
Journal of Biomechanics 99 (2020) 109524
Contents lists available at ScienceDirect

Journal of Biomechanics
journal homepage: www.elsevier .com/locate / jb iomech

www.JBiomech.com
Effects of sports bra and footwear on vertebral posture during walking
and running
https://doi.org/10.1016/j.jbiomech.2019.109524
0021-9290/� 2019 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Laboratory of Applied Biomechanics, Sport Sciences
Department, State University of Londrina - Campus Universitário – Universidade
Estadual de Londrina, Rodovia Celso Garcia Cid km 380, caixa postal: 6001 – cep:
86057-970, Londrina, Paraná, Brazil.

E-mail address: jucris.leme@gmail.com (J.C. Leme).
Juliane Cristina Leme a,⇑, Yasmim Barbosa dos Reis a, Luiza dos Santos Banks a, Jefferson Rosa Cardoso b,
Mario Hebling Campos c, Felipe Arruda Moura a

a Laboratory of Applied Biomechanics, Sport Sciences Department, State University of Londrina, Londrina, Brazil
b Laboratory of Biomechanics and Clinical Epidemiology, PAIFIT Research Group, State University of Londrina, Londrina, Brazil
cHuman Movement Assessment Laboratory, Faculty of Physical Education and Dance, Federal University of Goias, Goiania, Brazil

a r t i c l e i n f o a b s t r a c t
Article history:
Accepted 14 November 2019

Keywords:
Kinematics
Spine
Exercise
Breast
Sportswear
Little attention has been given to factors which affects women running, such as proper footwear and
breast support and their effects on spine. The objective of study was to analyse the influence of different
breast support and footwear on vertebral posture during walking and running. Seventeen women
(x
�
= 23.51; SD = 3.70 years) performed a treadmill walking (5 km/h) and running (7 and 10 km/h) with

different footwear (barefoot, minimalist and traditional) and breast support (bare breast, everyday bra
and sports bra) conditions. Spine movements were analyzed using three cameras in grayscale video
mode, positioned behind the participant to register reflective markers fixed in the vertebrae. From the
3D coordinates of the trunk markers we computed, for the whole gait cycle (C) and for the average gait
posture (neutral curve–NC) the maximal (M) thoracic (T) kyphosis and lateral flexion, and the maximal
lumbar (L) lordosis and lateral flexion. Frontal plane: bare breast presented higher lumbar NC than the
everyday bra and sports bra, higher MLC than the sports bra and lower MTC than the everyday bra
and sports bra. Barefoot presented higher MTC than minimalist. Sagittal plane: bare breast presented
lower MTC than the sports bra. Barefoot presented higher lumbar NC than the minimalist and traditional
footwear and higher MLC than the minimalist and traditional ones. The sports bra increased curvatures in
the thoracic spine that were rectified during bare breast conditions. In addition, both footwears were able
to maintain the natural curvatures of the spine in the lumbar.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Practice and the number of running events have increased con-
siderably since the beginning of the 2000s owing probably to the
increase in the number of women practicing the sport (Chorley
et al., 2002; van der Worp et al., 2016). Thus, it is important to
understand running as practiced by women and the possible fac-
tors that may favour or impair their practice. Breast size is an
important factor that can influence participation, performance
and discomfort during exercise (Brown et al., 2014a, 2014b). It is
clear in the literature that large breasts contribute to back pain
and poor posture (Findikcioglu et al., 2007; Schinkel-Ivy and
Drake, 2016) and that the use of adequate breast support may
reduce the movement of the breasts (Scurr et al., 2010). However,
little is known about the influence of adequate breast support on
the behaviour of the spine in dynamic situations such as running,
and the consequences of combining with proper footwear.

The propagation of shock waves during locomotion, from foot to
head, is an important cause of vertebral injury (Lafortune et al.,
1996). Some studies suggest that traditional running footwear
can reduce impact because of the strong cushioning system
(Bonacci et al., 2013). However, minimalist footwear or even bare-
foot running may reflect a lower injury risk and a more economical
running pattern (Lieberman, 2012; Tam et al., 2014). The effective-
ness of shock-absorbing shoes on reducing this shock wave during
gait has been controversial (Ogon et al., 2001), analysing the differ-
ences between different models and their relationships with lower
limb injuries, with little attention to their effects on spine posture.

