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Abstract: (1) Background: The percentage of breast augmentations has increased in recent

years alongside the frequency of implant removals. Musculoskeletal and postural disorders

are often overlooked during this removal process. Research indicates that excess ante-

rior load from breast implants can disrupt postural control and potentially lead to short-

or long-term musculoskeletal dysfunction. This study aims to evaluate the immediate

changes in postural control after artificial breast augmentation in healthy female volunteers.

(2) Methods: Spinal angles, the center of pressure (CoP), and electromyographic activity

of the spinal muscles were recorded in the static position and during the functional reach

test (FRT) without and with implants of different volumes (220 mL, 315 mL, and 365 mL).

Subjective perceptions of effort, comfort, weight, and performance in the FRT were also

assessed. (3) Results: Statistical differences were significant in the scapular elevator during

the one-minute standing position (lower activation with the 220 mL implant compared to

the control and 315 mL) and in the trapezius muscles during the FRT (lower activation in

the upper trapezius in the 315 mL vs. control in the reach phase and 220 mL vs. control

in the return phase and higher activation in the lower trapezius in the 315 and 365 mL

vs. control in the reach phase). Additionally, significant differences were identified in the

performance of the FRT and the associated subjective perceptions. (4) Conclusions: Breast

implants with sizes of 220, 315, and 365 mL can alter scapular neuromuscular control, but

these differences do not seem substantial enough to result in negative biomechanical effects

in the short-term analysis.

Keywords: breast implants; mammary volume; electromyography; kinematic; biomechanical

analysis

1. Introduction

Postural control combines two major concepts, postural orientation and postural sta-

bility. The first one is related to the control of body alignment with the influence of gravity,

which is based on the association of multiple systems, like the visual, proprioceptive, and

Appl. Sci. 2025, 15, 579 https://doi.org/10.3390/app15020579

https://doi.org/10.3390/app15020579
https://doi.org/10.3390/app15020579
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0007-4157-1386
https://orcid.org/0009-0002-9096-0445
https://orcid.org/0009-0004-1898-3487
https://orcid.org/0000-0001-7001-0157
https://orcid.org/0000-0003-0123-4960
https://orcid.org/0000-0002-8661-3080
https://orcid.org/0000-0002-7394-7604
https://orcid.org/0000-0002-2590-962X
https://orcid.org/0000-0001-9528-1463
https://doi.org/10.3390/app15020579
https://www.mdpi.com/article/10.3390/app15020579?type=check_update&version=1


Appl. Sci. 2025, 15, 579 2 of 27

vestibular. The second one refers to the capacity to control the body’s center of mass

within its base of support against internal or external disturbances [1,2]. Effective postural

control results from the merging of multiple factors, such as physiological, biomechanical,

psychological, sociocultural, and environmental, and from the conjunction of multiple sys-

tems, such as the central nervous, vestibular, somatosensory, visual, and musculoskeletal

systems. Moreover, the balance between the systems is crucial for maintaining posture and

preventing falls [2]. Biomechanical analysis using force plates, motion capture systems,

inertial sensors, electromyography, and functional balance tests is frequently tied up to

the assessment of postural orientation and stability. This extensive analysis allows for

researchers to comprehend the motor control capacities of different groups of people [2,3].

While numerous factors influence postural control, such as decreased movement

variability, older age, and low levels of physical activity, some authors have highlighted

the role of gender-specific factors, particularly in women. For example, in healthy female

individuals, breast volume is a factor that can affect postural control [2,4,5]. Increased

breast volume can influence postural control in women, with larger breast sizes potentially

requiring postural adjustments and increased muscle load to support anterior weight

displacement [4,5]. Excessive breast volume, as seen in macromastia, can lead to discomfort

and pain, often alleviated through breast reduction surgery, which improves the quality

of life [6–10]. Conversely, breast augmentation, often for aesthetic reasons or even for

post-mastectomy reconstruction, can also affect postural stability by altering the center of

gravity and weight distribution. Such changes may require adjustments in body alignment

and muscle activation, highlighting the impact of breast size modifications on postural

control [11,12]. In some cases, due to breast removal or body image concerns, women search

for breast augmentation to increase their current size, which can significantly improve their

self-esteem and well-being [13,14]. However, if the implant size is not adequately chosen, it

is possible that the same postural change seen in macromastia can be noticed in the breast

augmentation population.

Generally, breast implants are available in sizes ranging from 100 mL to 800 mL. In

Europe, plastic surgeons typically use implant volumes lower than 300 mL, the average

breast implant volume used worldwide. However, other regions, such as the United States

and Oceania, can usually apply implants above 300 mL [15,16]. According to the most

recent global data from 2022, breast augmentation was the second most common surgical

procedure, but it is noteworthy that breast implant removal has also seen significant growth

in the most recent data [17].

Some reasons associated with the removal or revision of augmentation breast surgeries

are major complications, such as infection or capsular contracture. Other issues, such as

sudden musculoskeletal dysfunctions or postural control changes, are well-documented

problems associated with macromastia and breast cancer but are not usually seen as the

main issue when discussing the necessity of removal of breast implants [18]. Even so, early

studies have shown a direct correlation between breast size and musculoskeletal spine

conditions [9,19]. According to Michalik and colleagues (2022), women with D cup sizes

have shown higher thoracic kyphosis and lumbar lordosis than women with lesser cup

sizes, showing a positive correlation between the breast cup size and physiological spinal

curvature [19]. The hypothesis under consideration suggests that breast volume dispro-

portionate to the body can lead to certain alterations in an individual’s center of gravity

and potentially musculoskeletal changes that include an increase in thoracic kyphosis or

other postural shifts, muscular changes, or pain related to the cervical and lumbar spine

muscles [19–21].

Even though prior research has explored the implications of anterior load on muscu-

loskeletal dysfunctions and quality of life of women, a gap remains in the literature regard-
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ing the direct effects of increased anterior load, with size increase associated with the place-

ment of breast implants on postural control during static and dynamic postures [9,19–21].

In addition, current research focuses primarily on individuals who have faced breast

augmentation for reconstructive purposes, such as breast cancer following mastectomy

or asymmetry issues, and there is not much information about healthy individuals who

undergo this surgery for cosmetic purposes [22,23].

