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Abstract

For rigid body POSE estimation, any relative movement of the tracking markers on a
segment is often referred to as an artefact; however this may be an important part of the
signal within breast biomechanics. This study aimed to quantify differences in breast range of
motion when calculated relative to the torso segment using either direct or segment optimised
POSE estimation algorithms. Markers on the torso and right nipple were tracked using
infrared cameras (200 Hz) during five running gait cycles in three breast support conditions
(no bra, everyday bra and sports bra). Multiplanar breast range of motion was calculated
relative to the torso segment using two POSE estimation algorithms. Firstly, the torso
segment was defined using direct POSE estimation (direct). Secondly, while standing
stationary in the anatomical position; the positional data of the torso markers were used to
construct the torso using segment optimised POSE estimation (optimised). The torso segment
length defined using direct POSE estimation changed significantly by 3.4 cm compared to
that of the segment optimisation POSE estimation in the no bra condition. Subsequently,
superioinferior breast range of motion was significantly greater (p<<0.017) when calculated
using direct POSE estimation, within each of the three breast support conditions. Segment
optimisation POSE estimation is recommended to minimise any differences in breast motion
associated with intra segment deformation between physical activity types. However, either
algorithm is recommended when evaluating different breast support garments, as a correctly

fitted bra does not cause the torso markers to move relative to each other.

Keywords: trunk; displacement; running; POSE, kinematics
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Introduction

Rigid body mechanics commonly uses segment optimisation position and orientation (POSE)
estimation (Cappozzo et al., 1995; Lu & O’Connor, 1999) to minimise any segment
deformation, whereby the body is assumed to be rigid and any change is a residual error
associated with soft tissue artefact (Selbie, 2011; Cappello et al., 1997). Standard practice and
most software in biomechanics attempts to represent the markers on the skin, used to define a
segment, as rigid, with no relative marker movement. Within breast biomechanics research,
the analysis of breast motion presents an unusual problem since the motion of the breast is
calculated relative to the deformable non-breast soft tissue of the torso. Current
methodologies in breast biomechanics research utilises both direct and segment optimised
POSE estimation algorithms to determine the POSE of the torso. Scurr et al., (2010; 2011)
used a direct POSE estimation algorithm to calculate relative breast motion where the
position and orientation of the torso was recalculated every frame and no assumptions about
torso segment rigidity were made. The second approach by Milligan et al., (2013) defined the
non-breast soft tissue torso segment using a segment optimisation POSE estimation algorithm
where any relative marker movement was assumed to be an artefact. To date it is unclear if
there are any differences in the subsequent calculation of breast motion between these two
methods and which of these approaches may be the most appropriate for breast biomechanics

research.

The quantification of breast motion presents a unique challenge regarding the marker set used
to represent the torso segment. The International Society of Biomechanics (ISB) recommend
markers be placed on the Incisura Jugularis (IJ), Processus Xiphoideus (PX), 7" cervical
spinous process (C7) and the 8" thoracic spinous process (T8) (Wu et al., 2005). However,

this marker set has not been widely adopted in breast biomechanics research as both the XP
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and T8 sites are commonly obscured by the breast support garment worn by the participants.
The alternative marker set used in breast biomechanics consists of three markers placed on
the sternal notch, and left and right anterior aspects of the 10™ rib (Scurr et al., 2010). Zhou et
al., (2011) reviewed the use of marker sets in breast biomechanics and concluded that the
marker set by Scurr et al. (2010) was the most appropriate as all three markers belong to the
same segment and can be regarded as a stable reference frame. Furthermore, it was also noted
that the distal marker locations of the Scurr et al. (2010) marker set (10th ribs) are placed
around an anatomical location that is likely to have a substantial amount of subcutaneous fat,
which may result in localised torso segment deformation. Assuming segment rigidity for a
potentially non-rigid torso segment may influence subsequent calculations of breast
kinematics, therefore the use of this marker set was of particular relevance to this research

study.