A moderate curvature minimizes overload in the lumbar region
during movements where the spine is subjected to compression
(Srbinoska et al., 2013). For an analysis of spine posture, the model
of geometric curvatures has been suggested (Campos et al., 2015).
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This model allows the geometric curvature to be analysed at differ-
ent regions of the spine during dynamic situations such as running.
In addition, analysing the geometric curvature may help to under-
stand the influence of different sportswear on spine movements
during running, with focus on the region of the breasts, where
the mass concentration associated with the breast was diagnosed
as the cause of increased thoracic kyphosis and lumbar lordosis
(Findikcioglu et al., 2007), contributing to a possible risk of spinal
injury (Schinkel-Ivy and Drake, 2016).

To the best of our knowledge, no studies have addressed the
effects of using both sports bra and footwear on spine movements.
The aim of this study was to analyse the influence of a combination
of different footwear and breast support on the vertebral spine
during running. We hypothesized that the changes on curvatures
of the spine would be smaller with traditional footwear, because
the use of this footwear model can reduce the impact that the body
suffers during running (Bonacci et al., 2013) and that because the
sports bra reduces the movements of the breasts (Scurr et al.,
2010), less alterations on the spine during running would be
detected.
2. Methods

2.1. Participants

Seventeen women (Table 1) were selected to this study. They
were able to run on a treadmill, had breast size B, C, D or greater
(McGhee and Steele, 2006; White and Scurr, 2012), wore shoe size
38, 39 and 40 (European size), did not present previous muscu-
loskeletal injuries or in the lower limbs, declared themselves as
healthy and without spinal injuries, pain and known deviations,
did not perform surgical procedure on the breasts, and were not
pregnant or breastfeeding. The experimental procedures of the
study were approved by the IRB and written informed consent
was obtained from all participants included in the study.

2.2. Experimental procedures

To characterize the volunteers, we used the International Phys-
ical Activity Questionnaire (IPAQ) short version (Matsudo et al.,
Table 1
Descriptive data of the participants.

Variables Mean (SD) 95% CI

Lower bound Upper bound

Age (years) 23.41 (3.75) 21.48 25.34
Height (m) 1.66 (0.06) 1.63 1.69
Body mass (kg) 68.62 (8.70) 64.14 73.09
BMI (kg/m2) 24.88 (3.11) 23.28 26.48
Menstrual period (day) 7.58 (3.31) 5.88 9.29

ASBC - bare breast*
Bbreast + Trad 6 (4–7) 4.06 6.65
Bbreast + Min 5 (3–6) 3.77 6.35
Bbreast + Bfoot 7 (4–8) 5.09 7.38

ASBC-everyday bra*
Ebra + Trad 2 (2–4) 1.87 3.77
Ebra + Min 2 (1–3) 1.54 3.40
Ebra + Bfoot 4 (2–4) 2.71 4.82

ASBC-sports bra*
Sbra + Trad 0 (0–0) �0.20 0.55
Sbra + Min 0 (0–0) �0.13 0.37
Sbra + Bfoot 0 (0–2) 0.37 2.22

SD: standard deviation. CI: confidence interval. BMI: body mass index. ASBC: ana-
logue scale for breast comfort. Bbreast: bare breast. Ebra: everyday bra. Sbra: sports
bra. Trad: traditional footwear. Min: minimalist footwear. Bfoot: barefoot.

* Values expressed as median (1st and 3rd quartiles).
2001), a weighing scale (URANO – PS180), a compact stadiometer
(WISO – E210), and an anthropometric tape to measure the breast
size.

With the purpose to verify the effect of sportswear during run-
ning, a high-performance dri-fit sports bra (Nike Pro Rival) was
used, opening in the back as a swimmer model. Finally, we evalu-
ated a minimalist footwear (Nike Free Distance 2) with an approx-
imate mass of 160 g (varies according to the numbering), of neutral
type, with a drop of 4 mm, and a traditional footwear (Adidas
Response Boost LT) with approximate mass of 260 g, of neutral
type, with drop of 10 mm. Footwear of the same lines was used
in previous studies on shod and barefoot running (Bonacci et al.,
2013; Fukano et al., 2009).

