and ankle (section 2.6.2.1.) can be found in the General Methods, along with the determination of the peak instantaneous angular velocity (section 2.6.4.). 

6.4. Results

6.4.1. Multi-planar breast kinematics 

During the take-off phase the breast initially elevates during the unweighted phase of the countermovement before lowering as the CofM lowers (~0% to 25%; Figure 6.3). The largest breast displacement can be seen from its lowest position in the take-off phase (~25%) until it reaches its highest position during the flight phase of the jump (~47%). The breast reaches its highest position ~8% earlier than the CofM reaches the apex of the jump. During the flight phase a secondary increase in breast displacement occurs (~54% to 65%), which peaks at initial ground contact (start of landing phase in Figure 6.3).
The breast trajectory in the low and high support conditions follow a similar pattern to the no support trajectory, although it is evident that the greatest magnitude of breast displacement occurs in the no support condition (Figure 6.3). Adding the support of the bras noticeably reduces the magnitude of breast displacement at each inflection point, especially dampening smaller oscillations seen in the take-off and landing phases. The breast reaches its highest position ~5% earlier than the CofM reaches the apex of the jump in both the low and high support conditions. The breast begins and ends at a higher position in the supported conditions (relative to the origin) due to the lift provided by the bras; for this participant the low support condition initially lifts the breast (~0.01 m) more than the high support condition, yet the magnitude of peak breast displacement is still greater in the low (0.09 m) than the high support condition (0.06 m) for this trial. 
Multi-planar breast kinematics were analysed for the whole of the jump (Figure 6.4). Mean (over 6 jumps) peak breast displacement was as high as 0.08 m, the highest mean peak velocity was 0.78 m.s-1 and the highest mean peak acceleration was 23.25 m.s-2; all of these values were for the low support condition in the vertical direction.  Breast displacement and velocity in all directions and breast acceleration in the a/p and m/l directions were significantly greater in the low compared to the high support condition (p < 0.017), yet there was no difference in breast acceleration in the vertical (p = 0.061) direction. A higher percentage of breast displacement, velocity and acceleration occurred in the vertical direction (Figure 6.5), with slightly more breast acceleration occurring in the m/l and a/p directions compared to breast displacement and velocity.
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Figure 6.3 Vertical CofM displacement (m) and vertical displacement (m) of the right breast (relative to the thorax) during a vertical jump (n = 1) in the a) no b) low and c) high support conditions, time normalised to jump duration 
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Figure 6.4 Mean (SD) a) breast displacement (m), b) velocity (m.s-1) and c) acceleration (m.s-2) in all directions between the low and high support conditions during the whole of the vertical countermovement jump (n = 12), * = p < 0.05



Figure 6.5 Mean percentage contributions of a/p, m/l and vertical breast a) displacement b) velocity and c) acceleration during the whole jump; data are an average of the low and high support conditions (n = 12)

The highest mean percentage reductions for breast displacement, velocity and acceleration compared to the no support condition were seen in the high support condition (67%, 65% and 57%, respectively) in the vertical direction (Figure 6.6). The lowest mean percentage reduction was seen in vertical displacement in the low support condition (22%). 
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Figure 6.6 Mean (SD) percentage reductions in breast displacement, velocity and acceleration in the low and high support conditions (n = 12) compared to the no support condition

6.4.2. Biomechanical variables

6.4.2.1. Kinetic data 
Although the high support condition elicited higher maximum vertical, anterior, posterior, a/p and m/l GRFs ranges, average loading rate and vertical stiffness, no statistically significant differences in force data were found between breast support conditions (p > 0.05), with the mean jump height (0.27 m) being the same for both conditions (Table 6.1). The m/l GRF range was nearing significance (p = 0.057) between breast support conditions, with 8 out of 12 participants eliciting a higher m/l GRF range in the high support condition.

Table 6.1 Mean (SD) kinetic data for vertical countermovement jumps in the low and high support conditions (n = 12) with statistics, * = p < 0.05  

	
	Mean low support (SD)
	Mean high support (SD)
	p value

	Max Vertical GRF (BW)
	3.56 (0.69)
	3.67 (0.76)
	0.227

	Vertical Stiffness (BW.m-1)
	14.64 (5.42)
	15.83 (6.62)
	0.181

	Loading Rate (BW.s-1)
	44.62 (13.62)
	46.51 (13.98)
	0.268

	Jump Height (m)
	0.27 (0.04)
	0.27 (0.04)
	0.191

	Max Anterior GRF (BW)
	0.58 (0.32)
	0.67 (0.34)
	0.106

	Max Posterior GRF (BW)
	0.61 (0.22)
	0.62 (0.20)
	0.310

	a/p GRF Range (BW)
	1.18 (0.47)
	1.29 (0.49)
	0.122

	m/l GRF Range (BW)
	0.23 (0.09)
	0.26 (0.08)
	0.057

	Landing phase duration (s)
	0.63 (0.18)
	0.61 (0.19)
	0.577


6.4.2.2. Sagittal plane kinematics

No statistically significant differences in sagittal plane kinematics were found (p > 0.05) between breast support conditions (Table 6.2). Although, 75% of participants had a higher mean peak angular velocity at the thigh, and 60% of participants had a lower mean peak velocity at the thorax, in the low support condition.   

Table 6.2 Mean (SD) sagittal plane kinematic data for the landing phase of a vertical countermovement jump in the low and high support conditions (n = 12), * = p < 0.05
	
	
	Mean low support (SD)
	Mean high support (SD)
	p value

	Thorax
	Initial Contact (°)
	-13.19 (4.19)
	-14.59 (6.97)
	0.132

	
	Max Flexion (°)
	12.39 (11.70)

25.59 (11.35)

171.83 (54.80)
	9.06 (14.23)

23.64 (11.16)

159.82 (37.83)
	0.107

0.141

0.439

	
	ROM (°)
	
	
	

	
	Peak Angular Velocity (°.s-1)
	
	
	

	Thigh
	Initial Contact (°)
	-6.64 (3.50)
	-6.45 (3.43)
	0.375

	
	Max Flexion (°)
	-33.50 (7.95)

26.86 (7.83)

300.76 (155.78)
	-32.87 (8.88)

26.42 (8.35)

244.58 (66.05)
	0.099

0.263

0.068

	
	ROM (°)
	
	
	

	
	Peak Angular Velocity (°.s-1)
	
	
	

	Knee
	Initial Contact (°)
	20.34 (5.36)
	20.61 (5.57)
	0.358

	
	Max Flexion (°)
	70.47 (10.03)

50.13 (49.42)

478.00 (61.45)
	70.04 (10.98)

49.42 (9.86)

472.54 (56.94)
	0.314

0.225

0.206

	
	ROM (°)
	
	
	

	
	Peak Angular Velocity (°.s-1)
	
	
	

	Ankle
	Initial Contact (°)
	129.15 (5.87)
	128.58 (6.31)
	0.277

	
	Max Flexion (°)
	79.02 (3.88)

50.13 (5.95)

751.96 (137.59)
	78.69 (3.87)

49.88 (5.66)

770.84 (109.65)
	0.318

0.397

0.260

	
	ROM (°)
	
	
	

	
	Peak Angular Velocity (°.s-1)
	
	
	


6.4.2.3. Relationships between kinetic and sagittal plane kinematic data

Several moderate to strong significant negative relationships were identified between the maximum thorax and thigh flexion angles, thorax, thigh and knee ROM and kinetic variables (Table 6.3). A moderate negative relationship was found between thorax angular velocity and vertical stiffness (rs = -0.679, p = 0.004), with significant moderate positive relationships found between thigh, knee and ankle angular velocity and certain kinetic variables. Ankle kinematics appeared to have the least interaction with kinetic variables, with the strongest relationships found between vertical stiffness and ROM at the thorax (rp = -0.857, p < 0.001) and thigh (rp = -0.857, p < 0.001) and maximum thigh flexion (rs = -0.847, p < 0.001).   

	
	Max Vertical GRF (BW)
	Vertical Stiffness (BW.m-1)
	Loading Rate 

(BW.s-1)
	Max Anterior GRF (BW)
	Max Posterior GRF (BW)
	A/P GRF range (BW)
	M/L GRF range (BW)

	Thorax Initial Contact (°)
	0.144
	0.065
	0.101
	-0.014
	0.343
	0.112
	-0.071

	Thorax Max Flexion (°)
	0.461*
	0.662*
	0.493*
	0.369
	0.205
	0.321
	0.175

	Thorax ROM (°)
	-0.614*
	-0.857*
	-0.639*
	-0.404
	-0.262
	-0.389
	-0.177

	Thorax Angular Velocity (°)
	-0.221
	-0.679*
	-0.217
	-0.038
	-0.082
	-0.027
	0.021

	Thigh Initial Contact (°)
	-0.250
	-0.186
	-0.187
	-0.440*
	-0.528*
	-0.520*
	-0.475*

	Thigh Max Flexion (°)
	-0.611*
	-0.847*
	-0.538*
	-0.534*
	-0.336
	-0.492*
	-0.266

	Thigh ROM (°)
	-0.530*
	-0.846*
	-0.480*
	-0.368
	-0.049
	-0.290
	-0.074

	Thigh Angular Velocity (°)
	0.454*
	-0.212
	0.400
	0.167
	0.588*
	0.374
	0.277

	Knee  Initial Contact (°)
	-0.182
	0.135
	-0.121
	-0.403
	-0.360
	-0.410*
	-0.344

	Knee Max Flexion (°)
	-0.490*
	-0.453
	-0.421*
	-0.466*
	-0.153
	-0.398
	-0.199

	Knee ROM (°)
	-0.446*
	-0.644*
	-0.403
	-0.289
	0.029
	-0.207
	-0.021

	Knee Angular Velocity (°)
	0.415*
	0.200
	0.393
	0.382
	0.560*
	0.540*
	0.572*

	Ankle  Initial Contact (°)
	-0.127
	0.061
	-0.195
	0.225
	0.125
	0.140
	0.396

	Ankle Max Flexion (°)
	0.050
	0.102
	0.073
	0.254
	-0.079
	0.121
	0.269

	Ankle ROM (°)
	-0.167
	-0.015
	-0.253
	0.066
	0.180
	0.066
	0.235

	Ankle Angular Velocity (°)
	0.163
	0.353
	0.234
	0.339
	0.437*
	0.335
	0.342 


Table 6.3 Relationships between kinetic variables and sagittal plane kinematic variables during the landing phase of the jump, * denotes a significant          relationship (p < 0.05)



6.4.3. Perceptual variables
6.4.3.1. Breast comfort

Breast comfort during jumping in the high support condition was consistently rated as very comfortable (mode: 0 out of 10); jumping in the low support condition was most frequently reported as being between very comfortable and uncomfortable (mode: 3 out of 10) for the breast, notably the low support condition was only reported as being greater than 5 out of 10 by one participant (Figure 6.7). Jumping in the no support condition was reported to be the most uncomfortable (mode: 7 out of 10). An overall significant difference was found (χ2= 21.174, df = 2, p <0.001) between the three breast support conditions; post-hoc tests showed there were significant differences between all conditions (p < 0.017).
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Figure 6.7 Breast comfort ratings for each participant in each breast support condition after the vertical countermovement jumps (n = 12); missing bars equal a rating of 0
Across all breast support conditions (high, low and no support) breast comfort displayed significant weak to moderate positive correlations to breast displacement, velocity and acceleration (Table 6.4), apart from with vertical breast acceleration (rs = 0.343, p = 0.051). Therefore as breast kinematics increased breast comfort tended to decrease. Breast comfort was most correlated to a/p breast acceleration (rs = 0.579).

Table 6.4 Correlations between ratings of breast comfort and mean breast kinematics during a vertical countermovement jump across all breast support conditions (n = 12), * = p < 0.05

[image: image76.emf]Breast kinematic variable  Spearman’s correlation  coefficient ( r s )    p - value  

Anterioposterior acceleration  0.579  0.001*  

Anterioposterior velocity  0.567  0.001*  

Mediolateral displacement  0.526  0.002*  

Vertical velocity  0.501  0.003*  

Mediolateral velocity  0.458  0.007*  

Vertical  displacement  0.440  0.010*  

Anterioposterior displacement  0.409  0.022*  

Mediolateral acceleration  0.384  0.028*  

Vertical acceleration  0.343  0.051  

 


6.4.3.2. Perception of support, fit and performance
The high support condition was rated as significantly more supportive (mode: 8) than the low support condition (mode: 5) (Z = -3.081, p = 0.002); although a rating of 5 was still ‘supportive’. No difference in the perception of fit between the two bras was found (Z = -4.58, p = 0.647), with both bras rated between a good or very good fit. 

A third of participants perceived that the breast support condition had an impact on their performance and 5 from 12 participants felt they altered the way they landed from the jumps depending on the breast support condition. There was a larger difference in the perception of performance between the no support and high support conditions, although two participants noted that they felt their performance may have been affected in the low support condition (Table 6.5). Some participants tried to soften their landing with less breast support to minimise discomfort, although most comments were specific to the no support condition (Table 6.5). 

Table 6.5 Subjective comments relating to Questions A and B (not all participants commented on each question as this was optional)

	Question A
	Comments

	‘Do you feel like the breast support condition had an impact on your performance?
	I felt I could perform the jumps naturally and reached the ball in each condition.

	
	I felt less balanced in no bra and everyday bra; I don't think I jumped as high without a sports bra on.

	
	More aware of breast movement in no bra and everyday bra.

	
	Didn't notice any difference.

	
	I didn't notice any breast discomfort during the jumps under all conditions but my shoulders ached in the no bra condition.

	
	Probably tried to jump higher once I had a bra on.

	
	More discomfort with no bra and so vertical jumps felt a little uneasy - but not a problem with sports bra.

	Question B
	Comments

	‘Do you feel like you altered the way you landed from the jumps depending on the breast support condition?
	In the no bra I felt I was slower in my landing in order to support and protect my breast from impact (e.g. Softer landing). Felt like I could land however I wanted in the sports bra (didn't think about it).

	
	I don't think so, although I felt I put more effort in when in the sports bra, so may have changed landing due to that?

	
	More aware of breast movement in no bra and everyday bra.

	
	Slightly during no bra condition to make it less painful.

	
	I probably didn't try as hard as I could in no bra to try and minimise the pain however I think I was more concerned about actually landing on the force platform.

	
	Tried to soften landing more with less support.

	
	No, but less comfort on landing without support.

	
	Not sure, I might have tried to land more softly with no bra.

	
	No bra more of a cushioned landing - holding upper body still.

	
	Sports bra allowed harder landings whereas hard landings were painful without bra.


6.4.3.3. Relationships between perceptual variables and landing phase kinetics and sagittal plane kinematics 

A weak negative relationship was found between breast comfort and the landing phase duration (rs = -0.424, p = 0.049), yet no other significant relationships were identified between perceptual variables and landing phase kinematics or kinetics (Table 6.6). 

	Sagittal Plane Kinematic variables
	Breast Comfort
	Breast Support
	Kinetic variables
	Breast Comfort
	Breast Support

	Thorax Initial Contact (°)
	-0.335
	0.229
	Landing Phase Duration (s)
	-0.424*
	0.127

	Ankle  Initial Contact (°)
	0.324
	-0.299
	M/L GRF range (BW)
	0.286
	-0.037

	Ankle ROM (°)
	0.297
	-0.203
	Jump Height (m)
	0.194
	-0.085

	Ankle Angular Velocity (°)
	-0.260
	-0.109
	Max Vertical GRF (BW)
	0.166
	0.017

	Thigh Max Flexion (°)
	-0.216
	-0.082
	Loading Rate (BW.s-1)
	0.075
	0.064

	Knee Max Flexion (°)
	-0.178
	0.019
	Max Anterior GRF (BW)
	-0.073
	0.159

	Knee Angular Velocity (°)
	0.157
	0.184
	Vertical Stiffness (BW.m-1)
	0.047
	0.190

	Thorax Max Flexion (°)
	0.142
	0.204
	Max Posterior GRF (BW)
	-0.039
	0.000

	Thigh ROM (°)
	-0.122
	-0.124
	A/P GRF range (BW)
	-0.018
	0.099

	Knee  Initial Contact (°)
	-0.108
	0.197
	
	
	

	Thorax ROM (°)
	-0.092
	-0.244
	
	
	

	Thigh Initial Contact (°)
	-0.087
	0.159
	
	
	

	Knee ROM (°)
	-0.067
	-0.132
	
	
	

	Ankle Max Flexion (°)
	0.058
	-0.122
	
	
	

	Thorax Angular Velocity (°)
	0.055
	-0.318
	
	
	

	Thigh Angular Velocity (°)
	0.055
	-0.255
	
	
	


Table 6.6 Relationships (rs) between perceptual variables and sagittal plane kinematic and kinetic variables during the landing phase of the jump, * denotes a significant relationship (p < 0.05) 



6.4.4. Further data analysis

In order to investigate relationships between breast kinematic variables and landing mechanics, further data analysis of breast kinematics during the jump were deemed necessary. According to Lees (1981) a conscious reaction in a jump landing takes longer than 150 ms; Melvill-Jones and Watt (1971) reported that 191 ms was needed to give sufficient time to land comfortably from a fall of 0.18 m high and Libet (1993) established that a conscious intention to act to a stimulus appears after a delay of 350 ms. Alterations in body position needed to reduce landing forces must therefore be made prior to the landing (Lees, 1981; McNitt-Gray, 2000; Melvill-Jones & Watt, 1971). 