Therefore, this study aims to fill this gap in the literature by assessing the direct changes

in postural control parameters in the upright position as a static postural condition and

in the functional reach test (FRT) performance as a dynamic postural condition following

artificial breast augmentation among healthy female volunteers. Specifically, the influence

of breast implants artificially imposed with an appropriate sports bra to isolate the anterior

effect of the implants’ volume on postural stability and orientation and the neuromuscular

control by analyzing parameters such as center of pressure (CoP) displacement and mean

velocity, spinal curvatures, and the activity levels of muscles such as sternocleidomastoid,

erector spinal cervical, elevator scapular, pectoralis major, upper trapezius, lower trapezius,

lumbar multifidus, and transversus abdominis/internal oblique muscles were assessed.

2. Materials and Methods

2.1. Study Design

According to the STROBE guidelines, a cross-sectional design study was developed.

2.2. Sample Eligibility Criteria

This study was carried out between May 2024 and September 2024 at the Human

Movement Analysis Lab of the Center for Rehabilitation Research located at the School

of Health of P. PORTO after the ethical committee of the School of Health of P. PORTO

approval (CE0071D).

This study included healthy female volunteers recruited by convenience sampling

from the School of Health of P. PORTO based on their responses to an online questionnaire

that provided information on the inclusion criteria. Only participants meeting the eligi-

bility criteria and who consented to further communication were considered. The study

population included healthy female adults (age ≥ 18 years old). Participants were excluded

if they had undergone breast surgery; were pregnant; or had musculoskeletal, neurological,

proprioceptive, visual, or vestibular disorders that interfered with the performances of

tasks that involved movements related to the vertebral column and cervical, shoulder,

and/or lumbar muscle activation. In addition, individuals with a body mass index (BMI) of

30 kg/m2 or greater and those who had consumed alcohol within 24 h before data collection

were excluded [20,21,24]. Before testing, each participant read and signed the informed

consent form. After exclusion based on the eligibility criteria, 35 females participated in the

present study (Figure 1).
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Figure 1. Sample flow chart.

2.3. Instruments and Procedures

2.3.1. Pilot Study

Before the final data collection, a pilot study was conducted with three individuals

who were not part of the study sample but had the same characteristics. The purpose

of the pilot study was to assess the methodology and procedure implementation. No

modifications were necessary for the main study.

For data collection, the implants used were anatomically shaped implants sponsored

by LineaMédica® (Dispositivos Médico-Cirúrgicos, S.A, Porto, Portugal). The selected

implant sizes for evaluation were intended to reflect those commonly used by European

plastic surgeons. To meet this requirement, the company provided pairs of demonstration

implants with volumes of 220 mL, 315 mL, and 365 mL. These implants were placed in

a pocket of an adjustable sports bra so that they did not come in direct contact with the

participants’ skin and to assess the anteriorly imposed volume in the participants’ postural

and neuromuscular control.

2.3.2. Anthropometric Measurements

The participants underwent preliminary anthropometric measurements, including

height and body mass, which were used to calculate the participants’ body mass index

(BMI) and mammary volume (MV). BMI was calculated using the following formula:

Body mass (kg)

[Height (m)]2
(1)

Individuals were categorized as underweight if their BMI was less than 18.5 kg/m2,

normal weight if their BMI was between 18.5 and 24.9 kg/m2, overweight if their BMI

was between 25.0 and 29.9 kg/m2, and obese if their BMI was 30.0 kg/m2 or more by the

worldwide standard for BMI [25].
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The percentage of implant weight in relation to the total weight of the body was

calculated using the following formula:

Implant Weight (kg)

Individual’s body mass (kg)
× 100 (2)

MV was calculated using the Qiao et al. (1997) formula:

MV =
π

3
× MP2 × (MR + LR + IR − MP) (3)

where MP is the mammary projection, which corresponds to the horizontal distance be-

tween the thoracic wall and the nipple, MR is the distance between the nipple and the

medial terminal crest (medial breast radius), LR is the distance between the nipple and the

lateral terminal crest (lateral breast radius), and IR is the distance between the nipple and

the inframammary fold (inferior breast radius) [26]. The breast distances were measured

in centimeters with standard tape. The MP was measured by subtracting the horizontal

distance measured from a fixed point to the nipple and the horizontal distance measured

from the same fixed point to the thoracic wall [21]. The participants were in a standing

position with arms along their bodies when measured.

2.3.3. Physical Activity Level Assessment

For characterization of the participants’ physical activity (PA) levels as one of the

factors that influence individual postural control, the International Physical Activity

Questionnaire—Short Form (IPAQ-SF) was used, as it is a brief and efficient method

for estimating PA levels. This instrument has an acceptable level of reliability of around

0.77 (Spearman’s p’s) and a validity criterion of around 0.49 [27,28].

The subjects’ PA levels were scored using the formula of the metabolic equivalent task

(MET) [29]:

Total METs = Walk METs + Mod METs + Vig METs (4)

where Total MET represents the total amount of energy expended throughout a whole

week and is expressed by min/week. Walk METs, Mod METs, and Vig METs represent,

respectively, the total amount of energy expended walking (3.3 METs), doing moderate

(4.0 METs) or vigorous (8.0 METs). PA throughout a week was calculated by multiplying

each representative METs by minutes and by the number of days (Mets × min × day) [29].

According to the scoring protocol, individuals were classified as low active if no activity

was reported or if activity was recorded but not enough to fit into one of the following

categories. An individual was classified as moderately active if the person reported five

or more days of walking, moderate-to-vigorous exercise, or vigorous exercise and at least

600 MET-minute per week. An individual was classified as highly active if the person met

either of the following two requirements: walking, moderate-intensity exercise, or vigorous-

intensity activity on at least three days and accumulating at least 1500 MET-minute per

week or seven or more days of any combination of walking, moderate-intensity exercise, or

vigorous-intensity activity achieving at least 3000 MET-minute per week [29].