The applied research in breast biomechanics is centred on two main themes; understanding
the behaviour of the breast in a variety of physical activities and / or the development and
understanding of breast support devices and how they may reduce breast motion. It may be
possible that the markers on the soft tissue of the torso (especially the rib markers of Scurr et
al., 2010) move with respect to one another, and the origin, when compared to the torso
template used for segment optimisation. Any relative torso marker movement may
subsequently alter the magnitude of breast range of motion when compared to a more stable
torso defined by segment optimisation POSE estimation (Milligan et al., 2011). The
magnitude of torso soft tissue artefact has also been shown to depend upon the type of
physical activity performed by the participants (Heneghan and Balanos, 2010), with the arm

elevation associated with jumping significantly increasing the soft tissue artefact at the torso.
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The design of breast support garments themselves (such as the tightness of the underband or
strap design) may alter the motion of the non-breast tissue of the torso segment by changing
the position of the soft tissue markers at the ribs, which are located close to the underband of
the support garment. This may make it difficult to compare breast motion data between
garments using the direct POSE estimation algorithm. Furthermore, the direct POSE
estimation algorithm may yield differences in the directional distribution of breast range of
motion since any motion of the rib markers in particular, caused by physical activity, may
alter the POSE of the torso segment. A torso segment, defined by a segment optimised POSE
estimation algorithm, will provide a stable basis to assess breast motion, reducing any relative
movement of the markers on the torso associated with skin artefact or support garment
impingement between breast support conditions. However, in breast biomechanics there
could be an argument for not always considering breast motion relative to a segment
optimisation POSE estimation, as commonly used in other areas of biomechanics (Leardini et
al., 2005), as the breasts are moving relative to the deformable, non-breast soft tissue of the
torso. It is important to quantify the magnitude of any differences in relative breast motion
during physical activity in varying breast support garments when using different POSE
estimation algorithms in order to understand the appropriateness of any rigid body

assumptions.

This study aimed to quantify differences in POSE estimation algorithms and subsequent
relative breast range of motion, within three breast support conditions. The first hypothesis
stated that there were no significant differences in torso segment lengths between POSE
estimation algorithms, within each breast support condition. The second hypothesis stated no
significant differences in torso segment length, using direct POSE estimation, between breast

support conditions. The third hypothesis stated that there were no significant differences in
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multiplanar breast range of motion between POSE estimation algorithms, within each breast

support condition.

Methods

Following institutional ethical approval and written informed consent, ten female participants
(mean + SD: age 22 + 2 years, height 1.65 + .04 m, body mass 61.0 + 2.4 kg) were selected to
participate in this study if they were recreationally active, aged between 18 and 39 years,
were not pregnant, had no history of breast surgery, had not given birth or breast-fed in the
last year, and were a 32D cup size (assessed using the bra fitting criteria set out by White and
Scurr, 2012). 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 10
participants had been tested; this indicated that a sample size of 10 would provide a power of

1, therefore no further participants were recruited.

Participants completed a self-directed treadmill warm up (Powerjog, H/P/Cosmos Mercury,
Germany). Following the warm up period, retro-reflective passive markers (.006 m radius)
were positioned on the sternal notch, left and right anterior inferior aspect of the 10™ ribs, and
on the right nipple (Scurr et al., 2011) (Figure 1). A nipple marker has previously been shown
to be a reliable and valid measure of gross breast displacement (Mason et al., 1999). An
additional heel marker was added to track gait cycles (Scurr et al., 2010). Three dimensional
movement of the markers were tracked using twelve optoelectronic cameras sampling at 200
Hz (Oqus, Qualisys, Sweden), positioned in an arc around the treadmill. Cameras were
calibrated using a coordinate frame positioned on the treadmill and a handheld wand
containing markers of predefined distances (QTM [Qualisys Track Manager]; version

1.10.828, Qualisys, Sweden).
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The participants stood statically in the anatomical position for 10 seconds, for use in the
template for the segment optimisation POSE estimation algorithm, and then ran at 2.8 m.s™
for a two minute familiarisation period, after which marker coordinates were recorded for
five gait cycles (Scurr et al., 2010; 2011) in each breast support condition (no bra, everyday
bra and sports bra). The everyday bra was a Marks and Spencer Seamfree Plain Under wired
T-Shirt Bra, made from 88% polyamide and 12% elastane Lycra and the sports bra was the
UK best-selling branded encapsulation sports bra (Shock Absorber Run bra, made from 81%

polyamide, 10% polyester, 9% elastane).