However, it was noted during the initial data analysis that the greatest peaks in breast displacement, velocity and acceleration occurred during either the take-off or landing phase of the jump. A detailed investigation of two participants in both the low and high support conditions revealed that on occasion the peak breast displacement, velocity or acceleration was taken from the landing phase of the jump and others from the take-off phase. When taken from the landing phase the amount of time between when this peak value occurred and the time of maximum flexion of the ankle, knee, thigh and the thorax was less than 185 ms, and sometimes maximum flexion was achieved before a peak in breast displacement, velocity or acceleration occurred.  Therefore, it is highly unlikely that the landing strategy was consciously altered by participants due to changes in breast displacement, velocity or acceleration during the landing phase itself.
There was therefore justification to investigate breast kinematics in the first half of the jump only (i.e. from the start of the take-off phase up until the apex of the jump, as opposed to considering the whole jump) and relate this data to the kinematic and kinetic data recorded during the landing phase. The following hypotheses were therefore added:

H6 = Vertical, m/l and a/p breast displacement (m), breast velocity (m.s-1) and breast acceleration (m.s-2) will be significantly lower in the high support than the low support condition during the first half of the jump.

H7 = There will be significant relationships between breast kinematic variables during the first half of the jump and kinetics during the landing phase. 

H8 = There will be significant relationships between breast kinematic variables during the first half of the jump and sagittal plane kinematics during the landing phase. 

6.4.4.1. Multi-planar breast kinematics during the first half of the jump
Breast kinematics were calculated over the time period denoted from the start of the take-off phase (determined from force data, see section 6.3.3.) until the apex of the jump (Figure 6.8). The high support condition consistently produced lower values for breast kinematics in the first half of the jump than the low support condition. Statistics identified significant differences (p < 0.05) between breast support conditions except for m/l breast acceleration, which remained similar between the low and high support conditions (t(11) = -1.778, p = 0.055). Breast displacement and velocity findings were consistent with those reported when breast kinematics were calculated throughout the whole jump (Figure 6.5); yet a difference in vertical breast acceleration was found (t(11) = -3.236, p = 0.005) when only the first half of the jump was analysed and m/l breast acceleration differed between breast support conditions when the whole jump was analysed.  
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Figure 6.8 Mean (SD) a) breast displacement (m), b) velocity (m.s-1) and c) acceleration (m.s-2) in all directions between the low and high support conditions during the first half of the vertical jump (n = 12), * = p < 0.05

6.4.4.2. Relationships between breast kinematics during the first half of the jump and biomechanical variables

Several significant weak relationships (r < 0.5) were found between variables, yet their practical significance is questionable. A moderate negative relationship was found between the m/l GRF range and vertical breast displacement during the first half of the jump (rp = -0.508, p = 0.022), yet this was the only notable relationship between breast kinematics and landing kinetics (Table 6.7). A moderate positive relationship was found between a/p breast displacement and the thorax angle at initial contact (rp = 0.607, p = 0.004) (Table 6.8). Positive relationships were found between a/p breast velocity during the first half of the jump and the angle of the thigh (rs = 0.564, p = 0.006) and knee (rp = 0.597, p = 0.003) at initial contact.  Additionally, a positive moderate relationship was found between vertical breast velocity during the first half of the jump and the maximum flexion angle of the thorax (rs = -0.523, p = 0.013) during the landing phase (Table 6.8). 

Table 6.7 Relationships (r) between breast kinematics during the first half of the jump and kinetic variables during the landing phase of the jump, * denotes a significant relationship (p < 0.05)
	
	A/P Disp (m)
	A/P Vel (m.s-1)
	A/P Acc (m.s-2)
	M/L Disp (m)
	M/L Vel (m.s-1)
	M/L Acc (m.s-2)
	Vertical Disp (m)
	Vertical Vel (m.s-1)
	Vertical Acc (m.s-2)

	Max Vertical GRF (BW)
	-0.446*
	-0.327
	-0.103
	-0.308
	-0.077
	0.148
	-0.174
	0.238
	0.382

	Vertical Stiffness (BW.m-1)
	-0.254
	-0.242
	-0.063
	-0.040
	0.217
	0.313
	0.194
	0.467
	0.380

	Loading Rate (BW.s-1)
	-0.469*
	-0.267
	-0.060
	-0.314
	-0.156
	0.026
	-0.232
	0.167
	0.280

	Jump Height (m)
	-0.013
	-0.028
	0.375
	-0.182
	-0.160
	-0.071
	-0.293
	-0.173
	-0.133

	Max Anterior GRF (BW)
	-0.362
	-0.472*
	-0.318
	-0.272
	-0.084
	0.031
	-0.124
	0.173
	0.271

	Max Posterior GRF (BW)
	-0.274
	-0.277
	0.179
	-0.270
	-0.090
	-0.060
	-0.284
	-0.076
	0.017

	A/P GRF range (BW)
	-0.309
	-0.435
	-0.070
	-0.337
	-0.147
	0.156
	-0.245
	0.150
	0.359

	M/L GRF range (BW)
	-0.160
	-0.109
	0.229
	-0.444
	-0.228
	0.079
	-0.508*
	-0.207
	-0.071

	Landing Phase Duration (s)
	-0.144
	-0.134
	-0.038
	0.215
	0.286
	0.233
	0.277
	-0.198
	-0.130




Table 6.8 Relationships (r) between breast kinematics during the first half of the jump and sagittal plane kinematics during the landing phase,* denotes a significant relationship (p < 0.05)  

	
	A/P Disp (m)
	A/P Vel (m.s-1)
	A/P Acc (m.s-2)
	M/L Disp (m)
	M/L Vel (m.s-1)
	M/L Acc (m.s-2)
	Vertical Disp (m)
	Vertical Vel 
(m.s-1)
	Vertical Acc 
(m.s-2)

	Thorax Initial Contact (°)
	0.607*
	0.182
	0.225
	0.214
	0.219
	0.145
	0.316
	0.099
	0.230

	Thorax Max Flexion (°)
	-0.341
	-0.194
	-0.193
	-0.139
	-0.040
	-0.033
	0.079
	0.523*
	0.276

	Thorax ROM (°)
	0.448*
	0.249
	0.068
	0.159
	0.037
	0.104
	-0.058
	-0.442*
	-0.199

	Thorax Angular Velocity (°)
	-0.040
	-0.171
	-0.249
	-0.049
	-0.122
	-0.262
	-0.136
	-0.270
	0.001

	Thigh Initial Contact (°)
	0.343
	0.564*
	0.214
	0.260
	0.332
	0.152
	0.294
	0.135
	-0.001

	Thigh Max Flexion (°)
	0.473*
	0.489*
	0.387
	0.128
	-0.024
	-0.117
	-0.226
	-0.491*
	-0.345

	Thigh ROM (°)
	0.298
	0.178
	0.256
	0.020
	-0.180
	-0.074
	-0.357
	-0.497*
	-0.334

	Thigh Angular Velocity (°)
	-0.235
	-0.216
	-0.187
	0.137
	0.238
	0.010
	0.158
	0.432*
	0.374

	Knee  Initial Contact (°)
	0.273
	0.597*
	0.378
	0.164
	0.280
	0.111
	0.122
	-0.007
	-0.112

	Knee Max Flexion (°)
	0.335
	0.440*
	0.453*
	0.184
	0.118
	0.081
	-0.139
	-0.283
	-0.205

	Knee ROM (°)
	0.195
	0.067
	0.251
	0.098
	-0.067
	0.061
	-0.256
	-0.331
	-0.161

	Knee Angular Velocity (°)
	-0.128
	-0.067
	0.280
	-0.050
	0.066
	0.284
	-0.288
	0.005
	0.268

	Ankle  Initial Contact (°)
	-0.013
	-0.419*
	-0.050
	-0.114
	-0.073
	0.011
	-0.027
	-0.019
	0.168

	Ankle Max Flexion (°)
	-0.006
	0.047
	0.059
	-0.086
	-0.081
	0.154
	-0.275
	-0.435*
	-0.251

	Ankle ROM (°)
	0.119
	-0.416*
	-0.123
	0.144
	0.143
	0.102
	0.304
	0.336
	0.379

	Ankle Angular Velocity (°)
	-0.007
	-0.011
	0.236
	-0.252
	-0.283
	0.039
	-0.377
	-0.485*
	-0.234




6.4.5. Variance, Effect and Power

Within-participant CV% over the six jumps for breast displacement, velocity and acceleration (whole jump) ranged from 5.42% to 34.87% across support conditions; apart from vertical breast displacement in the no support and high support conditions, the within-participant CV% was considered high (> 10%). The between-participant CV% was also considered to be high in each support condition (14.69% to 38.32%) for the breast kinematic data. Effect size statistics for comparisons in breast displacement, velocity and acceleration between breast support conditions (in each direction) were considered large (0.84 d to 4.34 d). 

The within-participant CV% for jump height was low (3.41%), however the rest of the kinetic variables were considered to have a high variance (> 10%), with CV% ranging from 13.35% for maximum vertical GRF to 50.82% for anterior GRF. The between-participant CV% for jump height was the lowest (13.82%), however still considered high; all other kinetic variables also had a high variance between participants (range: 14.26% to 85.11%). The within-participant CV% for the maximum knee and ankle angles (over 6 jumps) were low (2.69% to 6.33%), as was the ROM of the ankle (7.40%), however the rest of the sagittal plane kinematic variables were considered to have a high variance (> 10%), with within-participant CV% ranging from 10.49% for knee ROM to 30.16% for thorax ROM. The between-participant CV% for maximum ankle angle was low (4.92%); all other sagittal plane kinematic variables had a high variance between participants (range: 11.34% to 47.22%). 
There were no differences in the amount of within- and between participant CV% between breast support conditions for breast kinematics or biomechanical variables (p > 0.003). Small effect sizes (all < 0.5) and low power were found for kinetic and kinematic variables. Within- and between-participant CV%, effect sizes (d) and Power (β-1) are detailed for all variables in Appendix D (v, vi and vii). 

6.5. Discussion and conclusions

This was the first investigation in to the effect of breast support on multi-planar breast kinematics, biomechanical and perceptual variables during vertical countermovement jumps. Breast trajectories have not previously been presented for a vertical jump; the breast reached its highest position between ~5% and ~8 % before the CofM reached the apex of the jump (Figure 6.3), thought to be due to the breast tissue reaching its elastic limit before the CofM had finished elevating. This is contrary to Bridgman et al. (2010) who reported that peak upward breast displacement occurred simultaneously with maximum jump height in a two-step star jump; however the vertical component of a countermovement jump is arguably greater than the two-step star jump making it difficult to compare results. A secondary peak in breast displacement occurred during the downwards flight phase that coincided with initial ground contact, assumed to be caused by the elastic recoil properties of the breast tissue lagging behind the CofM of the body as it falls towards the ground. Similar to running (Scurr et al., 2010) the bras tested in this chapter did not adjust the pattern of breast displacement, yet they dampened the smaller oscillations evident in the no support condition (Figure 6.3a) and reduced the magnitude of breast displacement. This is confirmed by the percentage reductions in breast kinematics found in the supported conditions (compared to the no support condition; Figure 6.6).

When the whole jump was considered, the high support condition significantly reduced the magnitude of breast displacement, velocity and acceleration compared to the low support condition (Figure 6.4). The only exception was vertical breast acceleration which did not differ between breast support conditions, meaning the vertical breast force remained similar (F = ma); H1 is therefore partially accepted. Although this has not been assessed previously for jumping, Scurr et al. (2010) also found no difference in vertical breast acceleration between the same low and high support conditions during running at 2.78 m.s-1, suggesting that breast acceleration may not be as sensitive to changes in breast support than displacement and velocity. The vertical component accounted for ~60% of overall breast displacement and velocity, which is higher than the ~50% previously reported for running (Scurr et al., 2010; White et al., 2009a); this is unsurprising due to the vertical direction predominating in the countermovement jump. Substantial breast movement reduction occurs when high breast support is worn during jumping, confirming the importance of this piece of sports apparel for larger-breasted women who partake in jumping activity.  

This is the first investigation into whether jump performance and landing strategy might be altered in female recreational athletes depending on the level of breast support worn. It was proposed that changes may occur due to participants reacting to changes in breast movement and/or their perception of the breast support worn. However despite changes in breast kinematics and the perception of breast comfort and support, no statistically significant differences in kinetic data or sagittal plane kinematics during the landing phase between the low and high support conditions were found. The mean jump height was also the same for both conditions (0.27 m), H2 and H3 are therefore rejected. 

Ground reaction forces found in this chapter were comparable to those reported by McClay et al. (1994) for vertical jump landings in basketball. Unfortunately the statistical power of the kinetic data was low in this chapter; using the effect size from these results a priori power calculation (GPower3*) suggested a sample size of 547 was needed to achieve a power of 0.8 for vertical GRF data and 67 for m/l GRF range. It is clear from both the within- and between-participant CV% results that kinetic data were highly variable (Appendix F); in future a longer familiarisation period and a greater number of trials may aid a reduction in within-participant CV%, although six trials were chosen based on previous research that had deemed between 4 and 8 trials suitable to ensure performance stability in GRF data (James et al., 2007). Despite using an overhead ball as an extrinsic motivator for participants to achieve their maximum jump height it was difficult to motivate participants to perform at a maximum level in a non-competitive environment (Ford et al., 2005) and varying submaximal efforts may have contributed to the high within- and between-participant CV% in kinetic data. Variation in kinetic data should not necessarily be viewed as ‘noise’ however as it can be essential for adapting to the external environment and reducing injury risk (Bartlett et al., 2007; Hamill et al., 1999).
When individual participants were investigated eight out of 12 participants had a higher m/l GRF range in the high support condition, the difference between breast support conditions was nearing significance for this variable (p = 0.057). A lower m/l GRF range on landing in a low support condition could be attributed to participants attempting to increase their stability, perhaps due to the increased breast movement. One participant commented they could land ‘however they wanted’ in the high support condition (Table 6.5), suggesting they were more conscious of their landing in the low support condition; this participant had a 33% lower m/l GRF range in the low support condition. Another participant who had a 27% decrease in m/l GRF range in the low support condition commented that they felt less balanced in this condition, suggesting they may have consciously tried to reduce m/l sway on landing. These subjective comments provide support to the notion that m/l GRFs may have been consciously altered as a result of breast support, despite the lack of significance in mean findings.   

The trend for all of the kinetic data was for higher mean values in the high support condition; for example 75% of participants had a higher anterior force in the high support condition (the largest difference was 0.63 BW (55%) between breast support conditions) and 80% of participants had a higher vertical stiffness in the high support condition. When studying individuals it was clear that some may have been affected more than others by breast support changes, all kinetic data were higher in the high support condition for participants 2, 8 and 12. For running, Shivitz (2001) similarly reported higher vertical GRFs for many participants in a high support condition. Perhaps high breast support enables some athletes to perform with more confidence (i.e. without the concern of excessive breast movement or discomfort) leading to higher GRFs. With some individuals exhibiting large differences in kinetic data between the low and high support conditions this is certainly an area of research that should be developed to further understand the effect on jump performance.
Sagittal plane kinematics on landing were also comparable to previous research with female athletes (Kulas et al., 2008; Yu et al., 2006). Maximum knee flexion angles in both conditions were less than 90° and therefore considered to be ‘stiff’ landings by Devita and Skelly (1992). A difference in thigh peak angular velocity was nearing significance (p = 0.068), with 75% of participants having a higher mean peak thigh angular velocity in the low support condition. There was also a trend for greater maximum flexion angles and ROM in the low support condition at the thorax, thigh, knee and ankle (Table 6.2). Greater knee and ankle ROM and higher angular velocities throughout the landing phase is a strategy proposed by Decker et al. (2003) to dissipate large forces by creating a ‘softer’ landing style. This is supported by the negative relationships found between a number of the sagittal plane kinematic data and kinetic data in this chapter (Table 6.3). The findings show that as thigh maximum flexion and thigh and thorax ROM increased in particular, kinetic variables tended to decrease. Participants may be adopting a softer landing strategy with low breast support, which although not measured in this chapter, could affect subsequent jump performance (Bobbert et al., 1987; Ford et al., 2005; Horita et al., 2002). Low power for sagittal plane kinematic results, coupled with high within- and between-participant CV% (Appendix D, vii), highlight the individuality of landing strategies employed. As no significant differences were found in sagittal plane kinematics and kinetics between breast support conditions interpretation of trends found in this data should be viewed with caution.  