2.3.4. Scapular Dyskinesia Type Characterization

The Kibler’s Scapular Dyskinesia Type Characterization was used to characterize the

participants’ scapular position at rest and during the abduction and adduction movements

of the shoulder. This scapular classification was used to assess and categorize scapular

dysfunctions that may interfere with the participant’s performance. The Kibler Scapular

Classification has a K coefficient of 0.49–0.64 [30].
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Based on visual observation, a trained physiotherapist categorized each participant’s

scapular presentation according to the criteria set out in Table 1. The scapular classification

was initially performed with the participant in a resting standing position, followed by the

abduction of both arms [30].

Table 1. Scapular Dyskinesia Type Characterization.

Type Definition

Type I
(Inferior angle)

At rest, the scapula’s inferior angle is posteriorly prominent. During arm motion, the inferior
angle tilts dorsally, and the acromion tilts ventrally over the top of the thorax. The axis of the
rotation is in the horizontal plane [30].

Type II
(Medial border)

At rest, the scapula’s medial border is prominent dorsally. During arm motion, the medial
scapular border tilts dorsally off the thorax. The axis of the rotation is vertical in the frontal
plane [30].

Type III
(Superior border)

At rest, the superior border of the scapula may be elevated, and the scapula can also be anteriorly
displaced. During arm motion, a shoulder shrug initiates movement without significant winging
of the scapular occurring. The axis of this motion occurs in the sagittal plane [30].

Type IV
(Symmetric
scapulohumeral)

At rest, the position of both scapulae is relatively symmetrical, considering that the dominant arm
may be slightly lower. During arm motion, the scapulae rotate symmetrically upward such that
the inferior angles translate laterally away from the midline and the scapular medial border
remains flush against the thoracic wall. The reverse occurs during the lowering of the arm [30].

2.3.5. Subjective Perception of Comfort, Effort, and Implant Weight

To evaluate the subjective perceptions of comfort, effort, and implant weight, each par-

ticipant was asked to characterize her experiences; Linkert qualitative scales were designed.

For comfort, the scale included the following labels: “very comfortable”, “comfort-

able”, “slightly uncomfortable”, “uncomfortable”, “moderately uncomfortable”, and “ex-

tremely uncomfortable”. For effort, the labels were as follows: “effortless”, “very light

effort”, “light effort”, “a little intense effort”, “intense effort”, and “very intense effort”.

For implant weight, the scale included the following: “very light”, “light”, “a little heavy”,

“heavy”, “moderately heavy”, and “very heavy”. The participants completed these assess-

ments during each task (orthostatic and reach performance tests) and with each implant

weight after the three repetitions.

2.3.6. Kinematic Assessment

The Qualisys Motion Capture System 2021.2 from Qualisys AB®, Gothenburg, Sweden,

was used to assess the head and spine kinematics during the FRT and in the one-minute

standing position test. This system included 13 cameras, (8 Oqus and 4 Miqus, operating

with a sampling rate of 100 Hz, and 1 Miqus video camera, operating with a sampling

rate of 25 Hz). Based on the studies of Guan et al. (2015) and Cacciatore et al. (2011), to

evaluate the kinematics of the cervical spine in the sagittal plane, a set of three reflective

markers were placed unilaterally on the dominant side of the lateral orbital margin (LOM),

the tragus of the ear (TRG), and the seventh cervical spinous process (C7) [31,32]. Based on

the study by Muyor et al. (2022), a set of six reflective markers were placed on the spinous

processes of the first, third, and eleventh thoracic vertebrae (T1, T3, and T11) as well as at

the first and fourth lumbar vertebrae (L1 and L4) and the second sacral vertebra (S2) to

assess the kinematics of the thoracic and lumbar curvature and sacral tilt in the sagittal

plane [33] (Figure 1) [34–41].

Finally, a marker was placed in the third metacarpophalangeal joint (3-MCF) to measure

the distance traveled by the dominant arm in space when the participant reached forward.
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The setup of markers was standardized across all participants to reduce the individual

variation of the placement of markers.

A single force plate [model FP4060-08 connected to amplifier AM 6300 Bertec Cor-

poration (Columbus, OH, USA) and an analog board b from Qualisys AB®, Gothenburg,

Sweden] with a sampling frequency of 1000 Hz was used to assess CoP displacement and

velocity in both the anteroposterior (CoPAP) and mediolateral (CoPML) directions. The

participant’s foot position on the platform was also initially established to standardize

individually and comfortably the participant position for each evaluation.

Before each participant evaluation, the Qualisys Motion Track Manager System and

the Bertec force plate were calibrated [42].

2.3.7. Electromyographic Assessment

The surface electromyographic (sEMG) signal was recorded using the Trigno Wireless

System (Delsys Inc., Natick, MA, USA) integrated into the Qualisys Motion Capture System

via analog board outputs. The sEMG signal was obtained through pre-amplified bipolar

differential electrodes (Trigno Avanti Sensor model, Delsys Inc., Natick, MA, USA). The

electrodes had a rectangular configuration of two parallel Ag bars with an interelectrode

distance of 10 mm, a gain of 1000, a common mode rejection coefficient > 80 dB, and an

acquisition frequency of 2000 Hz.

Before electrode placement, the skin was shaved and wiped with 70% isopropyl

alcohol to reduce skin impedance [43]. Eight electrodes were positioned on the muscles of

the dominant side landmarks of each participant (Figure 2).

ff

ffi

 

Figure 2. Representation of reflective marker placements of the lateral orbital margin (LOM); the

tragus of the ear (TRG); seventh cervical spine process (C7); first, third, and eleventh thoracic

vertebrae (T1, T3, and T11); one and four lumbar vertebrae (L1 and L4); and the second sacral

vertebra (S2) as well as the electromyography sensor placements with anatomical landmarks of the

sternocleidomastoid (SCM) [34], erector spinae cervical (ESC) [34], elevator scapulae (LS) [35,36],

upper trapezius (UT) [37,38], lower trapezius (LT) [37], pectoralis major (PM) [39], lumbar multifidus

(LM) [40], and transversus abdominis/internal oblique (Tra/IO) [41].
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The sEMG signals of the sternocleidomastoid (SCM), erector spinae cervical (ESC),

elevator scapulae (LS), upper trapezius (UT), lower trapezius (LT), pectoralis major clavicu-

lar portion (PM), lumbar multifidus, (LM) and transversus abdominis/internal obliques

(Tra/IO) were positioned according to anatomic references as stated in Figure 2. Each

electrode was placed in the most prominent portion of each muscle belly confirmed by

palpation during an isometric contraction [37,44].