Markers were identified and reconstructed in QTM, and a fast Fourier transformation was
performed on the reconstructed data in MatLab (version R2010a). The power spectrum
revealed that approximately 85% of the signal power was below 16 Hz and a subsequent
residual analysis, based on Winter (2009), determined a cut-off frequency of 13 Hz. The data
were subsequently filtered using a second order, zero phase shift, low pass Butterworth filter
with a cut off of 13 Hz. Firstly, using the direct POSE estimation algorithm (Lu & O’Connor,
1999; Scurr et al., 2010), the position of the breast relative to the torso segment was
calculated (direct). Secondly, the reconstructed marker positional data from both the static
template and dynamic trials were imported into Visual 3D (C-Motion Inc, Germantown,
USA) and a torso segment, using the segment optimisation POSE estimation algorithm
(Cappello et al., 1997; Lu & O’Connor, 1999), was created using the markers placed on the
torso (optimised). The right and left ribs were used to calculate a virtual mid-rib point. The
normalised vector extending from the mid-rib point to the sternal notch defined the
longitudinal axis (superioinferior axis). The sternal notch marker was then used to construct
two vectors within the torso reference plane (vector 1 extending from the sternal notch to the

left rib, and vector 2 extending from the right rib to the sternal notch). The normalised cross
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product between vectors 1 and 2 defined the second axis (anterioposterior). A right handed
local co-ordinate system for the torso defined the mediolateral axis (Mills et al., 2014). Both
torso construction methods used the same axes conventions and torso markers. The origin of
the torso segment using direct POSE estimation was the sternal notch marker and the origin
of the torso segment using the segment optimised POSE estimation was the proximal end of

the segment.

Torso segment rigidity, for the direct POSE estimation algorithm, was assessed using the
maximum change in vector length of the torso segment. The vector was defined using the
sternal notch marker (origin) and virtual mid-rib marker (midpoint between left and right rib
markers). Torso length was calculated by subtracting the minimum vector length from the
maximum vector length of the torso segment (torso segment length). The optimised torso
segment was confined to retain a constant segment length. Any deviation of the torso markers
from their static template position was quantified using a segment residual. The segment
residual was calculated using a least squares fit of the markers in the static trial compared to
those in the dynamic trial (C-Motion Inc, Germantown, USA) for each frame and averaged
over the sample. Breast range of motion was calculated by subtracting the minima positional
coordinates from the maxima during each gait cycle (Scurr et al., 2010). Within both local
reference frames the x axis represented anterioposterior breast motion; the y axis represented
mediolateral breast motion and the z axis superioinferior breast motion (Figure 1). Five gait
cycles were identified using the anterioposterior velocity of the heel marker (Zeni et al.,
2008). For each participant, the change in torso segment length and breast range of motion
was assessed in five gait cycles, and the mean was calculated for each breast support

condition.
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{Insert Figure 1 here}

Torso segment length and multiplanar breast range of motion were statistically analysed
using PASW software (Version 18). All data were checked for normality (Shapiro-Wilk test)
and the appropriate parametric (repeated measures ANOVA) or non-parametric (Friedman)
statistical test was implemented. Effect sizes (parametric: Cohen’s d, partial eta squared 1’
non-parametric: r) are reported for significant results (P<0.017) and a large effect size was
defined as d or r > 0.8, moderate as between 0.8 and 0.5, and a small effect size defined as <

0.5 (Field, 2009).