As expected, breast comfort was greater in the high support than the low support condition, confirming previous research in running (Mason et al., 1999; Scurr et al., 2010; White et al., 2009a; White et al., 2011). However, markedly the low support condition was still rated as fairly comfortable (mode: 3) for jumping; the same bra had been rated as being between painful and uncomfortable by a similar population during running (Scurr et al., 2010). This is an interesting finding from this chapter, breast comfort has not previously been reported for vertical jumping and it is apparent that a vertical jump does not elicit as high levels of breast discomfort if participants wear a low support bra compared to running. Only one participant (number 8) rated breast comfort above 5 (between uncomfortable and very uncomfortable) for jumping in the low support condition; notably some of the largest differences in kinetic (between 15% and 55%) and kinematic (between 7% and 50%) data were found for this participant between breast support conditions, suggesting that breast discomfort may be a driver for change in these variables. A need for more individual analyses to understand the interaction between breast support, comfort and landing strategy is warranted, confirming conclusions by Boschma (1994). The high support condition was also rated as more supportive than the low support condition (p = 0.002), demonstrating that participants were sensitive to the difference in the level of breast support provided (reflected in the breast kinematic data results), H4 is therefore accepted.  

Breast comfort in this chapter was most correlated with a/p breast kinematics (mean correlation of rs = 0.518), then m/l and finally vertical breast kinematics. This was not expected due to the greater contribution of breast kinematics in the vertical direction (Figure 6.5), yet highlights the importance of quantifying breast kinematics in the a/p direction during jumping. Thorax ROM in the sagittal plane during the landing phase was ~25°, this is a relatively large movement happening over a short landing phase duration (~0.62 s) and could have influenced a/p breast kinematics. Perhaps participants were most sensitive to the movement of the breasts in an a/p direction during the jump. The exact mechanisms of exercise-induced breast discomfort are unknown, yet the information provided in this chapter will further our understanding of contributing factors to breast discomfort. 

One participant commented that they did not jump as high in the low support condition; however, this participants’ jump height did not differ between the low and high support conditions (0.32 m in both), questioning the ability of participants to perceive differences in jump technique. It was evident that the majority of participants did not notice a difference in jump performance between breast support conditions, supported by jump height results (0.27 m ± 0.04 m for both). However, five out of 12 participants felt that they altered their jump landing due to the breast support condition. A key theme in responses was that participants tried to soften their landing with lower breast support; one participant commented that the high support condition allowed ‘harder landings’, which coincides with trends found in kinetic and sagittal plane kinematic data. Though in hindsight, it was inappropriate to ask participants to answer the questions in Table 6.6 in relation to the no support condition as this was not an aim of this chapter and confounded results. 

The population of participants tested were young, educated athletes who arguably understand the benefits of wearing a supportive bra; so perhaps there was already an expectation from participants that the low support condition would be more uncomfortable and less supportive. It is then interesting to consider whether participants altered their landing technique due to the amount of breast movement they could feel occurring whilst they jumped, or whether they had a pre-planned strategy based on their preconceptions of performing the jump with less breast support. Pre-planned landing strategies are common in gymnastics when modulating landing on difference surfaces (McNitt-Gray et al., 1994). Without a more detailed post-test questionnaire, or the use of interviews, it remains unknown whether participants in this chapter were reactive to breast movement and comfort as they performed or if technique alterations were due to preconceptions of breast support and prior experiences; future research should implement a more in-depth dialogue with participants post-testing to help with the interpretation of quantitative results. 

When relationships between breast kinematics during the first half of the jump and kinetic variables during the landing phase were explored the only notable relationship was between m/l GRF range and vertical breast displacement (rp = -0.508, p = 0.022), partially accepting H7. As vertical breast displacement decreased during the first half of the jump the m/l GRF range tended to increase on landing, coinciding with the fact m/l GRF range was often greater for participants in the high support condition, where breast displacement was reduced. It could be speculated that when participants felt less supported during jumping (i.e. there was more vertical breast displacement) they tried to ensure their CofM remained within their base of support on landing and subsequently the range of m/l GRF decreased. The meaningfulness of this relationship is unclear, yet changes in m/l forces may affect stability on landing, which could affect subsequent movement tasks.  Although the m/l force component was much lower than the vertical or a/p components (Table 6.1) possible changes found in this chapter due to breast support warrant their inclusion in kinetic investigations. 
Several relationships were found between breast kinematics during the first half of the jump and sagittal plane kinematics on landing, partially accepting H8. Increases in a/p breast displacement during the first half of the jump led to the thorax being more flexed at initial contact (rs = 0.607), with an increase in vertical breast velocity leading to an increased maximum flexion angle of the thorax (rs = 0.523) and increases in a/p breast velocity leading to a more flexed thigh (rs = 0.564) and knee (rp = 0.597) at initial contact (Table 6.8). These results suggest that increased breast kinematics affects the landing strategy adopted, with participants preparing to land with more flexion at the thorax, thigh and knee when more breast movement was present. These could have been conscious alterations made to the landing strategy prior to the jump due to the perception of the breast support worn, or as a result of increased breast kinematics during the first half of the jump.
Increased flexion on landing with increased breast movement may be a strategy selected to reduce landing forces (McNair et al., 2000; Mc-Nitt-Gray 1991), which supports trends found for decreased GRFs, loading rate and vertical stiffness in the low support condition. Steele and Milburn (1987) recommended that netball players land from a jump with a more upright trunk to increase their stability by ensuring their CofM remains within their base of support. Therefore, if increased thorax flexion (with increased vertical breast kinematics) reduces stability when landing from a jump this may be why there was a reduced m/l GRF with increased vertical breast displacement (rp = -0.508) as participants attempted to counter this increased flexion by reducing additional m/l forces. This concept needs more evidence however, especially as there were no significant differences in landing mechanics between breast support conditions and the implications on subsequent performance are uncertain. 
Despite the high support condition being rated as more comfortable than the low support condition, no relationships were found between breast comfort and sagittal plane kinematics or kinetics on landing (Table 6.6), rejecting H5. This could however have been a limitation of the 0 to 10 VAS used to rate breast comfort as there were many similar responses, reducing the efficacy of this data. Interestingly, it appeared that breast kinematics in the a/p direction were closely correlated to breast comfort (Table 6.4) with breast comfort increasing as a/p breast kinematics were reduced; this supports the assumption that participants could be consciously altering their landing strategy (either during flight or pre-planned before take-off) due to discomfort from the breasts moving in this direction. Reducing a/p breast kinematics could therefore be a high priority for bra design.

In summary, the high support condition significantly reduced breast kinematics compared to the low support condition during vertical countermovement jumps, reinforcing the importance for larger-breasted women to wear high breast support during activities involving vertical jumping. The high support condition was rated as the most comfortable condition, although the perception of breast comfort in the low support condition was greater than previously reported for running. Breast comfort was most closely correlated to a/p breast kinematics, highlighting the importance of analysing this direction of breast movement. 

Jump height does not appear to be affected by breast support. A trend towards higher GRFs, loading rate and vertical stiffness in the high support condition suggests participants may have consciously employed a harder landing when breasts were more supported; a decrease in m/l GRF with increased breast kinematics may be a result of participants attempting to increase their stability on landing. As breast movement during the first half of the jump increased participants tended to land with more thorax, thigh and knee flexion, perhaps to try and cushion their breasts from the landing impact. Anterioposterior breast kinematics also appear to be influential during jumping, highlighting the need for appropriate breast support in this direction. 

High breast support for larger-breasted women during jumping is recommended based on the findings of this chapter to reduce breast movement and increase breast comfort. There may also be implications for performance due to the influence of breast support on some biomechanical and perceptual variables, although more confirmation of this is needed. Combined with the previous chapters on steady-state running and intermittent exercise, this chapter helps to understand the wider context of breast support implications for female recreational athletes. Chapter 7 will now examine common trends in results across the three activity modes investigated.
CHAPTER 7. Comparisons of multi-planar breast kinematics, biomechanical and perceptual variables across activity modes

7.1. Introduction

This programme of research has investigated the effect of breast support on biomechanical and perceptual variables during steady-state running, intermittent exercise and vertical jumping. The associated performance implications for larger-breasted female recreational athletes who wear low or high support have been identified. A typical female recreational athlete may participate in a variety of different activities; however sports-specific breast support is a relatively new concept for manufacturers (Scurr et al., 2011) and one that lacks empirical evidence. It is likely that many athletes will wear the same bra for all their sport and exercise activities. It is therefore important to make comparisons across different activity modes to gain a wider perspective on how breast support affects performance in larger-breasted female recreational athletes. Comparing activity modes in this thesis is especially valuable as it is the first time breast support effects have been investigated during intermittent exercise and vertical jumping or compared across activity modes. Furthermore, breast kinematics and breast comfort of female runners has been the focus of previous studies in this area (Zhou et al., 2011). It is unknown whether the breast kinematics and breast comfort profile of a recreational athlete differs from that of a runner, and what the implications of this may be for breast support requirements.

7.2. Aims and hypotheses

The primary aim of this chapter was therefore to assimilate data from Chapters 4, 5 and 6 and explore multi-planar breast kinematics, biomechanical and perceptual variables across activity modes. In addition, this chapter aimed to determine whether the breast support requirements of a recreational athlete differ to those of a runner.  The experimental hypotheses for this chapter were as follows:
H1 = Vertical, m/l and a/p breast displacement (m), velocity (m.s-1) and acceleration (m.s-2) will significantly differ in the low and high support conditions between steady-state running, walking, jogging, running, sprinting and vertical jumping

H2 = Vertical, m/l and a/p breast displacement (m), velocity (m.s-1) and acceleration (m.s-2) will significantly differ between steady-state running and the recreational athlete (mean of all activity modes)
7.3. Data Analysis

Data from each activity mode (steady-state running (Chapter 4); walking, jogging, running and sprinting (Chapter 5); vertical jumping (Chapter 6)) were assessed to determine whether differences occurred. As similar multi-planar breast kinematics data processing and analysis were undertaken for each activity mode further statistical analysis was possible. One-way independent measures ANOVAs were conducted to investigate multi-planar breast kinematics across activity modes, a Bonferroni correction was applied to post-hoc analysis. The within- and between-participant CV% were compared for breast kinematic data across activity modes (data for the low and high support conditions were combined) using paired-samples t-tests and a Bonferroni correction (p = 0.003) was applied. 
Percentage (%) reductions in multi-planar breast kinematics (compared to the no support condition) are only presented for steady-state running and vertical jumping as participants did not complete the ITP in a no support condition (due to the duration of this test). Correlations between breast kinematics and breast comfort are only compared between steady-state running and vertical jumping as breast comfort was not rated at each treadmill velocity of the ITP. Comparisons in RPE data are only discussed between steady-state running and the ITP as RPE data were not collected for vertical jumps. 
Where data on the same variables have been collected across activity modes, an analytical estimation of these variables for a female recreational athlete (i.e. a mean of all activity modes) is also presented (section 7.4.2.). For breast kinematics data, mean values for the recreational athlete have then been compared to the values for steady-state running using paired-samples t-tests as data were normally distributed. 
7.4. Results 

7.4.1. Comparison between activity modes

7.4.1.1. Multi-planar breast kinematics

Walking in both breast support conditions elicited a significantly lower (p < 0.05) magnitude of breast displacement, velocity and acceleration compared with steady-state running, jogging, running and sprinting in all directions (Figures 7.1 to 7.3), with the exception of m/l breast displacement in the high support condition between walking and steady-state running (p = 0.071). Although m/l breast displacement did not statistically differ between walking and steady-state running in the high support condition all participants had a lower m/l displacement during walking, questioning the practical significance of this finding. Vertical breast displacement was highest for the jump compared to all other activity modes in the low (0.08 m) and high (0.07 m) support conditions (Figure 7.1). No differences in multi-planar breast kinematics were identified between jogging, running and sprinting during the ITP in either breast support condition, with the exception of higher m/l breast acceleration (p = 0.042) during sprinting (26.88 m.s-2) in the high support condition compared to running (19.91 m.s-2). 
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Figure 7.1 Mean (SD) breast displacement (m) in the a/p (a) m/l (b) and vertical (c) directions in the low and high support conditions during steady-state running (STST), a walk, jog, run and sprint pace (ITP), and a vertical jump, * = p < 0.05 between activity modes
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Figure 7.2 Mean (SD) breast velocity (m.s-1) in the a/p (a) m/l (b) and vertical (c) directions in the low and high support conditions during steady-state running (STST), a walk, jog, run and sprint pace (ITP), and a vertical jump, * = p < 0.05 between activity modes
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Figure 7.3 Mean (SD) breast acceleration (m.s-2) in the a/p (a) m/l (b) and vertical (c) directions in the low and high support conditions during steady-state running (STST), a walk, jog, run and sprint pace (ITP), and a vertical jump, * = p < 0.05 between activity modes

Walking elicited the most uniform percentage distribution in breast kinematics between the a/p, m/l and vertical directions (Table 7.1). For jumping, the vertical direction predominated in breast displacement and velocity by ~60%. 
Table 7.1 Percentage (%) contributions of breast kinematics in all directions for all activity modes; data are an average of the low and high support conditions 

	
	Breast Displacement
	Breast Velocity
	Breast Acceleration

	
	a/p
	m/l
	Vert
	a/p
	m/l
	Vert
	a/p
	m/l
	Vert

	STST running
	28%
	20%
	52%
	25%
	25%
	50%
	28%
	29%
	43%

	Walking (ITP)
	37%
	30%
	33%
	27%
	34%
	39%
	30%
	34%
	36%

	Jogging (ITP)
	29%
	21%
	50%
	23%
	21%
	50%
	26%
	21%
	56%

	Running (ITP)
	28%
	22%
	50%
	23%
	23%
	54%
	27%
	28%
	45%

	Sprinting (ITP) 
	28%
	24%
	48%
	28%
	24%
	48%
	24%
	22%
	54%

	Vertical Jump
	21%
	20%
	59%
	20%
	21%
	59%
	27%
	25%
	48%


Despite the greatest contribution of breast kinematics acting vertically across all activity modes (Table 7.1), vertical breast kinematics during steady-state running and jumping were often not reduced as much as a/p or m/l components (Table 7.2). For both steady-state running and vertical jumping the high support condition reduced breast kinematics more than the low support condition (compared to the no support condition; Table 7.2). 

Table 7.2 Percentage (%) reductions in breast kinematics in all directions during steady-state running and vertical jumping in the low and high support conditions compared to the no support condition

	
	Breast Displacement
	Breast Velocity
	Breast Acceleration

	
	a/p
	m/l
	Vert
	a/p
	m/l
	Vert
	a/p
	m/l
	Vert

	Steady-state running
	Low
	14%
	43%
	28%
	45%
	57%
	36%
	57%
	56%
	23%

	
	High
	37%
	61%
	42%
	62%
	62%
	51%
	68%
	57%
	46%

	Vertical jump
	Low
	31%
	42%
	22%
	39%
	47%
	31%
	33%
	27%
	29%

	
	High
	48%
	67%
	38%
	59%
	65%
	43%
	57%
	47%
	41%


7.4.1.2. Biomechanical variables

7.4.1.2.1. Lower-extremity biomechanical variables

Despite a shorter stride length, less distance covered per minute and decreased thigh ROM found during steady-state running in the low support condition these variables did not differ during the ITP at any treadmill velocity (Table 7.3). No significant differences were found in sagittal plane kinematics during vertical jump landing at the thigh, knee or ankle between the low and high support conditions.
Table 7.3 Lower-extremity biomechanical variables across all activity modes that differed significantly (p < 0.05) between the low and high support conditions

	Activity mode
	Biomechanical variable
	Mean low support (SD)
	Mean high support (SD)
	p value

	Steady-state running
	Stride length (m)
	1.85 (0.05)
	1.89 (0.05)
	0.002

	
	Distance per minute (m)
	151.68 (3.39)
	154.76 (0.47)
	0.006

	
	Max swing knee flexion (°)
	92.65 (1.70)
	93.72 (1.90)
	0.044

	
	Thigh ROM, sagittal plane (°)
	47.58 (3.15)
	48.03 (3.12)
	0.039

	Sprinting (ITP)
	Max swing knee flexion (°)
	120.31 (4.29)
	123.54 (5.86)
	0.008


Moderate to strong negative relationships found for stride length (m) and the distance covered per minute (m) during steady-state running were not found during the ITP (Table 7.4). Positive relationships found between thigh ROM, maximum stance knee flexion and breast kinematics during the ITP were not found for steady-state running. Relationships were found between a/p breast velocity and the thigh and knee angles at initial contact during vertical jump landing; stride parameters during steady-state running also seem to be affected by a/p breast kinematics and breast comfort (Table 7.4). 