The quality of the sEMG signal was checked using EMG Works software version

4.7.9 (Delsys Inc., Natick, MA, USA). Only values of SNR greater than 1.2, baseline noise

less than 15 microvolts root mean square (µVrms), and line interference less than 2 were

considered acceptable [45].

2.4. Testing Procedure

After the sample characterization measurements, the participants were asked to wear

an adjustable sports bra with pockets for the implants. The participants were blinded

to the implant size used at each stage of the study. Then, the sEMG electrodes and the

reflective markers were placed for kinematic and electromyographic assessments during

the one-minute standing position test and the FRT.

For the one-minute standing position test, the participants were instructed to stand

on the force plate with their arms alongside their body and their head facing forward and

remain still for the full minute. For the FRT, the participants started with their dominant

arm in a 90◦ shoulder flexion and their hands closed. Then, the participants were asked to

reach forward as far as possible without moving their feet or bending their knees [46]. To

return to the starting position, the participants were asked to reverse the movement in a

controlled manner, returning to 90◦ of shoulder flexion. To standardize the FRT, an anterior

reference point was placed at two times the participant’s arm length when flexed at a 90◦

angle. Three repetitions of each task were performed with each implant and without an

implant, which served as a control [46].

Each participant was evaluated with each implant in the same data collecting session,

in a randomized order, with one minute of rest between tests.

2.5. Data Processing

The kinematic from the spinal angles and the AP and ML CoP displacement and

velocity were extracted from Qualisys Motion Capture Software 2021.2 from Qualisys AB®,

Gothenburg, Sweden, and then managed and analyzed via Microsoft Excel.

Before data extraction, all markers from each participant were identified, labeled,

and filtered with a 4th order Butterworth filter of 6Hz with the smoothing tool from

Qualisys software as recommended by their manual to reduce high-frequency marker

noise [42,47,48].

Data from the angles of the head (LOM-TRG), cervical spine (TRG-C7), thoracic spine

(T1-T3; T11-L1), lumbar spine (T11-L1; L4-S2), and sacral tilt (L4-S2) in the sagittal plane

were extracted along with data from the position of the 3-MCF and the force plates.

A 2nd order Butterworth filter of 20 Hz using AcqKnowledge® (Version 3.9.0)

was applied only in the channels related to the AP and ML CoP data to reduce high-

frequency noises.

The FRT was divided into three phases: the reach phase, the maintenance phase, and

the return phase. The onset of the reach phase (T0) was identified as the instant when the

signal value from the 3-MCF position along the x-axis reached a value higher than 5% of

the maximum value obtained during the task above the baseline. The end of the phase was

defined as the instant of the maximum value of the 3-MCF trajectory. The maintenance

phase consisted of a 5-s hold at the maximum reach position. The beginning of the return
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phase was defined as the instant when the signal value from the 3-MCF position along

the x-axis reached a value lower than 5% of the maximum value. The end of this phase

was defined as the instant when the shoulder had returned to a 90◦ flexion angle, and the

trajectory had returned to its minimum value and initial position (Figure 3).
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Figure 3. Phases of the FRT are illustrated by a Qualisys plot.

The electromyographic data were analyzed using AcqKnowledge® (Version 3.9.0),

Python (Version 3.12.4), and Microsoft Excel. The sEMG signal was submitted to a band-

pass 2nd order Butterworth digital filter of 20–450 Hz to remove electrical noise and

electrode movement. If the signal exhibited cardiac activity, the digital filters applied were

50–450 Hz. Thereafter, the root mean square (RMS) was calculated with a sliding window

of 100 samples [24,44,49]. The mean of the three maximum peaks of the voluntary isometric

contraction was used as a reference to normalize the test values as described in Table 2. A

five-second isometric contraction was performed for each with a one-minute rest period

between each repetition [35,50].

To automate data processing, a script was developed to apply the filtering and the

RMS to all the electromyographic data. In the pilot study, the data extracted from the script

were compared with the data analyzed using AcqKnowledge to verify the accuracy of

the extraction process and ensure that the system functioned correctly. This comparison

was conducted to confirm the consistency of the extracted data with the manual analysis

performed in AcqKnowledge.

For each extracted file, Visual Basic for Applications (VBA) in Microsoft Excel was

used to automatically calculate various metrics related to the FRT.

The means of the amplitude range for each angular segment, 3-MCF distance traveled,

and the AP and ML CoP displacement were calculated with the following formula [51]:

Amplitude range = Maximum Value − Minimum Value

The mean velocity of the CoP in both AP and ML directions was calculated using the

following formula [52]:

Mean CoP Velocity (AP or ML) =
1

n − 1∑
n−1

i=1

|∆CoPi|

∆ti
(5)

This parameter was obtained by dividing the sum of the absolute variations in the CoP

displacement (∆CoPi) at each time interval (∆ti) by the total number of samples, where n



Appl. Sci. 2025, 15, 579 10 of 27

represents the total number of samples collected. Finally, the mean of each muscle activity

was also calculated. Then, the data for each participant were extracted for each Excel ID,

and the average of the three repetitions was determined. The final Excel file contained data

in degrees for the angles, centimeters (cm) for the distance from the 3-MCF, cm for the CoP

AP and CoP ML displacement, centimeters per millisecond (cm/ms) for the AP and ML

CoP velocity, and percentage (%) for the muscle mean activity.

Table 2. MVIC muscle testing.

Muscle Muscle Testing

Sternocleidomastoid
Lying supine, hold the neck in anterolateral flexion (90◦ contralateral rotation) using isometric neck
contraction against manual resistance at mid-range [53].

Eretor spinae cervical Lying prone position, using isometric neck contraction against manual resistance at mid-range [53].

Levator scapulae
Prone T—thumbs up; In the prone position, the shoulder is horizontally abducted and externally
rotated (elbow fully extended) as the examiner applies manual pressure downward (above the elbow)
to resist adduction of the scapula and extension of the shoulder [54].