Results

There were significant differences in torso segment length between the POSE estimation
algorithms within each of the breast support conditions (no bra: z=-2.805, P=0.005, r = 0.89;
everyday bra: z=-2.803, P=0.005, r = 0.89; sports bra: z=-2.807, P=0.005, r = 0.89). The
greatest change in torso segment length, using the direct POSE estimation, was 3.4 cm in the
no bra condition, followed by 3.0 cm in the everyday bra and 2.8 cm in the sports bra (Figure
2). There were no significant differences in torso segment length (F=1.979, P=0.200,
1°=0.331) using direct POSE estimation between the support conditions. The torso segment
length using segment optimisation POSE estimation was fixed at 28.1 cm with segment
residuals of 1.4 ¢cm in the no bra, 1.3 ¢cm in the everyday bra and 1.6 cm in the sports bra
condition. There were no significant differences (F=0.265, P=0.345, 1°=0.213) in the

optimised torso segment residuals between breast support conditions.

{Insert Figure 2 here}
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There were significant differences in superioinferior breast range of motion between the
POSE estimation algorithms within the no bra condition (t=-4.602, P=0.001, d = 2.0),
everyday bra (t=-4.528, P=0.001, d = 1.7) and sports bra condition (t=-3.230, P=0.010, d =
0.5), with the greatest difference of 1.1 cm in the no bra condition (Figure 3). It is also
interesting to note that within the no bra and everyday bra conditions the greatest breast range
of motion occurred in the superioinferior direction when calculated using direct POSE
estimation, however, this changed to the mediolateral direction when calculated using

segment optimisation POSE estimation (Figure 3).

{Insert Figure 3 here}

Discussion

Breast motion has previously been calculated using either direct or segment optimisation
POSE estimation. This study aimed to quantify any differences in torso segment length and
subsequent relative breast range of motion between POSE estimation algorithms, within three
breast support conditions. Key findings have shown that the torso segment, using direct
POSE estimation, changes significantly in length compared to the torso segment using
optimised POSE estimation, subsequently affecting the magnitude of relative superioinferior

breast range of motion within each breast support condition.

This study has shown that the markers placed on the torso do move relative to each other,
therefore significantly changing the length of the torso segment between POSE estimation
algorithms, rejecting hypothesis one. The greatest change in torso segment length was 3.4
cm, representing approximately 50 % of the magnitude of superioinferior breast range of
motion. This torso segment deformation, using direct POSE estimation, may be attributed to

soft tissue artefact, as it is likely that there are substantial amounts of subcutaneous fat, close

10
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to the participants centre of mass, near the distal marker locations of the Scurr et al. (2010)
marker set (10th ribs). As the foot impacts the ground during running the ground reaction
force induces a soft tissue vibration wave that propagates superiorly from the foot towards the
head. This soft tissue motion has been shown to be as great as 3 cm in the thigh (Pain &
Challis, 2006) and as the soft tissue wave continues superiorly up through the torso, it causes
a change in relative marker locations, deforming the length of the torso segment.
Furthermore, the sinusoidal motion of the torso during running itself, which acts as a driving
force for the breasts (Haake & Scurr, 2010; 2011), could also induce soft tissue motion of the
non-breast tissue close to the rib markers. When investigating breast motion between
different types of physical activities (for example, running and jumping), varying ground
reaction forces may induce different magnitudes of non-breast soft tissue artefact, deforming
the torso segment. Therefore it would be advisable to use a segment optimised POSE
estimation algorithm to minimise any differences in breast motion due to intra segment
deformation of the torso segment between physical activity types. Future work should also
aim to quantify the segment residual in order to determine the effects of relative marker

movement associated with different activity types.

It is interesting to note that the torso segment length, using direct POSE estimation, did not
differ between breast support conditions, accepting the second hypothesis. The results
suggest that the design of the bras used in this study do not significantly impinge, deform or
change the relative positions of the markers on the torso segment during running between
support conditions. Intra segment, non-breast, soft tissue movement of the torso, should not
be considered an artefact if a study aims to evaluate different breast support garments, as a
correctly fitted bra is situated on the skin and does not cause the markers located on the soft

tissue of the torso segment to move relative to each other. It is recommended that either the

11



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

direct or segment optimised POSE estimation algorithms can be used when investigating

breast motion between different breast support garments.