The task consisted of walking and running on a treadmill
(INBRAMED). First, participants warmed-up and familiarized with
performing the task itself. Next, participants walked on a treadmill
at 5 km/h for one minute, followed by a 7 km/h and 10 km/h run,
taking approximately thirty seconds at each speed (Lorentzen and
Lawson, 1987; Scurr et al., 2010). After each condition, participants
classified the breast discomfort felt during running using the ana-
logue scale for breast comfort (Mason et al., 1999), where 0 repre-
sented ‘‘comfortable, no pain”, 5 ‘‘uncomfortable”, and 10
‘‘painful”.

All pairwise combinations between breast support (bare breast,
everyday bra and sports bra) and footwear (barefoot, traditional
and minimalist) were analysed. The bare breast and barefoot run-
ning conditions were performed to verify the extent to which the
use of materials (bra and footwear) is effective, as reference values.
During bare breast, a paper adhesive protector was fixed on the
nipples.

The order of conditions was randomized between the partici-
pants. To avoid fatigue, participants rested for 3 min between the
conditions. All participants were tested between the end of men-
struation 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 and
most stable size (Milligan et al., 1975).

Adhesive retro reflective markers (15 mm in diameter) were
fixed on the lateral face of the calcaneus and on the base of the fifth
metatarsal of the left foot, to determine the stride cycle. For study,
10 stride cycles were analysed for each condition.

2.3. Quantifying vertebral posture

The method presented in Campos et al. (2015) was adopted for
spine dynamic posture quantification. For this, points on the back
were identified with adhesive retro-reflective markers (plane, rect-
angular [12 � 8 mm]). The trigonum scapulae (SC), posterior supe-
rior iliac spines (PSIS), and at the spinous process of the second
sacral vertebra (S2), fourth lumbar (L4), and twelfth, sixth, and first
thoracic (T12, T6, T1) were marked. At the height of L4, T12, T6, and
T1, following the alignment of the PSIS, a pair of bilateral markers
was placed. Finally, the spaces between spinal points were filled
with markers with a distance of approximately 2 cm (Fig. 1A).

Spine movements were registered using three cameras of the
Optitrack System�, in grayscale video mode (120 Hz) (Fig. 1B).
Images were processed using a Matlab� (The MathWorks, Natick,
Massachusetts, USA). Direct linear transformation method
(Abdel-Aziz and Karara, 2015) was used for three-dimensional
(3D) reconstruction. At each time percentage of each stride cycle,
the 3D coordinates of all spine markers were defined in relation
to a local coordinate system of the trunk, originating at T12
(Campos et al., 2015).

From the markers positioned on the trunk (Fig. 2A), the spine
points were reconstructed and projected onto the frontal and sagit-
tal plane of the trunk. At each time point of the stride cycle, at each
plane, an eighth order polynomial fit (using the least squares tech-



Fig. 1. Schematic representation of the spine markers (a) and the experimental environment (b).
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nique) was performed (Fig. 2B). Thus, the concept of two-
dimensional geometric curvature K (z) (Campos et al., 2015) was
used to calculate the first and second derivative P0(z) and P00(z),
respectively, using Eq. (1):

K zð Þ ¼ P00ðzÞ=½1þ P0ðzÞ2�3=2 ð1Þ
The unit of measurement of the geometric curvature adopted

was ‘‘m�1”. In the frontal plane, positive geometric curvature val-
ues corresponded to spinal concavities to the left of the volunteer
(left flexion), and negative geometric values corresponded concav-
ities to the right (right flexion). In the sagittal plane, positive values
indicated anterior concavities (kyphosis), and negative values indi-
cated posterior concavities (lordosis). Values close to zero repre-
sent a rectification of the spine. The longitudinal coordinate z
was normalized by the Euclidean distance between L4 and T1,
and the curvature was defined in 100 points of Z distributed along
this region, according to Eq. (2):

Z zð Þ ¼ 100ðz� L4zÞ=ðT1z� L4zÞ ð2Þ
where L4z and T1z represent the z coordinates of L4 and T1, respec-
tively. The neutral curve of the spine was defined as the average
posture presented in the gait cycle (Campos et al., 2015) (Fig. 2C).