Upper trapezius
Seated T; In a seated position, the shoulder is abducted to 90◦ (elbow fully extended) as resistance is
applied above the elbow in a downward direction (to resist abduction) [54].

Lower trapezius
Prone V—thumbs up; In the prone position, the arm is raised above the head in line with lower
trapezius muscle fibers (elbow fully extended) as resistance is applied above the elbow against further
arm raise [54].

Pectoralis major
(clavicular portion)

The shoulder horizontally abducts with the shoulder and elbow flexed at 90◦. The participant provides
maximal force while attempting to horizontally adduct the arm [55].

Lumbar Multifidus Lifting the trunk from de prone position with manual resistance applied to the upper thoracic area [56].

Transversus abdominis/
Internal Obliques

The participant is in a prone position with knees under the hips and hands under the shoulders. The
participant raises the dominant arm with a 180◦ shoulder flexion and the contralateral leg with hip
extension [57].

2.6. Statistical Analysis

The sample size was calculated using the statistical program G*Power v. 3.1.9.4

(FranzFaul, Universität Kiel, Kiel, Germany, accessed on 30 September 2023) to achieve

a statistical power of 80%, with an effect size (f) of 0.25 (calculated based on a partial

η2 = 0.06) and a statistical significance of α = 0.05 [21,58]. It was found that a sample of 28

was sufficient to detect significant differences.

For descriptive and inferential statistical analysis, the Statistical Package for the Social

Sciences (SPSS®) software (Version 28.0) was used, with a significance level of 0.05 and a

confidence interval of 95%. To assess the normality of data distribution, the Shapiro–Wilk

test was initially applied, followed by a visual inspection of histograms. Depending on

the data, violations of statistical assumptions of normality required logarithmic or inverse

transformations. The presence of extreme outliers was checked, with the criterion of three

standard deviations used to consider an extreme outlier. These cases were considered

measurement errors or atypical exceptions and were reported as missing.

The homogeneity of variance between groups and the sphericity of covariates were

determined based on Levene’s test and Mauchly’s test, respectively. The Greenhouse–

Geisser correction was used when sphericity demands were not assumed.

Variables normally distributed were described as the mean ± SD, and data with

deviations from normality were expressed as the median with the interquartile range.

Data that followed the assumptions of normality, homogeneity, and sphericity un-

derwent analysis of variance (ANOVA) repeated measures to analyze the effects of breast

implants on COP displacement and mean velocity, angles of spinal curvatures, and the

activity levels of SCM, ESC, LS, UT, LT, LM, and Tra/IO muscles.
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In variables where the repeated measures ANOVA showed statistical significance, pair-

wise comparisons with Bonferroni post hoc were conducted to identify specific differences

between the implant conditions.

Data that did not follow the assumptions of normality and homogeneity underwent

non-parametric analysis. Friedman’s test was then used to assess the significant differences

between the conditions. When statistical differences were verified, the Wilcoxon paired test

with Bonferroni correction was used to identify whether the pair of conditions differed.

3. Results

The mean age of the participants was 24 years old, ranging between 19 and 38 years.

A total of 77.1% of the sample presented normal BMI, while 22.9% of the sample was over-

weight. The average PA level of the participants ranged between moderate and high. Only

11.4% presented a low PA level, 48.6% presented a moderate PA level, and 40% presented

a high PA level. The average MV was 271 mL, ranging between 22.51 and 1112.12 mL.

The implants of 220 mL, 315 mL, and 365 mL represented an average of 0.71 ± 0.07%,

1.01 ± 0.11%, and 1.18 ± 0.12% of the participant’s total body weight, respectively. This

study included only three left-handed women. In terms of resting and dynamic scapular

positions, most participants presented type IV (symmetrical scapulohumeral), followed

by type II (prominent medial border) scapular positions. Descriptive statistics for sample

characterization are presented in Table 3.

Table 3. Mean, standard deviation (SD), minimum (Min) and maximum (Max) of age, MV, BMI,

IPAQ, and each Body%implant. Number (N) and percentage (%) for each categorical variable as BMI,

IPAQ, dominant arm, and scapular classification.

Variable Mean SD Min Max

Age (years) 24.03 4.08 19 38
MV (mL) 270.46 259.18 22.51 1112.12

BMI (kg/m2) 22.78 2.29 18.66 27.65

N %

Normal Weight (18.5–24.9 kg/m2) 27 77.1

Overweight (25.0–29.9 kg/m2) 8 22.9

Mean SD Min Max

IPAQ Total Score (MET/week) 3048.37 3180.86 0 14,154

N %

Low PA (<600 MET-min/week) 4 11.4
Moderate PA (600–3000 MET-min/week) 17 48.6

High PA (>3000 MET-min/week) 14 40.0

Mean SD Min Max

Body%implant220 (%) 0.71 0.07 0.57 0.87
Body%implant315 (%) 1.01 0.11 0.82 1.24
Body%implant365 (%) 1.18 0.12 0.94 1.44

N %

Right-handed 32 91.4
Left-handed 3 8.6

Type I Scapular Dyskenisis 2 5.7
Type II Scapular Dyskenisis 12 34.3
Type III Scapular Dyskenisis 1 2.9
Type IV Scapular Dyskenisis 20 57.1

MV, mammary volume; BMI, body mass index; IPAQ Total Score, International Physical Activity Questionnaire
total score; Body%implant, each implant weight percentage compared to body weight; mL, milliliters; kg/m2,
kilogram per square meter; MET-min/week, MET-minute per week.
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3.1. One-Minute Standing Position Test

In the one-minute standing position, no statistically significant differences in spinal an-

gles were observed between implant conditions. The average values of the angles remained

relatively constant regardless of the added implant volume (Figure 4) (see Appendix A for

Table A1 contents).

ff

Figure 4. Mean and standard deviation and p-values of the lateral orbital margin (LOM) and tragus

of the ear (TRG) angle (a); TRG and seventh cervical process (C7) angle (b); first, third, and eleventh

thoracic vertebrae (T1, T3, and T11) and the first lumbar vertebrae (L1) angle (c); L1 and four

lumbar vertebrae (L1 and L4) angle (d); and L4 and second sacral vertebra (S2) angle (e) across

implant conditions.
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No statistically significant differences were found in the CoP measurements between

implant conditions. The AP and ML CoP displacements and velocities showed mean values

similar across implant volumes with most having similar standard deviations (Figure 5)

(see Appendix B for Table A2 contents).

ff

ff

ff

ff

Figure 5. Mean, standard deviation, and p-values of the anteroposterior (AP) (a) and mediolateral

(ML) (b) center of pressure (CoP) displacements and ML CoP velocity (c). Median, interquartile

range, and p-value of the AP CoP velocity (d) across implant conditions.