The results of this study have demonstrated that during running the torso segment, using
segment optimised POSE estimation, consistently produced lower magnitudes of breast range
of motion compared to results using direct POSE estimation (Figure 3). Therefore, the
changes in torso segment length, significantly affected the magnitude of relative multiplanar
breast range of motion within each breast support condition, rejecting hypothesis three. Key
findings have shown that the greatest difference in superioinferior breast range of motion (1.1
cm) between the POSE estimation algorithms occurred in the no bra condition. The reduced
superioinferior breast range of motion, using segment optimisation POSE estimation, may
have been due to the least squares fit used to determine the optimal POSE. The two rib
markers weights the movement of the torso towards the inferior end of the segment, and since
the length of the torso segment is fixed, the segment origin can move relative to the origin
(sternal notch marker) of the torso segment defined using direct POSE estimation. The origin
of the torso segment, using segment optimisation POSE estimation, moves superiorly during
upward breast (and rib marker) movement and inferiorly during downward breast (and rib
marker) movement compared to the sternal notch marker (used as the origin in the direct
POSE estimation); therefore breast range of motion is reduced. Future research that aims to
present breast kinematics relative to a torso segment using segment optimisation POSE
estimation may need to investigate the use of a different marker set (for example, a modified
International Society of Biomechanics thorax marker set, Wu et al., 2005) that reduces
possible soft tissue artefact associated with the rib markers in this study, whilst not being

obscured by the breast support garments worn by the participants.
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Finally, the direction in which the greatest range of motion occurs differs depending upon the
POSE estimation algorithm used for the torso segment. This has an important implication for
breast biomechanics research since the superioinferior direction is often reported as the one in
which the most breast motion occurs (Bridgman et al., 2010; Scurr et al., 2011), leading to
recommendations that sports bras should predominantly reduce superioinferior breast range
of motion (Scurr et al., 2011). The findings of this study show that when calculating breast
range of motion during running using a direct POSE estimation algorithm, the superioinferior
component is the greatest, however if breast range of motion is calculated using a segment
optimisation POSE estimation algorithm, then the mediolateral component is the greatest in
both the no bra and everyday bra conditions. This example illustrates the importance of
considering the POSE estimation algorithm used to define the torso segment before
calculating relative breast range of motion when recommending improvements to breast

support garments.

In conclusion, the findings of this study have demonstrated that the magnitude of breast range
of motion can differ up to 1.1 cm depending upon the POSE estimation algorithm used for
the torso segment. A torso segment that utilises segment optimisation POSE estimation is
recommended to minimise any differences in breast motion due to intra segment deformation
of the torso segment between physical activity types. However, either the direct or segment
optimised POSE estimation algorithms can be used when investigating breast motion
between different breast support garments, as a correctly fitted bra is situated on the skin and
does not cause the markers located on the soft tissue of the torso segment to move relative to
each other. This study has also identified the need to develop a new torso marker set for use
with segment optimisation POSE estimation that minimises the segment residuals associated

with this study, whilst the markers are not obscured by the breast support garments.

13



327

328

329

330

331

332

333

334

Conflict of interest statement

The authors have declared no conflicts of interest associated with this research.

Acknowledgements

The authors would like to thank Adidas for funding this research; however the sponsors did

not have any direct involvement with the preparation of this paper.

14



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

References
Bridgman, C. Scurr, J. White, J. Hedger, W. Galbraith, H., 2010. Three-dimensional
kinematics of the breast during a two-step star jump. Journal of Applied Biomechanics 26,

465-472.

Cappello, A. Cappozzo, A. La Palombara, P. Lucchetti, L. Leardini, A., 1997. Multiple
anatomical landmark calibration for optimal bone pose estimation. Human Movement

Science 16, 259-274.

Cappozzo, A. Catani, F. Della Croce, U. Leardini, A., 1995. Position and orientation in space
of bones during movement: anatomical frame definition and determination. Clinical

Biomechanics 10, 171-178.