The accuracy of the data collection was tested, and its determi-
nation was performed considering the values of systematic (bias)
and random (precision) errors. For this purpose, three cameras of
the Optitrack� System (Natural Point, USA) in gray-scale video
mode were used to film a rigid rod of known size (15 cm) with
two plane markers (12 mm � 8 mm) fixed at its ends. This rod
was moved vertically, simulating the movement of the spine
within the calibrated region for the data collection. From the
three-dimensional reconstruction of the markers, the Euclidean
distance between the two markers was calculated. Accuracy was
calculated considering bias (b) and precision (p) according to the
following Eq. (3):

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ p2

q
ð3Þ

The bias found was 2.1 mm, the precision was 0.8 mm, and the
accuracy was 2.2 mm.

The proposed methodology (marker-set and reference frame)
presented robust test-retest (two weeks) reliability for lumbar
(ICC = 0.81) and thoracic (ICC = 0.93) curvatures in the sagittal
plane in a previous study (Campos et al., 2015). In addition, by per-
forming another analysis simulating typical errors of the marker
replacement at the T12 level, the authors found that the variation
in peak curvature between days (9.2%) was lower than an angular
variable (29.8%). (Campos et al., 2015).

2.4. Outcome measure

The independent variables of the study were: the different
types of breast support - bare breast (Bbreast), everyday bra (Ebra),
and sports bra (Sbra), different footwear conditions - barefoot
(Bfoot), minimalist (Min), and traditional (Trad) and treadmill
speed (5, 7, and 10 km/h).

For the whole gait cycle (C) and for the neutral curve (NC), the
dependent variables were: the maximal (M) thoracic (T) kyphosis
(maximum sagittal curvature) and lateral flexion (maximum abso-
lute frontal curvature), and the maximal lumbar (L) lordosis (min-
imum sagittal curvature) and lateral flexion (Fig. 2D).

2.5. Statistical analyses

Shapiro-Wilk’s test checked the assumptions of Gaussian distri-

bution. The descriptive data were presented as mean (x
�
), standard

deviation (SD), 95% CI and median (1st and 3rd quartiles). A gener-
alised estimating equation model through a specific syntax was
employed to compare the different breast support, footwear and
speed. A covariance matrix was specified a priori (robust estima-
tor), and a working correlation matrix was set as an independent
structure. The model type was set as a gamma distribution loga-
rithmic link function. The standard error estimates were adjusted
according to the hypothesised correlation between different condi-
tions of the outcome. Multiple comparisons were using Bonferroni
post hoc test. The effect size (ES) calculations were presented for
the statistically significant results through the function in Matlab
that were written in the regression formula (robust estimator)
(R2) (Jeleel and Hussein, 2016). The interpretation falls into 0.01
(small), 0.09 (medium) and 0.25 (large) (Cohen et al., 2003). All
analyses were performed using the IBM-SPSS software version 21
(IBM Corp., Armonk, NY, USA) with significance set at 5%.
3. Results

3.1. Participants

The distribution of participants regarding physical activity was:
low (n = 3), moderate (n = 8), and high (n = 6). For breast size, par-
ticipants presented a band size ranging from 29 to 40 with a mean



Fig. 2. Schematic figure of the proposed methodology. (a) Spine markers on the
participants. (b) The projection of the z and x coordinates in the frontal (left) and
the sagittal (right) plane. From these coordinates, an eighth order polynomial was
adjusted to calculate the curvatures. (c) The curvature values at each z coordinate
point for a given time stamp for the frontal (left) and sagittal (right) plane. (d) For
the frontal (left) and sagittal (right) plane, each grey curve represents the curvature
at each time stamp during the whole gait cycle. These data represent the results
from one volunteer, at 5 km/h, with sports bra and traditional footwear. M:
maximum. T: thoracic region. L: Lumbar. C: the whole gait cycle. NC: neutral curve.
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of 32.88 (SD = 2.78). Cup size ranged between categories B and D,
being B (6 participants), C (6 participants) and D (5 participants).