Table 7.4 Lower-extremity biomechanical variables across all activity modes that significantly related (r > 0.50; p < 0.05) to breast kinematics and perceptual variables

	Activity mode
	Biomechanical variable
	Relationships with breast kinematics and perceptual variables
	Direction and strength of relationship

	Steady-state running
	Stride Length (m)
	a/p displacement, breast comfort, bra comfort
	-ve / moderate

	
	Distance covered per minute (m)
	a/p displacement, a/p velocity, m/l displacement, vertical displacement, vertical velocity, vertical acceleration, breast comfort, bra comfort
	-ve / moderate to strong

	Jogging (ITP)
	Thigh ROM (°)
	vertical displacement, vertical velocity, vertical acceleration
	+ve / moderate

	Running (ITP)
	Max stance knee flexion (°)
	m/l displacement
	+ve / moderate

	Sprinting (ITP)
	Thigh ROM (°)
	m/l displacement
	+ve / moderate

	Vertical Jump
	Thigh angle at initial contact (°)
	a/p velocity
	+ve / moderate

	
	Knee angle at initial contact (°)
	a/p velocity
	+ve / moderate


7.4.1.2.2. Upper-extremity biomechanical variables

Greater thorax ROM in the sagittal plane (°) was found in the low support condition during walking, running and sprinting, however this variable did not differ between breast support conditions for steady-state running (Table 7.5). Additionally, thorax angles did not significantly change between breast support conditions during vertical jump landing. 
Table 7.5 Upper-extremity biomechanical variables across all activity modes that differed significantly (p < 0.05) between the low and high support conditions

	Activity mode
	Biomechanical variable
	Mean low support (SD)
	Mean high support (SD)
	p value

	Walking (ITP)
	Thorax ROM in the sagittal plane (°)
	5.47 (1.11)
	4.49 (1.41)
	0.031

	Jogging (ITP)
	Thorax ROM in the sagittal plane (°)
	8.54 (1.66)
	7.83 (2.04)
	0.044

	Sprinting (ITP)
	Thorax ROM in the sagittal plane (°)
	9.57 (3.48)
	7.49 (2.41)
	0.030


Thorax ROM and upper arm ROM was positively related to various breast kinematic variables across steady-state running and the ITP (Table 7.6). For sprinting a negative relationship was established between vertical thorax displacement and a/p breast displacement. 
Table 7.6 Upper-extremity biomechanical variables across all activity modes that significantly related (r > 0.50; p < 0.05) to breast kinematics and perceptual variables

	Activity mode
	Biomechanical variable
	Relationships with breast kinematics and perceptual variables
	Direction and strength of relationship

	Steady-state running
	Thorax ROM in the frontal plane (°)
	a/p acceleration, m/l acceleration
	+ve / moderate to strong

	
	Thorax ROM in the sagittal plane (°)
	m/l velocity 
	+ve / moderate

	Walking (ITP)
	Thorax ROM in the frontal plane (°)
	a/p displacement, a/p velocity
	+ve / moderate

	Jogging (ITP)
	Thorax ROM in the transverse plane (°)
	a/p velocity, a/p acceleration, m/l displacement, vertical displacement
	+ve / moderate to strong

	
	Thorax ROM in the frontal plane (°)
	a/p velocity, a/p acceleration, m/l velocity, m/l acceleration, vertical displacement
	+ve / moderate to strong

	Running (ITP)
	Thorax ROM in the transverse plane (°)
	m/l displacement, vertical displacement
	+ve / moderate

	
	Thorax ROM in the frontal plane (°)
	vertical displacement, vertical velocity
	+ve / moderate

	
	Upper arm ROM in the sagittal plane (°)
	a/p displacement, a/p velocity
	+ve / moderate

	Sprinting (ITP)
	Vertical thorax displacement (m)
	a/p displacement
	-ve / moderate

	
	Thorax ROM in the transverse plane (°)
	m/l displacement
	+ve / moderate

	
	Thorax ROM in the frontal plane (°)
	m/l velocity, m/l acceleration, vertical displacement, vertical velocity
	+ve / moderate to strong

	
	Upper arm ROM in the sagittal plane (°)
	a/p displacement
	+ve / moderate

	Vertical Jump
	Thorax initial contact (°)
	a/p displacement
	+ve / moderate

	
	Thorax max flexion (°)
	vertical velocity
	+ve / moderate


7.4.1.3. Perceptual variables

The high support condition was consistently rated as ‘comfortable/no pain/very comfortable’ across all activity modes (mode: 0; Figure 7.4). The low support condition was rated between ‘uncomfortable’ and ‘painful/very uncomfortable’ during both steady-state running and intermittent exercise, yet for vertical jumping the low support condition was rated between ‘comfortable/no pain/very comfortable’ and ‘uncomfortable’.  
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Figure 7.4 Mode breast comfort ratings in the low and high support conditions for each activity mode; missing bars equal a rating of 0
For both steady-state running and vertical jumping a/p breast acceleration was most closely correlated with breast comfort and vertical breast acceleration least closely correlated (Table 7.7). Breast kinematic variables during jumping were not as closely correlated with breast comfort (rs range: 0.384 to 0.579) compared to steady-state running (rs range: 0.550 to 0.791). 

Table 7.7 Correlations between ratings of breast comfort and mean breast kinematics during steady-state running and a vertical jump across all breast support conditions (* = p < 0.05); data are presented in order of the most correlated variables
	Steady-state running
	Vertical jump

	Breast kinematic variable
	Spearman’s correlation coefficient (rs)
	Breast kinematic variable
	Spearman’s correlation coefficient (rs)

	a/p acceleration
	0.791*
	a/p acceleration
	0.579*

	a/p displacement
	0.748*
	a/p velocity
	0.567*

	m/l displacement
	0.736*
	m/l displacement
	0.526*

	a/p velocity
	0.722*
	vertical velocity
	0.501*

	m/l acceleration
	0.622*
	m/l velocity
	0.458*



	vertical velocity
	0.620*
	vertical displacement
	0.440*

	vertical displacement
	0.619*
	a/p displacement
	0.409*

	m/l velocity
	0.585*
	m/l acceleration
	0.384*

	vertical acceleration
	0.550*
	vertical acceleration
	0.343


The mode RPE in both breast support conditions was higher during the ITP than steady-state running. No statistical differences in RPE were found between the low and high support conditions for both steady-state running and intermittent exercise though. The mode RPE given for the high support condition during steady-state running was higher (14) than the low support condition (11), yet for the ITP the mode RPE was higher in the low support condition (15) than the high support condition (13). 

7.4.1.4. Variance

The within-participant CV% for breast kinematic data during the vertical jump was considered high (> 10%) and significantly higher (p < 0.003) compared to treadmill activity. Between-participant CV% were higher (p < 0.003) during sprinting for breast kinematics data compared to steady-state running, jogging and running (ITP), although breast kinematics between participants in all activities was considered high (> 10%). 
7.4.2. Comparison of the recreational athlete and steady-state running

An estimation of multi-planar breast kinematics experienced by a recreational athlete (mean of all activity modes) is presented in Figures 7.5 (high support condition) and 7.6 (low support condition) and compared to steady-state running. In the high support condition significantly higher a/p and m/l breast velocity and acceleration is evident for steady-state running (p < 0.015). Greater mediolateral breast displacement occurs for the recreational athlete compared to steady-state running (t(10) = -2.957, p = 0.018) in the low support condition, yet vertical breast velocity and m/l and vertical breast acceleration were significantly higher during steady-state running compared to the recreational athlete (p < 0.017). The percentage contributions of breast kinematics in the a/p, m/l and vertical direction remain similar between steady-state running and the recreational athlete, with the vertical direction predominating (Table 7.8). 
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Figure 7.5 A comparison of mean (SD) a) breast displacement (m), b) breast velocity (m.s-1) and c) breast acceleration (m.s-2) in the a/p, m/l and vertical directions for steady-state (STST) running and for the recreational athlete in the high support condition, * = p < 0.05 
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Figure 7.6 A comparison of mean (SD) a) breast displacement (m), b) breast velocity (m.s-1) and c) breast acceleration (m.s-2) in the a/p, m/l and vertical directions for steady-state (STST) running and for the recreational athlete in the low support condition, * = p < 0.05 

Table 7.8 Percentage (%) contributions of breast kinematics in all directions for steady-state running and the recreational athlete; data are an average of the low and high support conditions 

	
	Breast Displacement
	Breast Velocity
	Breast Acceleration

	
	a/p
	m/l
	Vert
	a/p
	m/l
	Vert
	a/p
	m/l
	Vert

	STST running
	28%
	20%
	52%
	25%
	25%
	50%
	28%
	29%
	43%

	Recreational Athlete
	29%
	20%
	49%
	24%
	25%
	50%
	27%
	27%
	39%


The mode breast comfort rating for the high support condition was the same for steady-state running and the recreational athlete (mode = 0; Figure 7.7). Breast comfort in the low support condition was rated as more uncomfortable during steady-state running (mode = 7) compared with the recreational athlete (mode = 5).
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Figure 7.7 Mode breast comfort ratings in the low and high support conditions for steady-state running and the recreational athlete; missing bars equal a rating of 0
Breast comfort for the recreational athlete was most correlated with a/p breast kinematics (mean correlation of rs = 0.636, compared to rs = 0.552 for m/l breast kinematics and rs = 0.513 for vertical breast kinematics). Stronger correlations were found between breast kinematics and breast comfort during steady-state running compared to the recreational athlete (a mean of steady-state running and vertical jumping correlations).
Table 7.9 Correlations between ratings of breast comfort and mean breast kinematics for steady-state running and the recreational athlete across all breast support conditions; data are presented in order of the most correlated variables

	Steady-state running
	Recreational Athlete

	Breast kinematic variable
	Spearman’s correlation coefficient (rs)
	Breast kinematic variable
	Spearman’s correlation coefficient (rs)

	a/p acceleration
	0.791
	a/p acceleration
	0.685

	a/p displacement
	0.748
	a/p velocity
	0.645

	m/l displacement
	0.736
	m/l displacement
	0.631

	a/p velocity
	0.722
	a/p displacement
	0.579

	m/l acceleration
	0.622
	vertical velocity
	0.561

	vertical velocity
	0.620
	vertical displacement
	0.530

	vertical displacement
	0.619
	m/l velocity
	0.522

	m/l velocity
	0.585
	m/l acceleration
	0.503

	vertical acceleration
	0.550
	vertical acceleration
	0.447


7.5. Discussion and conclusions

The primary aim of this chapter was to make comparisons of multi-planar breast kinematics, biomechanical and perceptual variables across activity modes to increase our understanding of how breast support affects performance in larger-breasted female recreational athletes. Considerably lower breast displacement, velocity and acceleration occurred during walking in both breast support conditions compared to the other activities. Reduced thorax ROM in all planes was found during walking compared to jogging, running and sprinting (Table 5.10) and is likely to be the cause of reduced breast kinematics.  Breast displacement has also previously been reported (Scurr et al., 2009; Scurr et al., 2011) to be significantly lower during walking (1.39 m.s-1) compared to running (2.78 m.s-1) in all directions. The highest breast displacement occurred during the vertical jump (0.08 m), therefore a vertical jump protocol to investigate the effectiveness of breast support (as opposed to traditional treadmill-based activity) should be considered. Vertical jumping could be a useful activity to elicit the greatest magnitude of breast movement to be reduced by a bra.
Increased thorax ROM in the transverse plane during sprinting (Table 5.10) is likely to have contributed to increased m/l breast acceleration found during sprinting (p = 0.042) and reinforces that breast kinematics should be assessed at higher treadmill velocities. Female recreational athletes should consider wearing bras with increased m/l support if they participate in sports that involve a sprint element. A bra with a sling used at the lateral side of each cup has been suggested to reduce m/l breast displacement (Zhou et al., 2012b), although it is unknown whether this element of the bra will also help reduce m/l acceleration. 

Approximately 50% of breast displacement, velocity and acceleration occurred in the vertical direction for steady-state running, jogging, running and sprinting, comparing well to previous literature (Scurr et al., 2011; White et al., 2009a). A higher vertical contribution during jumping (~60%) was expected due to the large vertical component of the jump. Zhou et al. (2012b) suggested that the most effective bras had a high neckline to fit the upper breast boundary and reduce vertical breast displacement. As the neckline of the bras utilised in this programme of research were quite low (Figure 2.1) this may have contributed to the lower percentage reductions in vertical breast kinematics (Table 7.2). Female recreational athletes should therefore consider design features in bras that may help to reduce breast movement in the vertical direction in particular, such as a high neckline (Zhou et al., 2012b). This is especially important as significant negative relationships were found between vertical breast kinematics and the distance covered per minute during steady-state running (Table 7.4), which could affect performance.

The assessment of multi-planar breast kinematics is crucial as these findings have demonstrated substantial breast movement for the recreational athlete in all directions, yet many studies in the area have only assessed the vertical component of the breast (Lorentzen & Lawson, 1987; Mason et al., 1999; McGhee et al., 2007; McGhee & Steele, 2010a; Zhou et al., 2009). A high support bra utilised by a female recreational athlete for all their activities should provide multi-planar support rather than only concentrate on reducing vertical breast movement in light of these findings.  
Stride parameter changes, and relationships between stride parameters and breast kinematics and breast comfort, were evident for steady-state running but not during the ITP (Table 7.3). A longer duration may have therefore enabled the participant to become more aware of increased breast movement and discomfort in the low support condition, leading to the changes in biomechanical variables found that could negatively affect running performance. Increased duration of treadmill activity may have enabled participants to choose an optimal stride length that was most economical (Williams & Cavanagh, 1987), whilst the ITP did not allow for participants to settle into their most comfortable and/or economic stride pattern. A more acute knee swing during steady-state running and sprinting in the high support condition should be beneficial for performance due to a reduction in the limb’s moment of inertia (Cavanagh et al., 1977; Hay, 1978) and further justifies the use of high breast support for larger-breasted female recreational athletes, particularly during steady-state running. 

Relationships found between lower-extremity biomechanical variables and breast kinematics during the ITP (Table 7.4) are more difficult to interpret as no differences existed for these variables between the low and high support conditions. It is unknown whether increases in thigh ROM and knee flexion may have led to increases in breast kinematics, or if changes in breast kinematics may have led to biomechanical changes during the ITP and further investigation of this is justified. With increased a/p breast velocity participants ran with a shorter stride length and tended to land from the vertical jump with a more flexed thigh and knee, which may negatively affect performance in these activities. It could therefore be most important for performance in these activities that a/p breast kinematics in particular are reduced to increase breast comfort.

During intermittent exercise greater thorax ROM was found in the low support condition, although this was not found during steady-state running (Table 7.5). Perhaps increased sagittal plane thorax ROM in the low support condition was only present during the ITP due to participants adapting to the sudden changes in treadmill velocity. This would be a performance consideration for the recreational athlete as excessive trunk flexion and extension has been identified as a mechanical flaw in running style, leading to decreased economy (Messier & Cirillo, 1989). This interpretation should be viewed with caution however as the absolute difference in thorax ROM between the low and high support conditions was only up to 2.08° and no relationships were found between breast kinematics and thorax ROM in the sagittal plane (Table 7.6). 

During steady-state running and the ITP thorax ROM was positively related to several breast kinematic variables (Table 7.6). As limited differences were found in thorax ROM between the low and high support conditions, there was high variability in upper-extremity biomechanical variables and the breasts are connected to the thorax segment, it is assumed that increases in thorax ROM in all planes led to increases in breast kinematics. Therefore high breast support may be more important for certain larger-breasted female athletes depending on their walking or running style; custom-made breast support may therefore be appropriate for some athletes. 
Landing with a more flexed thorax from a vertical jump, with increased breast kinematics during the first half of the jump, may have been a conscious effort to cushion the breasts on landing and reduce landing forces (McNair et al., 2000; McNitt-Gray et al., 1991). A negative relationship established between vertical thorax displacement and a/p breast displacement during sprinting could also be a mechanism to minimise breast discomfort; an investigation of breast support during high velocity treadmill activity is a warranted area of research.

As running velocity increases the arms contribute more to propulsive lift (Hinrichs, 1990). The magnitude of upper arm ROM in the sagittal plane significantly increased during the higher treadmill velocities of the ITP (running and sprinting; Table 5.10). Positive relationships were also found between a/p breast kinematics and upper arm ROM in the sagittal plane for these two treadmill velocities, suggesting that participants who utilised more arm swing had increased a/p breast kinematics. This reinforces the individual nature of running kinematics and the view that high breast support may be more important for certain larger-breasted female recreational athletes due to their individual running style and running velocity.  

Considerably more breast discomfort was reported by participants during treadmill activity (mode: 6 or 7) than vertical jumping (mode: 3) in the low support condition. This is a novel and interesting finding of this thesis as breast comfort has not previously been compared across the activity modes selected. This phenomenon may be associated to differences between the discrete nature of the vertical jump and the continuous nature of treadmill activity. For example, increased breast discomfort reported in the low support condition during continuous treadmill activity may be related to the breast trajectory (illustrated for steady-state running in Figure 4.2). The time lag evident between the breast and the thorax (between 2% and 8% of the gait cycle) is proposed to be due to the elastic and inertial properties of the breast, which may increase load on the supporting structures of the breast and subsequently influence exercise-related breast discomfort (Scurr et al., 2009). During discrete vertical jumps this pattern of breast displacement, in particular the time-lag, was not present in the example trace (Figure 6.3) and instead peak vertical breast displacement was reached before (between ~5% and ~8% of the landing phase) peak vertical CofM displacement was reached. A noticeable decrease in the perception of breast comfort during vertical jumping suggests that performance in this activity is more likely to be unaffected by wearing low breast support; however the perception of supportiveness was considerably decreased in the low support condition, which could have instigated biomechanical changes found in the landing strategy. 