The sEMG activity results showed no statistically significant differences in the ac-

tivity of the ECM, ESC, PM, UT, LT, LM, and Tra/IO muscles across implant conditions.

The mean activation levels of these muscles were similar between the control and other

implant volumes, even when an anterior load was added. Significant statistical differ-

ences were found in the LS activity associated with an observed power of 0.864 (F = 4.416,

p-value = 0.006). Pairwise comparison analysis revealed statistical differences between the

220 mL implant condition and the control and 315 mL condition. Specifically, lower LS

values were observed with the 220 mL implant compared to the two conditions. The group

data generally showed a high standard deviation, especially in the LS muscle, indicating

some variability between conditions within the group of adult females studied (Figure 6)

(see Appendix C for Table A3 contents).
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ff
ff

ff −

ff

Figure 6. Mean, standard deviation, and p-values of the sEMG activities of the sternocleidomastoid

(SCM) (a), erector spinae cervicalis (ESC) (b), elevator scapulae (LS) (c), pectoralis major (PM) (d)

upper trapezius (UT) (e), lower trapezius (LT) (f), lumbar multifidus (LM) (g), and transversus

abdominis/internal oblique (Tra/IO) (h) muscles in the one-minute standing position. Post hoc

comparisons with Bonferroni: (i) statistical differences were detected between the control and 220 mL

implant condition (mean difference = 0.091; p-value = 0.003 **); (ii) between the 220 mL implant

condition and 315 mL implant condition (mean difference = −0.106; p-value = 0.014 *). * p-value < 0.05,

** p-value < 0.01.

3.2. Functional Reach Performance Test

In the reach and return phases of the FRT, no statistically significant differences were

observed in the spinal angles between the implant conditions. The implant conditions

showed similar mean and standard deviation values compared to the control (Table 4).

No statistically significant differences were found in the post hoc analysis of the CoP

measurements between implant conditions in the reach and return phases of the FRT. The

CoP displacements and velocities showed similar mean values across implant volumes.

However, a significant main effect was found in the CoP ML displacement with a power of

0.314 (Table 5).
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Table 4. Mean and standard deviation (SD) of vertebral column angles of the reach and return phases

of the FRT. Statistics of repeated measures ANOVA between implant conditions are included.

Variable Condition
Mean (SD)

Between Conditions Comparisons
F Value (df); p-Value

(Observed Power)

Reach Return Reach Return

LOM-TRG Angle
(◦)

Control 32.95 (21.94) 31.97 (21.77)
0.431 (3); 0.731

(0.134)
0.227 (2.444); 0.839

(0.088)
220 mL 32.83 (21.28) 32.37 (21.91)
315 mL 32.17 (20.87) 31.48 (20.71)
365 mL 32.49 (20.83) 31.76 (21.59)

TRG-C7 Angle
(◦)

Control 36.57 (15.22) 35.85 (14.91)
1.737 (3); 0.164

(0.442)
0.502 (2.370); 0.639

(0.137)
220 mL 36.22 (15.92) 35.60 (15.63)
315 mL 34.78 (14.25) 34.69 (14.44)
365 mL 35.34 (15.08) 35.16 (14.91)

T1-T3-T11-L1 Angle
(◦)

Control 17.86 (6.48) 14.63 (6.52)
0.411 (3); 0.745

(0.129)
0.291 (3); 0.832

(0.104)
220 mL 17.57 (6.10) 14.53 (7.10)
315 mL 18.32 (5.70) 15.01 (6.84)
365 mL 17.99 (5.92) 14.69 (6.34)

T11-L1-L4-S2 Angle
(◦)

Control 19.11 (8.50) 19.36 (8.12)
0.812 (3); 0.490

(0.220)
1.418 (3); 0.242

(0.366)
220 mL 19.32 (7.95) 19.24 (7.16)
315 mL 18.99 (8.46) 19.12 (7.49)
365 mL 18.46 (7.35) 18.30 (6.69)

L4-S2 Angle
(◦)

Control 48.12 (11.44) 45.53 (10.66)
0.116 (3); 0.950

(0.070)
0.856 (3); 0.466

(0.231)
220 mL 47.94 (11.09) 44.32 (10.72)
315 mL 47.89 (10.95) 44.88 (10.04)
365 mL 48.28 (9.57) 45.13 (10.15)

LOM, lateral orbital margin; TRG, tragus of the ear; C7, seventh cervical spine process; T1, first thoracic vertebrae;
T3, third thoracic vertebrae; T11, eleventh thoracic; L1, first lumbar vertebrae; L4, four lumbar vertebrae; S2,
Second sacral vertebra; mL, milliliters.

Table 5. Mean and standard deviation (SD) of center of pressure (CoP) displacements and velocities

of the reach and return phases of the FRT. Statistics of repeated measures ANOVA between implant

conditions are included.