Table 1 presents the descriptive data of participants: age,
height, mass, body mass index (BMI), menstrual period and breast
comfort data.

3.2. Vertebral posture outcomes

No interactions between support, footwear and speed were
found (for descriptive data, see the Supplementary Material).

Fig. 3 presents the results for frontal plane. Lumbar NC pre-
sented a higher value (Wald = 35.183, p < 0.001) for bare breast
than the Ebra and Sbra (ES = 0.006). The MLC presented a higher
value (Wald = 11.609, p = 0.003) for the bare breast condition than
the Sbra (ES = 0.11). MTC presented a lower value (Wald = 25.217,
p < 0.001) for Bbreast condition than the Ebra and Sbra
(ES = 0.004). MTC presented a higher value (Wald = 15.466,
p < 0.001) for Bfoot than Min (ES = 0.005). The thoracic NC showed
(Wald = 32.498, p < 0.001) a lower value at 5 km/h compared with
7 and 10 km/h (ES = 0.005). Lumbar NC presented (Wald = 6.806,
p = 0.033) a lower value at 5 km/h than 10 km/h (ES = 0.002).
The MTC (Wald = 677.673, p < 0.001) and MLC variables
(Wald = 323.540, p < 0.001) also presented a lower value at
5 km/h when than at 7 and 10 km/h (ES = 0.11), and lower value
at 7 km/h than at 10 km/h (ES = 0.19).

Fig. 4 presents the results for sagittal plane. MTC presented
(Wald = 7.201, p = 0.02) a lower value for Bbreast than the Sbra
(ES = 0.002). Lumbar NC (Wald = 24.810, p < 0.001) and MLC
(Wald = 17.178, p < 0.001) presented a higher value in the Bfoot
condition compared to other conditions (ES = 0.008 and ES = 0.01
respectively). Thoracic NC (Wald = 32.498, p < 0.001) and lumbar
NC (Wald = 62.396, p < 0.001) presented a higher value at 5 km/
h than at 7 km/h and 10 km/h (both ES = 0.01). MLC presented
(Wald = 24.733, p < 0.001) higher values at 10 km/h compared to
the other speeds (ES = 0.01).
4. Discussion

The present study analysed the influence of different sports
materials on vertebral posture during running. We verified that
Bbreast, Ebra and Bfoot conditions presented the highest values
of breast discomfort: the Sbra was considered the most comfort-
able (Table 1). Still, the results showed no interaction effect
between support conditions, footwear and speed. Despite that,
the breast support, footwear and speed, individually, were able
to cause postural adaptations. Medium ES was presented in the
MLC in the support conditions, MLC and MTC in the speed condi-
tions in the frontal plane. The other variables presented small ES.
4.1. Breast comfort outcomes

In this study the Sbra was the most comfortable breast support,
whereas Ebra was considered between comfortable and uncom-
fortable and the Bbreast condition between uncomfortable and
painful. All Bfoot conditions were considered the most uncomfort-
able between footwear conditions (Table 1). The results of the
breast comfort were a preview that sportswear can cause in the
spine. This outcome corroborates studies that indicate that women
feel more discomfort in situations of worst breast support (Mason
et al., 1999; White et al., 2015). Therefore, running without proper
breast support may induce changes in posture. One can argue that
maintaining this changed posture in long-term activities may
cause pain, which should be the focus of research in future studies.
4.2. Vertebral posture outcomes

In the frontal plane, we verified that the MLC during the stride
cycle presented greater lateral deviation in the Bbreast condition.
We verified that 11% of the variation in this variable can be
accounted for by referring to the variation in bra types values. Still,
throughout the cycle, the thoracic region in the frontal and sagittal
planes and the lumbar region in the sagittal plane were more rec-
tified in the Bbreast condition, suggesting that participants per-
formed a strategy to move less in these regions to minimize the
impact of walking and running with bare breast. Women may have
performed adaptations throughout the body to relieve the discom-
fort of breast movement that was not supported.