Breast comfort has been associated with performance detriments in this thesis due to changes in biomechanical variables, therefore the importance of wearing high breast support for all activities is emphasised.  The link between a/p breast kinematics and breast comfort has not previously been established or reported, yet it is apparent from this programme of work that breast movement in this direction may elicit the greatest breast discomfort and have the strongest association to certain biomechanical variables, which may negatively affect performance. Perhaps increased tension forces that act on the breast tissues when they move anteriorly, and increased compression forces against the chest wall, has the greatest effect on the perception of breast comfort. This has implications for female recreational athletes when they choose bras, as bras with a higher centre front and neckline along with increased shoulder strap tension (i.e. shoulder straps need to be adjustable) may help to reduce a/p breast movement (Zhou et al., 2012b) and would therefore be most suitable.

Breast comfort was not as closely correlated with breast kinematic variables during jumping (compared to steady-state running; Table 7.7). This is likely to be due to vertical jumping being rated as more comfortable for the breasts compared to running (Figure 7.4). Moderate relationships found between these variables during jumping still justify the use of high breast support to reduce multi-planar breast kinematics, and therefore breast discomfort.

Based on mode RPE ratings, intermittent exercise was perceived as more physically demanding than steady-state running, confirming previous research (Drust et al., 2000). Interestingly, the mode RPE for the high support condition was greater (14) than the low support condition (11) during steady-state running but this trend was reversed for the ITP. Perhaps the increased stride length (and therefore distance covered per minute) in a high support condition during steady-state running led to some individuals perceiving themselves to be working harder. Conversely, individuals who perceived they worked harder in the low support condition during the ITP may have felt that increased breast kinematics and discomfort affected their performance. However, these are speculations on results and RPE was highly variable among participants, which could have been a reflection of different fitness levels. It would be useful to explore this concept further in future research though as an increased perception of exercise intensity in low breast support during intermittent exercise could negatively impact the duration and performance of this activity. 

The within-participant CV% for breast kinematic data during the vertical jump was higher compared to treadmill activity (p < 0.003). This is thought to be due to the six vertical jumps being discrete activities, whereas participants were continuously exercising on the treadmill and five gait cycles were taken for analysis. Studies have shown that lower-extremity variability is reduced in treadmill conditions compared to overground conditions (Dingwell et al., 2001; Wank et al., 1998; Wheat et al., 2004). The increased variability in breast kinematics data between jumps suggests that technique differences significantly affect the breast and therefore some athletes may require increased breast support compared to others. More familiarisation with the jump and/or a greater number of trials may reduce this variability, yet six trials were chosen based on previous research that found between 4 and 8 trials suitable to ensure performance stability when landing from a jump (James et al., 2007). 

The highest between-participant CV% for breast kinematics data was found during sprinting, although for all activities between-participant CV% was considered high (> 10%). The increased variability in breast kinematics between participants during sprinting may be associated to high between-participant CV% in thorax ROM (up to 36.38%). An investigation of the individual, instead of relying on group analyses, is warranted in this type of research due to the high inter- and intra variability that exists; Bartlett et al. (2007) proposed that sports biomechanists should put more emphasis on optimising performance for the individual and investigating individual ‘signatures’ of movement as group designs may obscure important information. High variance between participants in this thesis may mask breast support effects on biomechanical variables and studying individual athletes may be of benefit; this is supported by examples in each chapter of individuals who were considerably affected by the breast support condition. Although investigating participants individually is ideal, this imposes increased time demands that may not be practical for laboratories. 

To address the secondary aim of this chapter, comparisons of breast kinematics and breast comfort were made between steady-state running (an activity frequently used in breast motion studies to assess bra effectiveness) and the recreational athlete (a mean of all the activity modes assessed in this thesis). Vertical breast displacement for the recreational athlete was 0.05 m in the low breast support condition; this was the same as for steady-state running (Figure 7.6), and is comparable to the 0.04 m to 0.05 m reported by Mason et al. (1999), Scurr et al. (2010) and White et al. (2009a) for running in their low support conditions. However, significantly higher m/l breast displacement was found for the recreational athlete (0.03 m) compared to steady-state running (0.02 m). This has implications for future testing of bra effectiveness as running alone does not accurately reflect the demands of a recreational athlete who will also participate in jumping and intermittent exercise activities. In addition the requirement for increased m/l breast support has been highlighted and should be a consideration for bra manufacturers. 
Vertical breast velocity (p = 0.05) and acceleration (p = 0.012) were significantly increased for steady-state running compared to the recreational athlete in the low support condition. Despite this, vertical breast velocity and acceleration were 0.96 m.s-1 and 35.56 m.s-2 respectively in the low support condition for the recreational athlete, which is much higher than the ~0.40 m.s-1 and ~10.0 m.s-2 reported by Scurr et al. (2010) for running in a low support condition. Although comparisons between breast motion studies that have employed different methodologies, breast sizes and bras should be made cautiously, it is noteworthy that the vertical breast displacement for the recreational athlete (an average of all activity modes) is similar to what has been reported for running, but the velocity and acceleration values were much higher. For a larger-breasted population in particular, running may be the best activity mode for representing the magnitude of breast velocity and acceleration that a female recreational athlete experiences, yet running alone may underestimate breast displacement experienced by these athletes. This provides rationale to investigate activities such as jumping where these values were much higher than running (Figure 7.1). Percentage contributions of breast kinematics in each direction remained very similar between steady-state running and the recreational athlete (Table 7.8), demonstrating the requirement for multi-planar breast support when participating in all activity modes. 
Mean comfort for the recreational athlete was 0 (very comfortable) for a high support condition and 5 (uncomfortable) for the low support condition, suggesting that athletes wearing a high support bra can compete in steady-state running, intermittent exercise and vertical jumping with minimal breast discomfort. However, in a low breast support condition all these activities could be perceived as uncomfortable. Steady-state running on its own elicited more breast discomfort (mode = 7) than the recreational athlete, which was due to less breast discomfort being reported for vertical jumping. Similar to steady-state running, breast comfort was most correlated with a/p breast kinematics for the recreational athlete, highlighting a need for reduction of a/p breast kinematics in the bra selected for use during recreational activities.
In summary, this chapter has assimilated and compared data to discuss similarities and differences in multi-planar breast kinematics, biomechanical and perceptual variables across activity modes as well as provided an average of breast kinematics and comfort for a female recreational athlete. This was useful as a greater understanding of the effect of breast support across different activity modes was enabled.  The highest magnitude of vertical breast displacement occurred during the vertical jump and significantly higher m/l breast acceleration occurred during sprinting. In addition, m/l breast displacement was significantly higher when the profile of the recreational athlete was considered, compared to steady-state running alone. The vertical jump and sprinting may therefore be the most useful activity modes to test the efficacy of breast support, opposed to running which is typically utilised. Changes in stride parameters were only found after a longer duration of running; suggesting that the breast support worn during longer-distance running may increasingly become an important factor in the conscious or unconscious alterations in running style that can affect running performance. 
Relationships found between breast kinematics and biomechanical and perceptual variables across all activity modes are proposed to reflect the individual nature of movement patterns. It is suggested that certain techniques may increase breast kinematics and therefore affect breast support requirements in these activities. Jumping was rated as the most comfortable activity for the low support condition despite this activity eliciting the most vertical breast displacement, which is contrary to previous research linking breast displacement with breast discomfort (Mason et al., 1999; White et al., 2009a). This phenomenon has been proposed to be linked to the discrete nature of the activity and the trajectory of the breast. When the recreational athlete profile was considered, the low support condition was rated as uncomfortable and the high support condition as very comfortable, promoting the use of high breast support for recreational athletes. Anterioposterior breast kinematics were most closely linked to breast comfort for the recreational athlete and appears to have the greatest influence on biomechanical and perceptual variables across all activity modes. Bras that provide the best reduction in a/p breast kinematics may be most suitable for larger-breasted female recreational athletes. 
CHAPTER 8. General discussion and conclusions
The aim of this thesis was to investigate the effect of high and low breast support on biomechanical and perceptual variables during steady-state running, intermittent exercise and vertical jumping and to consider the implications for larger-breasted female recreational athletes. 
8.1 Summary of key findings

· The use of best-fit criteria for bra fit was recommended for larger-breasted athletes as the traditional method of bra fitting was confirmed to be unreliable and could have resulted in bras that were too loose in the band and therefore unsupportive.
· The high support condition significantly reduced breast kinematics and increased breast comfort compared to the low support condition across all activity modes associated with recreational sport.
· During steady-state running, participants who ran with high support had a longer stride length, an increased thigh ROM and a more acute knee flexion angle during the swing phase. 
· Significantly higher breast velocity and acceleration during sprinting compared to jogging and running treadmill velocities provides a rationale to explore breast kinematics at higher treadmill velocities, a notion previously refuted by Scurr et al. (2011) who found a plateau in breast displacement at treadmill velocities greater than 2.78 m.s-1.

· More acute knee swing flexion during sprinting and reduced thorax ROM in the sagittal plane at some treadmill velocities of the ITP occurred in the high support condition.
· Vertical jumping elicited the greatest breast displacement (0.08 m) yet breast comfort was much higher in this activity compared to treadmill activity. Previously increased breast displacement has been closely linked to decreased breast comfort (Scurr et al., 2010); therefore this finding questions the underlying mechanism for exercise-related breast discomfort.
· The reduction of a/p breast kinematics appears to be most important for bra design, as a/p breast kinematics were most closely linked to breast comfort, and had the greatest influence on biomechanical and perceptual variables for the recreational athlete.

· Relationships found between breast kinematics and biomechanical variables across all activity modes highlight the individual nature of movement patterns; certain techniques may lead to increased breast kinematics and therefore affect breast support requirements for individuals.
8.2. General Discussion
Traditional bra fitting methods had been found to be unreliable (Greenbaum et al., 2003; Pechter, 1998). There was a need to establish an appropriate bra fitting method to ensure optimum bra fit in this thesis as it is speculated that incorrect bra fit will affect the ability of the bra to reduce breast movement (Page & Steele, 1999).  The inaccuracy of the traditional method of bra fitting was confirmed, with band size overestimated in 76% of participants and cup size underestimated in 84% of participants. Therefore if a female recreational athlete chooses a bra size based on the traditional method this could lead them to wear a bra that is too loose in the band and too tight in the cup. The effect of poor bra fit on the ability of the bra to support the breast is yet to be investigated, however it is hypothesised that poor bra fit could lead to increased breast motion, which has been linked to embarrassment (Starr et al., 2005) and breast discomfort in previous studies (Mason et al., 1999; White et al., 2009a) and in this thesis. Issues relating to poor bra fit have already been identified as the features most disliked in a sports bra (Bowles et al., 2008) so there is a risk that bra fit issues may inadvertently deter some female recreational athletes from wearing a high support bra. This could be more of a problem for larger-breasted athletes as results from this thesis also identified that the traditional method of bra fitting becomes more unreliable as breast size increases. The use of best-fit criteria by larger-breasted female recreational athletes when they are purchasing their exercising bras would be valuable to ensure optimum fit.
Running and jumping are complex activities and there is limited evidence relating biomechanical parameters to performance (Williams, 1985). However, significantly less breast comfort experienced in the low support condition during all activity modes (related to increased breast kinematics) is speculated to be a key driving factor behind some of the changes reported in biomechanical variables within this thesis that may affect performance. During steady-state running participants adopted a shorter stride length (by 0.04 m) in the low support condition, this was hypothesised to be a strategy used to minimise breast discomfort (McGhee et al., 2007). It was notable that this alteration in stride length was not found during intermittent treadmill activity. Arguably the longer duration of steady-state running may have enabled participants to choose an optimal stride length that was most economical for them (Williams & Cavanagh, 1987), which in the low breast support condition was shorter, proposed to be due to increased breast movement and discomfort. This may have significant consequences for a female recreational athlete as for the same stride frequency a shorter stride length will lead to less distance being covered in the same time, and therefore a decrease in performance. 
Previous breast motion studies have focused on short duration treadmill running (Zhou et al., 2011) and this is the first investigation into the effect of breast support on steady-state running (> 5 minutes), intermittent exercise and vertical jumping, which is imperative to provide an overall profile of the recreational athlete. Chapter 5 found that converse to Scurr et al.’s (2011) conclusions, it is important to assess multi-planar breast kinematics at treadmill velocities above 2.78 m.s-1 as during sprinting m/l breast acceleration was significantly higher than during running (26.88 m.s-2 compared to 19.91 m.s-2). This increase was proposed to be linked to increased transverse plane thorax ROM during sprinting compared to running (p = 0.044). Vertical breast displacement was found to be highest during jumping (0.08 m) compared to treadmill activity at any velocity (0.01 m to 0.06 m). Moreover, significantly higher m/l breast displacement was found for the recreational athlete (0.03 m) when all activity modes were considered compared to steady-state running (0.02 m). This questions whether bra manufacturers should use treadmill running at one velocity as the activity to define the effectiveness of their bras, perhaps more demanding activities for the breast such as sprinting and vertical jumping should be used to determine effective support. 
Across all activity modes it was not surprising to see significant relationships between thorax movements and breast kinematics due to the location of the breasts on the chest wall. There was a trend for positive relationships between breast kinematics and thorax ROM in various planes for treadmill activity (Table 7.6). It was speculated that increases in thorax ROM led to increased breast kinematics, as minimal differences in thorax ROM were found between breast support conditions. There was also a high variability in upper-extremity biomechanical variables (between-participant CV% up to 52.14%). Increased variability in upper-extremity biomechanical variables compared to the lower-extremity was expected (Rau et al., 2000) yet highlights the individuality of gait patterns. There may therefore be an increased need for high breast support in some individuals who walk, jog, run or sprint with greater thorax ROM, as increased breast motion leads to more breast discomfort and there may be implications for performance. 
Although this thesis investigated recreational athletes there is justification to explore breast support implications for elite athletes as small performance improvements (such as increased stride length and a more acute knee flexion angle during the swing phase) found in this population could have an important positive outcome. The notion that an elite athlete’s gait pattern could be eliciting greater breast motion could especially be of interest. There is potential for custom-made breast support to be designed for individual elite athletes that helps to reduce breast motion and increase breast comfort.
The concept of investigating participants individually in breast motion research as opposed to relying on group analyses is not new. Boschma (1994) also concluded that group analyses may not identify differences between breast support conditions, yet for some individuals breast support can have a large effect on biomechanical variables. This was highlighted well in Chapter 5 when individual results for participant 3 were examined. For this participant their RPE during the ITP was 15 (hard) in the low support condition compared to 12 (between light and somewhat hard) in the high support condition, despite the same exercise intensity. Additionally this participant had the largest differences in vertical thorax displacement between support conditions, with less displacement in low support at all treadmill velocities. This was perhaps due to her wanting to reduce the bounciness of her gait to increase breast comfort, a notion proposed by Mutter et al. (2002). This participant also had one of the largest differences in preferred transition velocity, with a higher transition velocity in low support.  Having a higher preferred transition velocity may be detrimental as an early acceleration is desirable for sprint performance (Murphy et al., 2003; Taskin, 2008) and it is less economical to delay the transition as it increases the energetic cost of gait (Thorstensson & Roberthson, 1987).   These three factors suggest that participant 3 was sensitive to the breast support condition and wearing low breast support affected her performance.
Vertical jumping was found to be much more comfortable in the low breast support condition (mode: 3 out of 10) compared to treadmill activity (mode: 6 or 7 out of 10). This was a novel finding in this thesis and raised questions as to the mechanism of exercise-related breast discomfort. Breast discomfort could be hypothesised to be related to the type of activity (i.e. discrete versus continuous) and/or the time lag of the breast compared to the suprasternal notch based on results found, rather than purely linked to the stretch on the breast’s anatomical structures (Mason et al., 1999). Female recreational athletes who undertake a substantial amount of jumping in their sport compared to continuous activities (e.g. volleyball) may therefore be less aware that wearing low breast support may have implications for their performance in this activity as breast discomfort in low support may not be present.  However, breast displacement was still significantly greater in the low breast support condition (0.083 m) compared to a high support condition (0.065 m) during jumping, and was higher than treadmill activity, so a high support bra is recommended to reduce stretching of delicate breast tissue. Furthermore, increased breast kinematics during the first half of the jump led to participants altering their landing strategy (landing with increased thorax, thigh and knee flexion) and there was a trend for higher GRFs in the high support condition. A high support bra is therefore still recommended for vertical jumping, despite weaker relationships to breast comfort, due to the biomechanical changes reported. Especially as changes in landing technique may affect the subsequent jump height achieved (Bobbert et al., 1987; Ford et al., 2005; Horita et al., 2002) and stability (Steele & Milburn, 1987), which could affect performance. 
Based on results in this thesis recommendations can be made for appropriate breast support, which may aid a larger-breasted female recreational athlete when choosing a bra for her activities. In essence, high multi-planar breast support is required in order for the bra to provide appropriate breast support for all activities investigated. Across the three activity modes, a/p breast kinematics had the closest relationship to breast comfort (decreased a/p breast movement = increased breast comfort) and biomechanical variables (e.g. decreased a/p breast movement = increased stride length), therefore bras that can reduce movement effectively in this direction would be beneficial for performance. As sprinting elicited greater m/l breast acceleration compared to lower treadmill velocities, bras that are also effective at reducing m/l breast movement would be valuable for sports with sprinting. Finally, bras that can effectively reduce vertical breast movement would be advantageous, as the greatest contribution of breast kinematics acted vertically across all activity modes (Table 7.1). It is therefore important that female recreational athletes purchase high support bras that provide support in all planes. Zhou et al. (2012b) identified features of bras that would aid reduction of breast kinematics in all three planes and this information would be useful to provide to female recreational athletes to aid their purchasing decision. 