Variable Condition
Mean (SD)

Between Conditions Comparisons

F Value (df); p-Value
(Observed Power)

Reach Return Reach Return

AP CoP
Displacement (cm)

Control 4.11 (2.78) 4.28 (3.32)
1.871 (3); 0.139

(0.472)
1.145 (3); 0.334

(0.300)
220 mL 4.63 (2.90) 4.69 (3.39)
315 mL 4.15 (2.66) 4.09 (2.86)
365 mL 4.01 (2.52) 4.02 (2.91)

ML CoP
Displacement (cm)

Control 1.91 (0.50) 1.98 (0.52)
3.195 (3); 0.027 *

(0.723)
1.203 (3); 0.313

(0.314)
220 mL 2.08 (0.53) 2.06 (0.72)
315 mL 1.84 (0.45) 1.89 (0.57)
365 mL 1.93 (0.43) 1.98 (0.75)

AP CoP Mean
Velocity (cm/ms)

Control 8.44 (9.93) 9.19 (10.42)
0.212 (3); 0.888

(0.089)
0.788 (2.561); 0.486

(0.199)
220 mL 7.53 (9.24) 8.13 (9.30)
315 mL 8.04 (8.64) 8.67 (9.23)
365 mL 8.23 (11.76) 8.55 (12.00)

ML CoP Mean
Velocity (cm/ms)

Control 2.69 (1.85) 2.48 (0.70)
1.154 (3); 0.331

(0.303)
1.337 (3); 0.267

(0.347)
220 mL 2.34 (0.71) 2.46 (0.62)
315 mL 2.24 (0.73) 2.39 (0.74)
365 mL 2.31 (0.91) 2.33 (0.67)

AP, anteroposterior (AP); ML, mediolateral; mL, milliliters; cm, centimeters; cm/ms, centimeters per millisecond.
* p-value < 0.05.
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In both phases, the sEMG activity results showed that the mean between implant

conditions was not variable enough to see statistically significant differences in muscle

activity of ECM, ESC, PM, LS, LM, and Tra/IO.

In the reach phase, pairwise comparisons of UT and LT mean activity levels showed

statistical differences between conditions. Specifically, only the 315 mL implant condition

showed statistically decreased UT activity and increased LT activity compared to the

control condition. Increased LT activity was also seen when comparing the 365 mL implant

condition to the control.

In the return phase, pairwise comparisons showed that the mean UT activity of the 220 mL

implant had a significantly lower mean compared to the control. High within-group standard

deviations were found for all muscles, especially those with significant differences (Table 6).

Table 6. Mean and standard deviation (SD) of the muscle activity percentage of the reach and return

phases of the FRT. Statistics of repeated measures ANOVA and Bonferroni post hoc comparisons

between implant conditions are included.

Variable Condition
Mean (SD)

Between Conditions
Comparisons

Post Hoc Comparisons

F Value (df);
p-Value (Observed Power)

Mean Difference (p-Value)

Reach Return Reach Return Reach Return

ECM
Muscle (%)

Control 3.58 (2.32) 2.72 (1.84)
0.438 (2.364);
0.680 (0.125)

1.845 (3);
0.144 (0.466)

220 mL 3.80 (2.45) 3.01 (2.02)
315 mL 3.72 (2.50) 3.09 (2.32)
365 mL 3.67 (2.26) 2.90 (1.89)

ESC
Muscle (%)

Control 49.47 (31.20) 22.45 (11.35)
1.778 (3);

0.156 (0.451)
1.994 (2.372);
0.135 (0.437)

220 mL 47.97 (30.88) 22.15 (14.02)
315 mL 45.79 (29.67) 20.41 (11.34)
365 mL 48.38 (39.43) 21.26 (12.26)

LS
Muscle (%)

Control 63.33 (48.79) 35.70 (26.15)
0.292 (2.367);
0.784 (0.098)

4.684 (1.680);
0.018 * (0.714)

220 mL 62.86 (44.23) 31.82 (21.41)
315 mL 60.90 (44.23) 35.44 (23.88)
365 mL 47.57 (48.05) 41.08 (32.69)

PM
Muscle (%)

Control 6.45 (4.00) 10.69 (7.01)
0.806 (2.476);
0.474 (0.200)

0.595 (2.289);
0.576 (0.153)

220 mL 6.93 (4.54) 10.11 (4.77)
315 mL 6.95 (5.20) 10.94 (8.20)
365 mL 7.15 (4.81) 11.15 (6.87)

UT
Muscle (%)

Control 52.48 (24.58) 31.56 (11.74)
5.888 (2.412);

0.002 **
(0.907)

3.569 (3);
0.017 * (0.775)

Control vs. 315 mL
= 0.135 (0.002 **)

Control vs.
220 mL =

0.132 (0.018 *)

220 mL 47.26 (21.46) 28.29 (12.03)
315 mL 45.55 (19.84) 29.56 (13.47)
365 mL 46.62 (21.21) 31.09 (16.72)

LT
Muscle (%)

Control 45.37 (26.23) 19.75 (15.02)
4.300 (3);
0.007 **
(0.854)

3.051 (3);
0.032 * (0.701)

Control vs. 315 mL
= − 2.750 (0.047 *)
Control vs. 365 mL
= − 4.071 (0.042 *)

220 mL 49.46 (27.56) 20.71 (16.24)
315 mL 48.12 (27.00) 20.87 (16.66)
365 mL 49.44 (26.79) 22.47 (17.90)

LM
Muscle (%)

Control 36.41 (15.09) 34.52 (11.35)
2.398 (3);

0.073 (0.584)
0.455 (3);

0.714 (0.139)
220 mL 37.07 (14.96) 34.56 (11.27)
315 mL 37.11 (18.78) 33.92 (11.65)
365 mL 38.12 (14.37) 34.66 (10.49)

Tra/IO
Muscle (%)

Control 19.14 (19.30) 22.89 (24.13)
1.479 (3);

0.225 (0.381)
0.059 (2.327);
0.960 (0.059)

220 mL 17.28 (17.03) 23.71 (28.77)
315 mL 16.86 (16.00) 21.30 (17.58)
365 mL 16.95 (16.66) 23.18 (24.48)

SCM, sternocleidomastoid; ESC, erector spinae cervical; LS, elevator scapulae; UT, upper trapezius; LT, lower
trapezius; PM, pectoralis major; LM, lumbar multifidus (LM); Tra/IO, transversus abdominis/internal obliques;
%, percentage; mL, milliliters. * p-value < 0.05; ** p-value < 0.01.
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FRT Performance

The averaged values of the participants reaching performance in each condition are

presented in Figure 7. Statistically significant differences were observed between conditions

(F = 4.105, p-value = 0.009). The post hoc analysis showed that the mean reach capacity was

lower in all implant conditions compared to the control one (Figure 7) (see Appendix D for

Table A4 contents).