Faul, F. Erdfelder, E. Lang, A. Buchner, A., 2007. G¥Power: A flexible statistical power

analysis program for social, behavioural, and biomedical sciences. Behaviour Research

Methods 39, 175-191.

Field, A., 2009. Discovering statistics using SPSS. SAGE Publications Incorporated, London,

UK, pp. 171-172.

Haake, S. Scurr, J., 2010. A dynamic model of the breast during exercise. Sports Engineering

12, 189-197.

Haake, S. Scurr, J., 2011. A method to estimate strain in the breast during exercise. Sports

Engineering 14, 49-56.

15



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

Heneghan, N. Balanos, G., 2010. Soft tissue artefact in the thoracic spine during axial
rotation and arm elevation using ultrasound imaging: a descriptive study. Manual Therapy 15,

599-602.

Leardini, A. Chiari, L. Croce, U. Cappozzo, A., 2005. Human movement analysis using
stereophotogrammetry Part 3. Soft tissue artefact assessment and compensation. Gait &

Posture 21, 212-225.

Lu, T. O’Connor, J., 1999. Bone position estimation from skin marker co-ordinates using

global optimisation with joint constraints. Journal of Biomechanics 32, 129-134.

Mason, B. Page, K. Fallon, J., 1999. An analysis of movement and discomfort of the female
breast during exercise and the effects of breast support in three cases. Journal of Science and

Medicine in Sport 2, 134-144.

Milligan, A. Mills, C. Scurr, J., 2013. Within-Participant variance in multiplanar breast
kinematics during a five kilometre treadmill running. Journal of Applied Biomechanics, in

Press.

Mills, C. Loveridge, A. Milligan, A. Risius, D. Scurr, J., 2014. Can axes conventions of the

trunk reference frame influence breast displacement calculation during running? Journal of

Biomechanics 47, 575-578.

16



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

Pain, M. Challis, J., 2006. The influence of soft tissue movement on ground reaction forces,

joint torques and joint reaction forces in drop landings. Journal of Biomechanics 39, 119-124.

Selbie, S., 2011. The evolution of pose estimation algorithms for 3D motion capture data:

coping with uncertainty. Portuguese Journal of Sport Science 11, 9-12.

Scurr, J. White, J. Hedger, W., 2010. The effect of breast support on the kinematics of the

breast during the running gait cycle. Journal of Sports Sciences 28, 1103-1109.

Scurr, J. White, J. Hedger, W., 2011. Supported and unsupported breast displacement in three

dimensions across treadmill activity level. Journal of Sports Sciences 29, 55-61.

White, J. Scurr, J., 2012. Evaluation of professional bra fitting criteria for bra selection and

fitting in the UK. Ergonomics. 55, 704-711.

Winter, D.A., 2009. Biomechanics and motor control of human movement, 4th ed. John

Wiley & Sons, United States of America, pp. 70-72.

Wu, G. van der Helm, F. Veeger, H. Makhsous, M. Roy, P. et al., 2005. ISB recommendation

on definitions of joint coordinate systems of various joints for the reporting of human joint

motion — Part II: shoulder, elbow, wrist and hand. Journal of Biomechanics 38, 981-992.

Zeni, J. Richards, J. Higginson, J., 2008. Two simple methods for determining gait events

during treadmill and overground walking using kinematic data. Gait and Posture 27, 710-714.

17



409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

427

428
429

Zhou, J. Yu, W. Ng, S., 2011. Methods of studying breast motion in sports bras: a review.

Textile Research Journal 81, 1234-1248.

Figure Captions:

Figure 1. Skin marker locations (sternal notch, left and right 10™ rib, virtual mid rib, right
nipple) used to represent the torso segment, including local axes orientation (x =

anterioposterior, y = mediolateral, z = superioinferior).

Figure 2. Torso segment length during treadmill running in three breast support conditions (n

=10).

Figure 3. Multiplanar breast range of motion during treadmill running calculated relative to

the torso segment (n = 10).
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