There is a lack of empirical evidence for sports-specific breast support (Scurr et al., 2011) and it is expected that the majority of female recreational athletes will utilise one bra for all their activities. The question of whether one high support bra can be suitable for all activities can be partially answered for the first time in this research as this is the first programme of work to make comparisons on the effect of breast support across activity modes commonly undertaken by female recreational athletes. Based on findings in this thesis it is suggested that one high support bra could be suitable for the activities investigated as there were relatively similar magnitudes of breast kinematics across activity modes (Figures 7.1 to 7.3). Bra designs that can reduce breast kinematics in each of the m/l (a sling added to the lateral side of each cup), a/p (an effective centre front design) and vertical (high neckline) directions (Zhou et al., 2012b) are recommended for larger-breasted female recreational athletes. However, some athletes may require increased support in one direction due to their individual technique in certain activities.
8.3 Recommendations for future study

This thesis aimed to explore breast support implications for larger-breasted female recreational athletes. Whilst testing the hypotheses that arose from the thesis aims a number of further questions were raised that may provide the basis for future investigation. 
It was evident from Chapter 7 that vertical jumping was perceived as the most comfortable activity mode when participants performed in a low breast support condition compared to steady-state running and intermittent exercise. It was suggested that this may be due to differences in the breast trajectory (i.e. time lag) and the type of activity (i.e. vertical jumping = a discrete activity; treadmill activity = a continuous activity). Furthermore, a/p breast kinematics were most closely associated to breast discomfort during both steady-state running and vertical jumping. The exact source of exercise-related breast discomfort is unknown, yet results of this thesis have suggested that different or additional factors may be linked to the source of breast discomfort, as opposed to breast displacement (Mason et al., 1999; White et al., 2009a) and breast velocity (McGhee et al., 2007; Scurr et al., 2010) previously proposed. 
Further research is therefore recommended to increase our understanding of the mechanism of exercise-related breast discomfort. One way of investigating this could be to conduct an experiment where participants are required to carry out both discrete vertical jumps and continuous vertical jumps (at a set frequency dictated by a metronome). Breast kinematics and breast comfort data could be collected and compared to increase our understanding of how the breast behaves under these conditions and the perception of breast comfort. Additionally, by increasing the number of markers on the breast local deformations could be explored and more information could be gathered on the exact movement of the breast during exercise and location of breast discomfort.

The activities in this thesis were limited to steady-state treadmill running, intermittent exercise on a treadmill and vertical jumping. Although these activities provide a good overall activity profile of a recreational athlete, investigation of further activity modes would be beneficial. Arguably, high intensity activities that may elicit the greatest amount of breast movement should be explored. For example the addition of a maximum effort cutting manoeuvre or a more sports-specific jumping activity (i.e. a land-go task) may provide a greater insight into the breast support requirements for a recreational athlete. 
Throughout this thesis the importance of investigating individuals has been highlighted; it is evident that changes in breast support influence participants differently. This is a challenge for future studies in the area as the recruitment of homogenous groups of athletes may still yield a lack of significant mean differences between breast support conditions. Small, but significant, changes in biomechanical variables due to breast support were found in this thesis that may affect the performance of female recreational athletes; future research focusing on individual elite athletes is recommended where small detriments in performance could have significant repercussions. Custom-made breast support may be appropriate (and more feasible) for an elite athlete, especially if their technique instigates increased breast kinematics.
Testing for Chapters 4 and 5 took place on a treadmill. Despite White et al. (2011) reporting no difference in breast kinematics between overground and treadmill running, some differences have previously been indicated in running kinematics between the two conditions (e.g. Dingwell et al., 2001; Nelson et al., 1972). In light of the discovery of increased stride length in the high support condition during treadmill running, and the performance implications this could have for larger-breasted female athletes, it is recommended that the effect of breast support on stride parameters during overground running is also investigated for increased external validity of results. In addition, self-selected treadmill velocities for the assessment of steady-state running and intermittent exercise should be investigated as the choice of stride length and frequency for optimal running economy is affected by running velocity (Nilsson et al., 1985). Furthermore, Eden et al. (1992) found increased breast displacement at a freely chosen stride rate, yet this was dictated in this thesis for all participants, so investigating self-selected treadmill velocities would be of interest. 
Results revealed some changes in biomechanical variables due to breast support condition; it would therefore be of interest to conduct electromyographic research to determine whether kinematic changes were associated to alterations in muscle activity. Moreover, as biomechanical changes have been linked to changes in running economy (Williams & Cavanagh, 1987) it would be of interest to assess the effect of breast support on physiological parameters, especially over a longer distance due to changes in stride length found during steady-state running.
8.4 Conclusion
This was the first programme of research to investigate the implications of breast support on biomechanical and perceptual variables during steady-state running, intermittent exercise and vertical jumping in a population of larger-breasted female recreational athletes. Studies investigating breast support should utilise best-fit criteria to bra fit participants; as the traditional method of bra fitting is unreliable, especially for larger-breasted women. High breast support significantly reduced multi-planar breast kinematic variables and increased breast comfort across all activity modes examined. A well-fitted and supportive bra is therefore recommended for larger-breasted female athletes when they participate in activities similar to those investigated. Vertical jumping and sprinting elicited the highest magnitudes of breast displacement and should be considered as more effective activity modes for future testing of bra efficacy.
High breast support could positively affect performance during steady-state running as increased stride length, thigh ROM in the sagittal plane and more acute knee flexion angles during the swing phase were identified. Decreased thorax ROM in the sagittal plane during walking, jogging and sprinting and more acute knee flexion angles during the swing phase of sprinting found in the high support condition during intermittent exercise could also positively affect performance. Although jump height was not affected by breast support there was evidence that the landing strategy was altered in the high support condition to facilitate a stiffer landing, which could affect subsequent jump or movement performance. High breast support was found to be beneficial to biomechanical performance and altered the perception of comfort, support and performance in the activities investigated. 
It is apparent that breast support affects participants differently so the analysis of individuals in future research is endorsed in addition to traditional group analyses. Variability in kinematics during steady-state running, intermittent exercise and vertical jumping was high; increases in the ROM of upper-extremity variables were thought to lead to increases in breast kinematics, therefore some individuals may require firmer breast support than others. In light of this finding custom-made high support bras for elite athletes may be an appropriate future goal. Anterioposterior breast kinematics were most closely related to breast comfort and biomechanical variables across all activity modes; reductions in a/p breast kinematics should therefore be the highest priority for bra design. Although it is advised that female recreational athletes should seek high support bras that offer multi-planar breast support.
This thesis has provided an overview of how breast support can affect performance during steady-state running, intermittent exercise and vertical jumping in a population of larger-breasted female recreational athletes. This work will make a significant contribution to the existing breast motion literature; will help female athletes make more informed decisions about their breast support requirements; give valuable information to bra designers; and provide justification for future work with elite athletes.
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Bra Size Survey
Date of Birth: 

How often do you take part in physical activity? (Please circle one answer)
Rarely
Sometimes
Once a week

2-3 times a week
    
4+ times a week

Do you wear a sports bra when/if you exercise? 

What is your perceived bra size? ______
Would you be interested in receiving information about any future testing we will be conducting within this area of research? 

Information given will remain anonymous. Thank you for your time!
Appendix B
RATE OF PERCEIVED EXERTION (RPE) CHART
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Maximal exertion

Appendix C
Breast Comfort Questionnaire

Participant Number: ___________________
Support Condition: _________________

Please rate:

1) How comfortable your breasts felt during the trial? (Please circle)



2) How comfortable you felt the bra was during the trial if applicable? (Please circle)

Appendix D

Variance, Effect size and Power

i) Chapter 4: Breast kinematics

ii) Chapter 4: Biomechanical variables

iii) Chapter 5: Breast kinematics

iv) Chapter 5: Biomechanical variables

v) Chapter 6: Breast kinematics (whole jump)

vi) Chapter 6: Biomechanical variables (kinetic)

vii) Chapter 6: Biomechanical variables (kinematic)

	
	Effect size (Cohen’s d)
	Power (β-1)

	
	No support – 

Low support
	No support –

 High support
	Low support – High support
	No support – 

Low support
	No support –

 High support
	Low support – High support

	Breast displacement (m)
	a/p
	0.63
	2.57
	1.96
	0.62
	1.00
	1.00

	
	m/l
	2.02
	2.85
	1.45
	1.00
	1.00
	1.00

	
	vertical
	0.63
	2.57
	1.96
	1.00
	1.00
	0.89

	Breast velocity (m.s-1)
	a/p
	1.23
	3.15
	1.77
	0.99
	1.00
	1.00

	
	m/l
	3.06
	3.86
	0.71
	0.71
	1.00
	1.00

	
	vertical
	2.27
	3.92
	1.48
	1.00
	1.00
	1.00

	Breast acceleration 

(m.s-2)
	a/p
	2.34
	3.79
	0.93
	1.00
	1.00
	0.89

	
	m/l
	2.75
	3.46
	0.53
	1.00
	1.00
	0.50

	
	vertical
	1.32
	2.52
	1.21
	0.99
	1.00
	0.98



	
	Within-participant CV%
	Between-participant CV%

	
	No support
	Low support
	High support
	No support
	Low support
	High support

	Breast displacement (m)
	a/p
	4.17
	3.85
	4.29
	22.90
	21.77
	12.30

	
	m/l
	3.17
	4.93
	5.54
	37.51
	24.20
	23.04

	
	vertical
	1.63
	1.58
	2.50
	19.31
	23.81
	23.09

	Breast velocity (m.s-1)
	a/p
	5.05
	4.21
	4.46
	32.32
	36.10
	17.76

	
	m/l
	4.43
	4.04
	5.50
	24.70
	24.58
	18.04

	
	vertical
	1.36
	2.07
	3.08
	17.59
	18.91
	14.24

	Breast acceleration 

(m.s-2)
	a/p
	4.60
	4.56
	5.11
	29.07
	48.47
	29.71

	
	m/l
	4.88
	5.02
	4.95
	30.55
	29.78
	16.35

	
	vertical
	3.08
	2.55
	3.42
	25.05
	26.22
	23.23

	
	Within-participant CV%
	Between-participant

 CV%
	Power (β-1)
	Effect size (Cohen’s d)

	
	Low support
	High support
	Low support
	High support
	Low support – 

High support
	Low support – 

High support 

	Stride frequency (strides.min-1)
	0.20
	0.20
	1.81
	2.37
	0.05
	0.00

	Stride length (m)
	0.20
	0.20
	2.66
	2.43
	0.79
	-0.80

	Distance covered per minute (m)
	0.20
	0.20
	2.23
	0.31
	1.00
	-1.60

	Maximum stance knee flexion (°)
	2.40
	2.03
	6.46
	8.68
	0.14
	0.18

	Maximum swing  knee flexion (°)
	1.82
	2.04
	7.57
	8.27
	0.57
	-0.59

	Thigh ROM in the sagittal plane (°)
	3.40
	3.42
	10.93
	10.98
	0.18
	0.23

	Vertical thorax displacement (m)
	8.13
	7.66
	6.08
	8.62
	0.12
	-0.15

	Vertical thorax frequency (Hz)
	0.41
	0.31
	2.41
	3.14
	0.10
	0.12

	Thorax ROM in the transverse plane (°)
	8.51
	10.03
	37.70
	33.58
	0.11
	0.13

	Thorax ROM in the frontal plane (°)
	12.17
	13.42
	29.91
	25.55
	0.06
	0.02

	Thorax ROM in the sagittal plane (°)
	10.33
	9.58
	16.62
	15.30
	0.35
	0.41

	Mean elbow angle (°)
	7.88
	8.67
	8.03
	7.67
	0.16
	0.21

	Upper arm ROM in the frontal plane (°)
	18.42
	22.42
	27.16
	34.16
	0.07
	0.06

	Upper arm ROM in the sagittal plane (°)
	7.48
	5.76
	15.85
	13.19
	0.19
	0.25



	
	Walking (1.67 m.s-1)
	Jogging (3.06 m.s-1)
	Running (3.89 m.s-1)
	Sprinting (4.72 m.s-1)

	
	Effect size (Cohen’s d)
	Power (β-1)
	Effect size (Cohen’s d)
	Power (β-1)
	Effect size (Cohen’s d)
	Power (β-1)
	Effect size (Cohen’s d)
	Power (β-1)

	Breast Displacement (m)
	a/p
	-0.56
	0.53
	-1.46
	1.00
	-1.82
	1.00
	-1.54
	1.00

	
	m/l
	-0.71
	0.71
	-1.18
	0.98
	-1.12
	0.96
	-0.91
	0.88

	
	Vertical
	-1.16
	0.97
	-0.72
	0.72
	-0.78
	0.78
	-0.56
	0.53

	Breast Velocity (m.s-1)
	a/p
	-0.61
	0.59
	-1.24
	0.98
	-1.45
	1.00
	-1.44
	1.00

	
	m/l
	-0.94
	0.89
	-1.23
	0.98
	-0.99
	0.92
	-0.85
	0.84

	
	Vertical
	-1.63
	1.00
	-0.77
	0.77
	-1.01
	0.93
	-0.85
	0.84

	Breast Acceleration 
(m.s-2)
	a/p
	-0.95
	0.90
	-1.08
	0.95
	-1.00
	0.92
	-1.54
	1.00

	
	m/l
	-0.73
	0.73
	-0.78
	0.78
	-0.54
	0.51
	-0.39
	0.33

	
	Vertical
	-1.36
	0.99
	-0.87
	0.85
	-1.02
	0.93
	-0.85
	0.84


	
	Walking (1.67 m.s-1)
	Jogging (3.06 m.s-1)
	Running (3.89 m.s-1)
	Sprinting (4.72 m.s-1)

	
	WS CV%
	BS CV%
	WS CV%
	BS CV%
	WS CV%
	BS CV%
	WS CV%
	BS CV%

	
	Low
	High
	Low
	High
	Low
	High
	Low
	High
	Low
	High
	Low
	High
	Low
	High
	Low
	High

	Breast Displacement (m)
	a/p
	9.82
	8.40
	41.23
	34.83
	4.99
	4.36
	23.61
	16.94
	7.40
	5.46
	32.31
	21.66
	5.54
	4.18
	25.02
	21.08

	
	m/l
	9.08
	8.46
	31.52
	39.90
	4.55
	4.84
	28.65
	27.83
	8.18
	5.83
	29.94
	40.91
	5.47
	6.02
	37.48
	42.65

	
	Vertical
	9.65
	8.48
	28.00
	32.48
	3.53
	2.21
	29.01
	34.11
	1.51
	3.38
	30.85
	35.20
	2.62
	1.94
	30.18
	33.33

	Breast Velocity (m.s-1)
	a/p
	8.95
	5.63
	38.77
	33.72
	6.14
	4.77
	43.83
	29.76
	8.13
	5.86
	40.52
	26.33
	4.01
	4.41
	38.23
	21.68

	
	m/l
	6.85
	7.23
	22.97
	33.42
	6.13
	4.02
	24.52
	26.75
	7.88
	4.93
	23.18
	28.19
	5.29
	4.61
	27.49
	26.95

	
	Vertical
	9.63
	6.72
	24.16
	21.71
	2.82
	2.27
	22.85
	31.33
	1.65
	3.03
	27.84
	28.52
	2.63
	2.49
	27.63
	27.87

	Breast Acceleration 

(m.s-2)
	a/p
	6.80
	6.67
	35.00
	23.99
	5.06
	4.61
	66.36
	37.46
	7.75
	5.84
	46.70
	32.87
	5.15
	6.5
	40.07
	25.23

	
	m/l
	6.73
	6.84
	28.54
	24.92
	5.95
	3.87
	35.46
	29.74
	10.84
	5.38
	33.00
	30.05
	5.99
	4.92
	29.62
	28.29

	
	Vertical
	8.86
	8.79
	21.31
	28.67
	3.35
	2.90
	22.79
	33.66
	2.04
	3.06
	27.14
	29.38
	2.74
	2.45
	31.71
	30.40

	
	Within-participant CV%
	Between-participant CV%
	Power (β-1)
	Effect size (Cohen’s d)