Fig. 3. Box plot of the geometric curvature of the spine (m�1) for the main effects of A: breast support, B: footwear and C: speed. Frontal plane. Difference (p < 0.05) between
conditions, being * different from Bbreast (bare breast); � different from Bfoot (barefoot); s different from 5 km/h and e different from 7 km/h. Each dot represents each
stride of the participants. M: maximum; T: thoracic region; L: Lumbar; C: the whole gait cycle; NC: neutral curve.
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In the Bfoot condition, the lumbar region was less rectified
than Trad or Min footwear conditions, suggesting that both foot-
wear conditions were able to maintain the natural curvatures of
the spine on the lower back. These findings corroborate previous
studies that demonstrated that both traditional and minimalist
footwear are able to reduce the impacts of running (Bonacci
et al., 2013; Lieberman, 2012; Ogon et al., 2001). However,
future research should investigate if changes in spine kinematics
are related to the capability of the impact reduction of both
footwears. Thus, the hypothesis that the curvature changes of
the spine would be smaller with traditional footwear was
accepted.



Fig. 4. Box plot of the geometric curvature of the spine (m�1) for the main effect of A: breast support, B: footwear and C: speed. Sagittal plane. Difference (p < 0.05) between
conditions, being * different from Bbreast (bare breast); � different from Bfoot (barefoot); s different from 5 km/h and e different from 7 km/h. Each dot represents each
stride of the participants. M: maximum; T: thoracic region; L: Lumbar; C: the whole gait cycle; NC: neutral curve.
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The thoracic and lumbar NC in the frontal plane presented dif-
ferences between the speeds, with lower values at 5 km/h, indicat-
ing the lack of increased spine lateral flexion for both sides.
However, in the sagittal plane these variables presented higher val-
ues for the speed of 5 km/h than the other speeds. These results
agree with Campos et al. (2015), who suggested that the neutral
posture is softer in the frontal than in the sagittal plane, because
the lateral deviations of the alignment of the spine are small in
asymptomatic people.

In the frontal plane, the MTC and MLC presented differences
between the velocities with higher values of curvature at the
higher velocities, corroborating studies reported in the literature
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that indicate that the increase of speed generates a higher fre-
quency and range of motion of the structures of the lower limb
which, in turn, influence the movement of the spine (Whittle and
Levine, 1999). 11% of variation in MTC can be explained by the
variation in speed values, whereas 19% of variation in MLC can
be explained by the same variable.

Regarding the main effect for speed in the sagittal plane, we
verified that the general adaptation (identified by the NC) implies
a rectification of the thoracic and lumbar spine; however, when the
maximal curvatures were investigated, an increase in the lumbar
region was diagnosed, which suggests that at high speeds it is pos-
sible that there are peaks of lumbar lordosis during running.

Although the ES had been small in the variables of sagittal
plane, the sportswears were able to cause adaptations in the spine.
Finally, the use of the sports bra reduces the movements of the
breasts (Scurr et al., 2010). Thus, the combination between proper
breast support and footwear imply less alteration in the spine dur-
ing running. This study provided a better understanding of how the
spine behaves during running and how the use of appropriate
sportswear can affect the spine.

In addition, our results may contribute to women running train-
ing and, subsequently, allow the use of running as a form of inter-
vention to improve the quality of life of women and postural
deviations. Future research investigating the intervention with dif-
ferent breast support and footwear on spine with pathological con-
ditions (e.g. scoliosis, hyperkyphosis or hyperlordosis) may provide
relevant information to decrease back pain and, consequently,
improve the quality of life. Additionally, further research may
investigate the effects of the sportswear for the safety and comfort
for the practice of running in these patients.
5. Conclusion

In general, the results of this study suggest that, when women
wear the sports bra, they do not need to compensate at thoracic
spine because the sports bra itself provides support and comfort.
If the appropriate support is not used, greater demand to rectify
the spine may be necessary, which may justify why women com-
plain about discomfort in the spine during running. Finally, the
study also showed that barefoot running increases the curvatures
in the lumbar spine.
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