	
	Low support
	High support
	Low support
	High support
	Low support – 

High support
	Low support – 

High support 

	Stride frequency (strides.min-1)
	0.02
	0.06
	2.79
	2.97
	0.11
	-0.14

	Stride length (m)
	0.79
	0.57
	2.81
	2.95
	0.11
	-0.14

	Distance covered per minute (m)
	0.01
	0.01
	0.00
	0.00
	0.05
	0.00

	Maximum stance knee flexion (°)
	8.63
	10.43
	12.27
	17.70
	0.79
	0.80

	Maximum swing  knee flexion (°)
	0.47
	0.90
	3.85
	5.54
	0.41
	-0.46

	Thigh ROM in the sagittal plane (°)
	2.55
	2.07
	5.10
	6.29
	0.09
	-0.10

	Vertical thorax displacement (m)
	2.58
	2.29
	10.92
	12.62
	0.07
	0.05

	Vertical thorax frequency (Hz)
	3.42
	3.46
	1.79
	4.09
	0.09
	-0.09

	Thorax ROM in the transverse plane (°)
	25.09
	15.46
	33.91
	30.28
	0.24
	-0.30

	Thorax ROM in the frontal plane (°)
	12.18
	14.72
	19.72
	25.57
	0.22
	-0.28

	Thorax ROM in the sagittal plane (°)
	10.02
	9.65
	20.22
	31.32
	0.78
	-0.78

	Mean elbow angle (°)
	8.81
	9.06
	2.08
	2.31
	0.11
	-0.13

	Upper arm ROM in the frontal plane (°)
	17.67
	18.44
	32.53
	43.18
	0.07
	0.06

	Upper arm ROM in the sagittal plane (°)
	11.45
	7.52
	30.24
	32.95
	0.35
	0.41

	
	Within-participant CV%
	Between-participant CV%
	Power (β-1)
	Effect size (Cohen’s d)

	
	Low support
	High support
	Low support
	High support
	Low support – 

High support
	Low support – 

High support 

	Stride frequency (strides.min-1)
	0.03
	0.02
	2.87
	3.06
	0.16
	0.21

	Stride length (m)
	0.99
	0.61
	2.83
	2.97
	0.17
	-0.22

	Distance covered per minute (m)
	0.01
	0.01
	0.00
	0.00
	0.05
	0.00

	Maximum stance knee flexion (°)
	2.38
	2.08
	7.34
	8.00
	0.66
	0.67

	Maximum swing  knee flexion (°)
	3.04
	2.86
	5.95
	6.98
	0.28
	0.34

	Thigh ROM in the sagittal plane (°)
	5.80
	5.33
	4.65
	7.44
	0.14
	0.18

	Vertical thorax displacement (m)
	2.46
	2.51
	5.25
	6.10
	0.08
	0.08

	Vertical thorax frequency (Hz)
	3.68
	3.77
	2.52
	2.38
	0.05
	0.01

	Thorax ROM in the transverse plane (°)
	8.61
	8.48
	31.27
	29.66
	0.06
	-0.02

	Thorax ROM in the frontal plane (°)
	8.23
	7.91
	25.43
	22.43
	0.11
	-0.13

	Thorax ROM in the sagittal plane (°)
	9.41
	8.77
	19.55
	23.56
	0.11
	-0.14

	Mean elbow angle (°)
	9.55
	9.03
	8.03
	8.05
	0.23
	0.29

	Upper arm ROM in the frontal plane (°)
	14.11
	12.93
	25.09
	21.53
	0.20
	0.26

	Upper arm ROM in the sagittal plane (°)
	12.01
	8.13
	20.58
	20.44
	0.07
	-0.05



	
	Within-participant CV%
	Between-participant CV%
	Power (β-1)
	Effect size (Cohen’s d)

	
	Low support
	High support
	Low support
	High support
	Low support – 

High support
	Low support – 

High support 

	Stride frequency (strides.min-1)
	0.01
	0.01
	2.37
	3.36
	0.06
	-0.02

	Stride length (m)
	0.40
	0.42
	2.36
	3.33
	0.05
	0.00

	Distance covered per minute (m)
	0.00
	0.00
	0.00
	0.00
	0.05
	0.00

	Maximum stance knee flexion (°)
	2.52
	2.33
	7.26
	8.00
	0.30
	0.30

	Maximum swing  knee flexion (°)
	1.04
	1.58
	4.79
	5.78
	0.14
	0.18

	Thigh ROM in the sagittal plane (°)
	5.32
	8.35
	7.42
	7.15
	0.48
	-0.52

	Vertical thorax displacement (m)
	2.09
	1.99
	4.26
	7.97
	0.16
	-0.21

	Vertical thorax frequency (Hz)
	3.58
	3.12
	2.43
	3.24
	0.11
	0.13

	Thorax ROM in the transverse plane (°)
	6.78
	7.11
	31.84
	30.26
	0.06
	-0.04

	Thorax ROM in the frontal plane (°)
	7.88
	8.12
	26.09
	29.08
	0.06
	0.03

	Thorax ROM in the sagittal plane (°)
	8.12
	8.45
	19.41
	20.57
	0.39
	-0.44

	Mean elbow angle (°)
	10.03
	9.88
	6.46
	6.51
	0.13
	0.17

	Upper arm ROM in the frontal plane (°)
	23.39
	14.56
	23.40
	28.30
	0.26
	0.32

	Upper arm ROM in the sagittal plane (°)
	6.77
	7.41
	21.25
	17.21
	0.15
	-0.19

	
	Within-participant CV%
	Between-participant CV%
	Power (β-1)
	Effect size (Cohen’s d)

	
	Low support
	High support
	Low support
	High support
	Low support – 

High support
	Low support – 

High support 

	Stride frequency (strides.min-1)
	0.02
	0.03
	3.09
	2.98
	0.17
	0.22

	Stride length (m)
	0.61
	0.83
	2.99
	2.94
	0.18
	-0.23

	Distance covered per minute (m)
	0.01
	0.01
	0.00
	0.00
	0.05
	0.00

	Maximum stance knee flexion (°)
	2.38
	2.14
	8.13
	7.05
	0.16
	0.21

	Maximum swing  knee flexion (°)
	1.11
	1.03
	3.56
	4.74
	0.63
	-0.64

	Thigh ROM in the sagittal plane (°)
	5.55
	6.04
	5.80
	6.44
	0.58
	0.60

	Vertical thorax displacement (m)
	2.89
	2.73
	9.46
	9.70
	0.29
	-0.35

	Vertical thorax frequency (Hz)
	4.68
	4.53
	3.99
	2.28
	0.38
	-0.43

	Thorax ROM in the transverse plane (°)
	8.49
	7.04
	34.68
	31.43
	0.08
	-0.07

	Thorax ROM in the frontal plane (°)
	8.56
	8.97
	28.37
	29.91
	0.13
	-0.17

	Thorax ROM in the sagittal plane (°)
	9.15
	9.78
	36.38
	32.19
	0.71
	-0.71

	Mean elbow angle (°)
	10.77
	10.71
	6.51
	8.22
	0.17
	0.22

	Upper arm ROM in the frontal plane (°)
	19.71
	13.59
	13.42
	18.43
	0.45
	-0.49

	Upper arm ROM in the frontal plane (°)
	9.48
	8.37
	19.35
	19.67
	0.07
	-0.06


	
	Effect size (Cohen’s d)


	Power (β-1)

	
	No support – 

Low support
	No support –

 High support
	Low support – High support
	No support – 

Low support
	No support –

 High support
	Low support – High support

	Breast displacement (m)

	a/p
	2.43
	4.34
	2.00
	1.000
	1.000
	1.000

	
	m/l
	2.57
	4.27
	2.84
	1.000
	1.000
	1.000

	
	vertical
	1.23
	2.61
	1.26
	0.99
	1.000
	0.99

	Breast velocity (m.s-1)
	a/p
	2.21
	3.45
	1.70
	1.000
	1.000
	1.000

	
	m/l
	2.22
	3.52
	1.63
	1.000
	1.000
	1.000

	
	vertical
	1.56
	2.36
	0.84
	1.000
	1.000
	0.86

	Breast acceleration (m.s-2)
	a/p
	1.45
	2.26
	1.57
	1.000
	1.000
	1.000

	
	m/l
	0.95
	1.95
	0.98
	0.92
	1.000
	0.94

	
	vertical
	1.13
	1.64
	0.55
	0.98
	1.000
	0.57




	
	Within-participant CV%
	Between-participant CV%

	
	No support
	Low support
	High support
	No support
	Low support
	High support

	Breast displacement (m)

	a/p
	15.26
	10.75
	13.39
	16.06
	15.32
	12.70

	
	m/l
	15.03
	13.17
	20.81
	25.75
	18.13
	22.03

	
	vertical
	5.42
	10.38
	8.38
	19.37
	21.17
	17.22

	Breast velocity (m.s-1)
	a/p
	21.28
	19.27
	20.94
	26.60
	21.22
	20.27

	
	m/l
	28.65
	21.52
	22.25
	31.47
	29.63
	26.04

	
	vertical
	11.69
	12.99
	10.83
	24.39
	23.50
	22.43

	Breast acceleration (m.s-2)
	a/p
	24.31
	25.08
	34.87
	42.31
	23.69
	26.41

	
	m/l
	30.87
	26.42
	30.42
	44.53
	44.52
	25.90

	
	vertical
	17.35
	19.58
	18.46
	32.08
	31.86
	32.02




	
	Within-participant CV%
	Between-participant CV%
	Power (β-1)
	Effect size (Cohen’s d)

	
	Low support
	High support
	Low support
	High support
	Low support – 

High support
	Low support – 

High support 

	Max Vertical GRF (BW)
	13.35
	16.61
	19.41
	20.70
	0.12
	0.15

	Vertical Stiffness (BW.m-1)
	29.63
	34.72
	37.06
	41.80
	0.16
	0.20

	Loading Rate (BW.s-1)
	22.83
	22.08
	30.52
	30.05
	0.12
	0.14

	Jump Height (m)
	3.03
	3.41
	13.82
	14.26
	0.08
	-0.07

	Max Anterior GRF (BW)
	50.82
	45.29
	56.22
	50.56
	0.23
	0.28

	Max Posterior GRF (BW)
	23.03
	28.34
	36.97
	32.70
	0.08
	-0.08

	a/p GRF range (BW)
	27.26
	27.21
	39.88
	38.27
	0.18
	0.22

	m/l GRF range (BW)
	31.31
	28.18
	37.64
	30.11
	0.35
	0.39

	Landing phase duration (s)
	13.56
	13.14
	29.27
	30.92
	0.08
	0.07


	
	Within-participant CV%
	Between-participant CV%
	Power (β-1)
	Effect size (Cohen’s d)

	
	Low support
	High support
	Low support
	High support
	Low support – High support
	Low support – High support 

	Thorax initial contact (°)
	49.48
	37.13
	31.74
	47.76
	0.20
	-0.25

	Thorax max flexion (°)
	*data unavailable due to both positive and negative numbers affecting this calculation
	0.21
	-0.26

	Thorax ROM (°)
	25.70
	21.91
	44.35
	47.22
	0.14
	0.17

	Thorax angular velocity (°)
	20.74
	15.70
	24.49
	19.20
	0.07
	0.06

	Thigh initial contact (°)
	*data unavailable due to both positive and negative numbers affecting this calculation
	0.08
	0.07

	Thigh max flexion (°)
	10.91
	9.90
	23.74
	27.01
	0.06
	0.02

	Thigh ROM (°)
	14.27
	10.87
	29.17
	31.61
	0.07
	0.05

	Thigh angular velocity (°)
	11.11
	11.36
	16.52
	15.22
	0.23
	-0.28

	Knee initial contact (°)
	18.21
	11.33
	26.36
	27.04
	0.07
	-0.05

	Knee max flexion (°)
	6.33
	5.87
	14.23
	15.68
	0.06
	0.04

	Knee ROM (°)
	10.49
	9.05
	17.43
	19.95
	0.08
	0.08

	Knee angular velocity (°)
	11.27
	8.92
	16.30
	20.64
	0.09
	-0.10

	Ankle initial contact (°)
	2.45
	2.88
	4.54
	4.91
	0.09
	0.09

	Ankle max flexion (°)
	2.69
	2.77
	4.92
	4.92
	0.09
	0.09

	Ankle ROM (°)
	7.40
	6.74
	11.87
	11.34
	0.06
	0.04

	Ankle angular velocity (°)
	18.90
	20.12
	26.33
	24.44
	0.06
	-0.04



Appendix E
Breast Comfort Questionnaire

Participant Number: ___________

Breast Support Condition: ____________

How comfortable were your breasts when you were performing the vertical jumps? (Please circle)



Appendix F


Jump Performance Questionnaire

1) How supportive did the everyday bra feel when you were jumping? (Please circle)
 

2) How supportive did the sports bra feel when you were jumping? (Please circle)

3) What was the fit of the everyday bra like? (Please circle)

4) What was the fit of the sports bra like? (Please circle)


5) Do you feel that the breast support condition (no bra, everyday bra, sports bra) had an impact on your performance during the jumps?

a) Yes

b) No

c) Indifferent

Comments:

_________________________________________________________________________________________________________________________________________________________________________________________________________

6) Do you feel like you altered the way that you landed from the jumps depending on the breast support condition?

a) Yes

b) No

c) Indifferent

Comments: _________________________________________________________________________________________________________________________________________________________________________________________________________

7) Do you have any other comments?

______________________________________________________________________________________________________________________________________
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Figure 5.6 Scatterplots illustrating relationships found between breast kinematics in all directions and treadmill velocity (n = 11)





Figure 5.5 Mean percentage contributions of a/p, m/l and vertical breast displacement (m), velocity (m.s-1) and acceleration (m.s-2) during a) walking b) jogging c) running and d) sprinting, data are an average of the low and high support conditions (n = 11)





Figure 5.4 Mean (SD) breast kinematics in all directions in the high and low support conditions during a) walking b) jogging c) running and d) sprinting (n = 11)
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*Appendix D (iv): Variance, Effect size and Power for biomechanical variables calculated in Chapter 5 for Jogging








   *Appendix D (ii): Variance, Effect size and Power for biomechanical variables calculated in Chapter 4








*Appendix D (i): Variance, Effect size and Power for breast kinematics calculated in Chapter 4








*Appendix D (iii): Variance, Effect size and Power for breast kinematics calculated in Chapter 5








*Appendix D (iv): Variance, Effect size and Power for biomechanical variables calculated in Chapter 5 for Walking








*Appendix D (iv): Variance, Effect size and Power for biomechanical variables calculated in Chapter 5 for Running
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*Appendix D (v): Variance, Effect size and Power for breast kinematics calculated during the whole jump in Chapter 6








*Appendix D (v): Variance, Effect size and Power for kinetic variables calculated during the landing phase in Chapter 6








*Appendix D (v): Variance, Effect size and Power for sagittal plane kinematic variables calculated during the landing phase in Chapter 6
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� The terms ‘trunk’, ‘torso’ and thorax’ have been used interchangeably in past literature. Nguyen and Baker (2004) suggest that the term ‘trunk’ should refer to all the body segments between the neck and the hip joints and the term ‘thorax’ should be used when just describing the thoracic segment. Shoulder markers have been used to define the thorax segment in the past (Frigo, Carabalona, Dalla Mura, & Negrini, 2003; Kubo, Holt, Saltzman & Wagenaar, 2006; Nguyen & Baker, 2004), yet markers should be placed directly on the thorax to eliminate artefacts arising from shoulder movement (Nguyen & Baker, 2004). Therefore, the term ‘trunk’ will be used when the authors are referring to the segment between the hips and neck and the term ‘thorax’ will be used when only the thoracic segment is described (and markers are placed directly on this segment). 





� Although the term ‘breast displacement’ is used this actually refers to the ‘peak-to-peak amplitude’ of the breast (White et al., 2011).


� The terms breast ‘comfort’ or ‘discomfort’ and ‘pain’ are used interchangeably in breast motion studies to quantify and describe this phenomena, which is ambiguous. The terms ‘comfort’ or ‘discomfort’ will therefore consistently be used to describe participant’s perception of exercise-related breast comfort. This distinguishes it from cyclical and non-cyclical breast pain reported in clinical studies.


� The terms ‘stride’ and step’ have been used interchangeably in past literature; within this thesis stride length is defined as the distance between successive contacts of the same foot.


� The term ‘toe-off’ has been used to refer to the direction change in the a/p velocity of the heel marker from negative to positive. As a heel marker was used to define footstrike events it is acknowledged that ‘toe-off’ may not occur at precisely this moment in time.
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		Mean low support (SD)

		Mean high support (SD)

		p value



		Stride frequency (strides.min-1)

		84.55 (2.01)

		84.59 (2.84)

		0.620



		Stride length (m)

		2.76 (0.07)

		2.76 (0.09)

		0.500



		Distance covered per minute (m)

		233.40 (0.00)

		233.40 (0.00)

		n/a



		Maximum stance knee flexion (°)

		48.23 (1.22)

		48.59 (1.14)

		0.713



		Maximum swing knee flexion (°)

		114.41 (5.48)

		113.33 (6.55)

		0.416



		Thigh ROM in the sagittal plane (°)

		59.71 (4.43)

		57.74 (4.13)

		0.097



		Vertical thorax displacement (m)

		0.10 (0.00)

		0.10 (0.01)

		0.394



		Vertical thorax frequency (Hz)

		2.78 (0.07)

		2.78 (0.09)

		0.963



		Thorax ROM in the transverse plane (°)

		28.78 (9.16)

		28.45 (8.61)

		0.226



		Thorax ROM in the frontal plane (°)

		8.42 (2.20)

		8.48 (2.46)

		0.848



		Thorax ROM in the sagittal plane (°)

		8.95 (1.75)

		8.68 (2.04)

		0.500



		Mean elbow angle (°)

		74.82 (4.84)

		74.00 (4.81)

		0.285



		Upper arm ROM in the frontal plane (°)

		17.05 (3.99)

		18.52 (5.24)

		0.159



		Upper arm ROM in the sagittal plane (°)

		53.95 (11.46)

		52.03 (8.95)

		0.234








		

		a/p Disp (m)

		a/p Vel (m.s-1)

		a/p Acc (m.s-2)

		m/l Disp (m)

		m/l Vel (m.s-1)

		m/l Acc (m.s-2)

		Vertical Disp (m)

		Vertical Vel (m.s-1)

		Vertical Acc (m.s-2)



		Stride frequency (strides.min-1)

		0.088

		-0.039

		0.134

		0.115

		0.079

		0.014

		0.262

		0.348

		0.365



		Stride length (m)

		-0.109

		0.044

		-0.121

		-0.115

		-0.054

		-0.023

		-0.250

		-0.335

		-0.357



		Maximum stance knee flexion (°)

		0.027

		0.268

		0.106

		-0.044

		-0.140

		-0.040

		-0.118

		-0.010

		0.094



		Maximum swing knee flexion (°)

		-0.157

		0.027

		-0.191

		0.109

		0.240

		0.125

		0.020

		-0.178

		-0.312



		Thigh ROM (°)

		0.092

		0.006

		-0.415

		0.409

		0.362

		0.338

		0.084

		-0.054

		-0.096



		Vertical thorax displacement (m)

		-0.387

		-0.245

		-0.085

		-0.474*

		-0.435

		-0.372

		-0.313

		-0.374

		-0.474*



		Vertical thorax frequency (Hz)

		0.029

		0.188

		0.261

		0.076

		0.306

		-0.079

		0.285

		0.300

		0.354



		Thorax ROM (transverse plane) (°)

		0.516*

		0.631*

		0.369

		0.269

		0.289

		0.198

		-0.208

		-0.006

		0.127



		Thorax ROM (frontal plane) (°)

		0.440

		0.405

		0.311

		0.149

		0.056

		0.292

		-0.308

		-0.093

		0.173



		Thorax ROM (sagittal plane) (°)

		0.149

		0.092

		0.028

		0.065

		0.090

		0.207

		0.101

		0.263

		0.120



		Mean elbow angle (°)

		0.108

		0.411

		0.313

		-0.259

		-0.395

		-0.337

		-0.459

		-0.283

		0.025



		Upper arm ROM (frontal plane) (°)

		0.035

		-0.045

		0.148

		-0.318

		-0.211

		-0.378

		-0.446

		-0.204

		-0.359



		Upper arm ROM (sagittal plane) (°)

		0.195

		-0.213

		-0.004

		-0.268

		-0.480*

		-0.194

		-0.480*

		-0.220

		-0.144








		

		a/p Disp (m)

		a/p Vel (m.s-1)

		a/p Acc (m.s-2)

		m/l Disp (m)

		m/l Vel (m.s-1)

		m/l Acc (m.s-2)

		Vertical Disp (m)

		Vertical Vel (m.s-1)

		Vertical Acc (m.s-2)



		Stride frequency (strides.min-1)

		0.049

		0.148

		-0.060

		-0.242

		0.151

		0.273

		0.276

		0.280

		0.147



		Stride length (m)

		-0.062

		-0.148

		0.060

		0.231

		-0.162

		-0.280

		-0.284

		-0.288

		-0.154



		Maximum stance knee flexion (°)

		0.033

		-0.062

		-0.009

		0.537*

		-0.039

		-0.248

		0.236

		0.094

		-0.041



		Maximum swing knee flexion (°)

		-0.200

		-0.329

		-0.143

		0.143

		-0.151

		-0.127

		-0.318

		-0.381

		-0.454



		Thigh ROM (°)

		0.418

		0.353

		0.185

		0.587*

		0.575*

		0.379

		0.605*

		0.561*

		0.483*



		Vertical thorax displacement (m)

		-0.121

		-0.046

		-0.014

		-0.077

		0.129

		0.065

		0.066

		0.129

		0.273



		Vertical thorax frequency (Hz)

		0.088

		0.313

		0.103

		-0.167

		0.132

		0.331

		0.254

		0.225

		0.068



		Thorax ROM (transverse plane) (°)

		0.263

		0.399

		0.421

		0.585*

		0.214

		0.102

		0.517*

		0.354

		0.263



		Thorax ROM (frontal plane) (°)

		0.430

		0.443

		0.430

		0.261

		0.451

		0.460

		0.566*

		0.540*

		0.410



		Thorax ROM (sagittal plane) (°)

		0.200

		-0.096

		-0.275

		0.045

		0.007

		0.021

		0.173

		0.145

		-0.033



		Mean elbow angle (°)

		-0.189

		-0.312

		-0.433

		-0.180

		-0.324

		-0.280

		-0.334

		-0.395

		-0.456



		Upper arm ROM (frontal plane) (°)

		0.104

		-0.121

		-0.090

		0.010

		0.351

		0.348

		0.049

		0.126

		0.005



		Upper arm ROM (sagittal plane) (°)

		0.583*

		0.513*

		0.557*

		0.262

		0.020

		0.107

		0.159

		0.158

		0.102








		

		a/p Disp (m)

		a/p Vel (m.s-1)

		a/p Acc (m.s-2)

		m/l Disp (m)

		m/l Vel (m.s-1)

		m/l Acc (m.s-2)

		Vertical Disp (m)

		Vertical Vel (m.s-1)

		Vertical Acc (m.s-2)



		Stride frequency (strides.min-1)

		0.376

		0.083

		0.131

		0.008

		0.020

		-0.149

		0.314

		0.266

		0.097



		Stride length (m)

		-0.373

		-0.087

		-0.134

		-0.017

		-0.019

		0.152

		-0.312

		-0.265

		-0.099



		Maximum stance knee flexion (°)

		0.087

		0.054

		0.007

		0.358

		-0.208

		-0.424

		0.352

		0.270

		0.100



		Maximum swing knee flexion (°)

		-0.263

		-0.071

		-0.080

		0.044

		-0.049

		-0.050

		-0.325

		-0.312

		-0.314



		Thigh ROM (°)

		0.322

		0.395

		0.344

		0.658*

		0.376

		0.118

		0.435

		0.375

		0.300



		Vertical thorax displacement (m)

		-0.583*

		-0.116

		-0.117

		-0.437

		-0.009

		0.165

		-0.120

		-0.020

		0.151



		Vertical thorax frequency (Hz)

		0.447*

		0.090

		0.083

		-0.126

		0.112

		-0.001

		0.301

		0.262

		0.025



		Thorax ROM (transverse plane) (°)

		-0.003

		0.271

		0.292

		0.602*

		0.238

		-0.009

		0.474*

		0.324

		0.219



		Thorax ROM (frontal plane) (°)

		0.393

		0.417

		0.414

		0.389

		0.742*

		0.554*

		0.566*

		0.511*

		0.288



		Thorax ROM (sagittal plane) (°)

		0.312

		0.173

		0.187

		0.137

		0.314

		0.219

		0.388

		0.364

		0.223



		Mean elbow angle (°)

		0.055

		-0.190

		-0.324

		-0.157

		-0.008

		0.101

		0.151

		0.108

		-0.092



		Upper arm ROM (frontal plane) (°)

		0.200

		-0.052

		0.223

		0.261

		0.180

		0.137

		0.255

		0.134

		0.075



		Upper arm ROM (sagittal plane) (°)

		0.587*

		0.241

		0.299

		0.478*

		0.256

		0.227

		-0.014

		-0.153

		-0.305








		

		a/p Disp (m)

		a/p Vel (m.s-1)

		a/p Acc (m.s-2)

		m/l Disp (m)

		m/l Vel (m.s-1)

		m/l Acc (m.s-2)

		Vertical Disp (m)

		Vertical Vel (m.s-1)

		Vertical Acc (m.s-2)



		Stride frequency (strides.min-1)

		-0.120

		0.107

		0.003

		-0.161

		0.222

		0.309

		0.105

		0.243

		0.231



		Stride length (m)

		0.120

		-0.102

		-0.001

		0.168

		-0.218

		-0.303

		-0.105

		-0.248

		-0.238



		Maximum stance knee flexion (°)

		0.065

		-0.010

		-0.074

		0.326

		-0.070

		-0.254

		0.412

		0.225

		0.126



		Maximum swing knee flexion (°)

		0.001

		-0.210

		-0.297

		0.018

		-0.127

		-0.251

		-0.104

		-0.210

		-0.332



		Thigh ROM (°)

		0.244

		0.301

		0.244

		0.459

		0.414

		0.294

		0.548*

		0.564*

		0.571*



		Vertical thorax displacement (m)

		0.244

		0.225

		0.283

		0.246

		0.201

		0.168

		0.329

		0.264

		0.299



		Vertical thorax frequency (Hz)

		-0.018

		0.074

		0.014

		0.010

		0.150

		0.212

		0.125

		0.232

		0.293



		Thorax ROM (transverse plane) (°)

		0.228

		0.575*

		0.516*

		0.706*

		0.325

		0.307

		0.695*

		0.465*

		0.332



		Thorax ROM (frontal plane) (°)

		0.487*

		0.610*

		0.564*

		0.343

		0.634*

		0.709*

		0.518*

		0.481*

		0.411



		Thorax ROM (sagittal plane) (°)

		-0.203

		-0.064

		0.027

		-0.323

		0.050

		0.065

		-0.004

		-0.029

		-0.158



		Mean elbow angle (°)

		0.019

		-0.126

		-0.200

		-0.216

		-0.189

		-0.251

		-0.232

		-0.054

		-0.092



		Upper arm ROM (frontal plane) (°)

		0.184

		-0.171

		-0.199

		0.337

		0.037

		-0.085

		0.156

		0.237

		0.299



		Upper arm ROM (sagittal plane) (°)

		0.417

		0.241

		0.337

		0.112

		0.085

		0.136

		-0.068

		-0.042

		-0.153








		

		Mean low support (SD)

		Mean high support (SD)

		p value



		Stride frequency (strides.min-1)

		88.91 (2.75)

		88.31 (2.63)

		0.197



		Stride length (m)

		3.19 (0.10)

		3.21 (0.09)

		0.198



		Distance covered per minute (m)

		283.20 (0.00)

		283.20 (0.00)

		n/a



		Maximum stance knee flexion (°)

		48.27 (1.14)

		48.50 (1.02)

		0.597



		Maximum swing knee flexion (°)

		120.31 (4.29)

		123.54 (5.86)

		0.008*



		Thigh ROM in the sagittal plane (°)

		63.90 (3.71)

		63.03 (4.06)

		0.248



		Vertical thorax displacement (m)

		0.09 (0.01)

		0.10 (0.01)

		0.070



		Vertical thorax frequency (Hz)

		2.88 (0.11)

		2.84 (0.06)

		0.201



		Thorax ROM in the transverse plane (°)

		31.32 (10.86)

		30.55 (9.60)

		0.253



		Thorax ROM in the frontal plane (°)

		9.04 (2.56)

		8.59 (2.57)

		0.531



		Thorax ROM in the sagittal plane (°)

		9.57 (3.48)

		7.49 (2.41)

		0.030*



		Mean elbow angle (°)

		75.14 (4.89)

		73.96 (6.08)

		0.181



		Upper arm ROM in the frontal plane (°)

		18.43 (2.47)

		17.06 (3.14)

		0.090



		Upper arm ROM in the sagittal plane (°)

		62.16 (12.03)

		61.45 (12.09)

		0.375








		

		Mean low support (SD)

		Mean high support (SD)

		p value



		Stride frequency (strides.min-1)

		62.80 (1.75)

		62.55 (1.86)

		0.321



		Stride length (m)

		1.60 (0.05)

		1.60 (0.05)

		0.342



		Distance covered per minute (m)

		100.20 (0.00)

		100.20 (0.00)

		n/a



		Maximum stance knee flexion (°)

		14.91 (1.21)

		16.04 (1.60)

		0.267



		Maximum swing knee flexion (°)

		70.82 (2.73)

		72.35 (4.01)

		0.441



		Thigh ROM in the sagittal plane (°)

		40.71 (2.08)

		41.39 (2.60)

		0.148



		Vertical thorax displacement (m)

		0.05 (0.01)

		0.05 (0.01)

		0.426



		Vertical thorax frequency (Hz)

		2.09 (0.04)

		2.08 (0.09)

		0.264



		Thorax ROM in the transverse plane (°)

		9.17 (3.11)

		8.34 (2.52)

		0.134



		Thorax ROM in the frontal plane (°)

		5.21 (1.03)

		4.90 (1.25)

		0.367



		Thorax ROM in the sagittal plane (°)

		5.47 (1.11)

		4.49 (1.41)

		0.031*



		Mean elbow angle (°)

		145.46 (3.02)

		145.88 (3.36)

		0.629



		Upper arm ROM in the frontal plane (°)

		6.04 (1.96)

		6.16 (2.66)

		0.436



		Upper arm ROM in the sagittal plane (°)

		28.87 (8.73)

		32.84 (10.82)

		0.102








		

		Mean low support (SD)

		Mean high support (SD)

		p value



		Stride frequency (strides.min-1)

		83.18 (2.39)

		82.67 (2.53)

		0.210



		Stride length (m)

		2.24 (0.06)

		2.25 (0.07)

		0.198



		Distance covered per minute (m)

		186.00 (0.00)

		186.00 (0.00)

		n/a



		Maximum stance knee flexion (°)

		48.75 (1.16)

		49.48 (1.03)

		0.434



		Maximum swing knee flexion (°)

		101.27 (6.03)

		99.09 (6.92)

		0.176



		Thigh ROM in the sagittal plane (°)

		59.82 (2.78)

		59.66 (4.44)

		0.443



		Vertical thorax displacement (m)

		0.10 (0.01)

		0.10 (0.01)

		0.225



		Vertical thorax frequency (Hz)

		2.85 (0.07)

		2.86 (0.07)

		0.765



		Thorax ROM in the transverse plane (°)

		28.90 (9.04)

		28.69 (8.51)

		0.358



		Thorax ROM in the frontal plane (°)

		9.28 (2.36)

		8.99 (2.02)

		0.456



		Thorax ROM in the sagittal plane (°)

		8.54 (1.66)

		7.83 (2.04)

		0.044*



		Mean elbow angle (°)

		74.02 (5.95)

		72.30 (5.80)

		0.449



		Upper arm ROM in the frontal plane (°)

		17.28 (4.34)

		18.34 (3.95)

		0.186



		Upper arm ROM in the sagittal plane (°)

		53.52 (11.02)

		52.94 (10.82)

		0.404








		Biomechanical variable

		Mean low support (SD)

		Mean high support (SD)

		p value



		

Stride frequency (strides.min-1)

		

81.97 (1.48)

		

81.97 (1.94)

		

0.499



		

Stride length (m)



		

1.85 (0.05)

		

1.89 (0.05)

		

 (
*
)0.002





		Distance covered per minute (m)

		151.68 (3.39)

		154.76 (0.47)

		0.006





		Maximum stance knee flexion (°)



		47.80 (1.13)



		47.79 (0.98)



		0.994





		Maximum swing knee flexion (°)

		92.65 (1.70)

		93.72 (1.90)

		 (
*
)0.044



		Thigh ROM in the sagittal plane (°)

		47.58 (3.15)

		48.03 (3.12)

		0.039



		Vertical thorax displacement (m)

		0.10 (0.01)

		0.10 (0.01)

		0.349



		Vertical thorax frequency (Hz)

		2.66 (0.06)

		2.66 (0.08)

		0.613



		Thorax ROM in the transverse plane (°)



		24.72 (9.32)

		25.46 (8.55)

		0.082



		Thorax ROM in the frontal plane (°)

		8.21 (2.46)

		8.16 (2.09)

		0.910



		Thorax ROM in the sagittal plane (°)

		7.48 (1.24)

		7.01 (1.07)

		0.213



		Mean elbow angle (°)

		71.59 (5.70)

		70.32 (6.19)

		0.075





		Upper arm ROM in the frontal plane (°)

		13.96 (3.79)

		14.13 (4.82)

		0.448





		Upper arm ROM in the sagittal plane (°)



		68.78 (10.90)



		70.44 (9.29)



		0.237










		Breast kinematic variable

		Spearman’s correlation coefficient (rs)

		

p-value



		Anterioposterior acceleration

		0.579

		0.001*



		Anterioposterior velocity

		0.567

		0.001*



		Mediolateral displacement

		0.526

		0.002*



		Vertical velocity

		0.501

		0.003*



		Mediolateral velocity

		0.458

		0.007*



		Vertical displacement

		0.440

		0.010*



		Anterioposterior displacement

		0.409

		0.022*



		Mediolateral acceleration

		0.384

		0.028*



		Vertical acceleration

		0.343

		0.051
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