−

−
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ff

Figure 7. Distance travelled by the third metacarpophalangeal (3-MCF) during the functional

reach performance test (FRT). ** p-value < 0.01. Post hoc comparisons with Bonferroni: (a) sta-

tistical differences were detected between the control and 220 mL implant condition (mean

difference = 1.457; p-value = 0.007); (b) between the control condition and 315 mL implant con-

dition (mean difference = 1.325; p-value = 0.040); (c) between the control condition and 365 mL

implant condition (mean difference = 1.104; p-value = 0.024).

3.3. Subjective Perception of Comfort, Effort, and Implant Weight

Statistically significant differences between implants were found for all three subjective

perceptions, even with the Bonferroni correction applied, with a trend toward worse

subjective perception with increasing implant weight. During testing, nearly all participants

described the control as “very comfortable”, “effortless”, and “very light”, reporting

optimal levels of comfort and minimal perceived effort and weight in the absence of

an implant. With the 220 mL implant condition, the participants still considered the

task “very comfortable” and “effortless”. However, the participants were more likely to

describe the weight as “light” rather than “very light”. With the 315 mL implant, the

participants revealed some more changes in perception. The participants considered the

tasks “comfortable with “very light effort” and maintained the perception of “lightweight”

as with the 220 mL implant. Finally, the 365 mL implant conditions resulted in the most

pronounced differences compared to the control. The perception of comfort and effort

remained consistent with the 315 mL implant conditions, reported as “comfortable” and

“very light effort”. However, the 365 mL implant was considered “a little heavy”, marking

a shift where the weight was no longer perceived as merely light. Table 7 shows the

statistics for subjective perceptions of effort, comfort, and weight according to various

implant volumes.
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Table 7. Median, interquartile range (IQR) of subjective perception of effort, comfort, and implant

weight. Statistics from the Friedman test and Wilcoxon test post hoc comparisons (with Bonferroni

correction) between implant conditions are included.

Variable Condition Median
IQR

(Q3-Q1)

Friedman Test Post Hoc Wilcoxon Test

χ2 Value (df);
p-Value

z Value (p-Value)

Subjective
Perception of

Effort

Control 0.00 0.00

57.039 (3);
<0.001 ***

Control vs. 220 mL = 3.169 (0.002 **)
Control vs. 315 mL = 4.457 (<0.001 ***)
Control vs. 365 mL = 4.534 (<0.001 ***)

220 mL vs. 315 mL = 2.982 (0.003 **)
220 mL vs. 365 mL = 4.363 (<0.001 ***)
315 mL vs. 365 mL = 3.119 (0.002 **)

220 mL 0.00 1.00

315 mL 1.00 1.00

365 mL 1.00 2.00

Subjective
Perception of

Comfort

Control 0.00 0.00

55.652 (3);
<0.001 ***

Control vs. 220 mL = 2.828 (0.005 *)
Control vs. 315 mL = 3.879 (<0.001 ***)
Control vs. 365 mL = 4.719 (<0.001 ***)
220 mL vs. 315 mL = 3.464 (<0.001 ***)
220 mL vs. 365 mL = 4.260 (<0.001 ***)
315 mL vs. 365 mL = 3.441 (<0.001 ***)

220 mL 0.00 1.00

315 mL 1.00 1.00

365 mL 1.00 0.00

Subjective
Perception of

Implant Weight

Control 0.00 0.00

75.709 (3);
<0.001 ***

Control vs. 220 mL = 3.947 (<0.001 ***)
Control vs. 315 mL = 4.686 (<0.001 ***)
Control vs. 365 mL = 5.107 (<0.001 ***)

220 mL vs. 315 mL = 3.038 (0.002 **)
220 mL vs. 365 mL = 4.652 (<0.001 ***)
315 mL vs. 365 mL = 4.520 (<0.001 ***)

220 mL 1.00 1.00

315 mL 1.00 1.00

365 mL 2.00 2.00

mL, milliliters. For each categorical variable, a number from 1 to 6 was assigned. For comfort subjective perception:
(1) “very comfortable”, (2) “comfortable”, (3) “slightly uncomfortable”, (4) “uncomfortable”, (5) “moderately
uncomfortable”, and (6) “extremely uncomfortable”. For effort subjective perception: (1) “effortless”, (2) “very
light effort”, (3) “light effort”, (4) “a little intense effort”, (5) “intense effort”, and (6) “very intense effort”. For
implant weight: (1) “very light”, (2) “light”, (3) “a little heavy”, (4) “heavy”, (5) “moderately heavy”, and (6) “very
heavy”. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.

4. Discussion

This study evaluated a group of healthy and active young adult women with an

average age of 24 years, with an average BMI of 22.78 kg/m2, most without scapular

dysfunction followed by medial scapular border tilts, and 88.6% with moderate to high

PA levels. The average age in this study is consistent with the 2022 global data for breast

augmentation surgeries, with women between 18 and 34 years old being the most common

age group seeking breast augmentation, representing 54.6% of the total, followed by women

between 35 and 50 years old, representing 33.6% [17]. This study included adults between

the ages of 19 and 38 years, with a limited number of participants over the age of 35 years,

which may affect the generalizability of our results to the 35–50 year old age group, making

the results more representative of the 18–34 year old age group. In addition, the elevated

PA level and normal BMI range observed in our sample may not be entirely representative

of all breast augmentation patients. It is possible that these patients may engage in different

PA activities and have different BMIs than those included in this study, which could

result in disparate postural and muscular adaptations to implants. This makes the sample

homogeneous in terms of age, BMI, and PA levels, increasing the internal validity of our

results, which provides reliable insights within this group of women. However, it also

limits the generalizability of our findings to other groups of women, so future research

could explore this, especially including individuals with older age and different PA levels

and BMI, to understand the needs of these groups and adapt clinical approaches and

postoperative recommendations regarding increased anterior volume.
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In terms of MV, this study showed some variability, with a high standard deviation

of 259.18 from a mean of 270.46 milliliters. The diversity of MV in this study makes it

representative of the general young adult population and reflects results for a wider range

of breast sizes. Future stratification of MV, with a larger sample size, may be helpful to

fully understand the impact of implants in different breast sizes on women’s bodies.

Relative to the kinematic and electromyographic results, significant differences were

observed, primarily in the electromyographic data, with most variations occurring in the

LS, UT, and LT muscles under different implant conditions.

Spinal angles and CoP measurements did not show significant differences between

implant conditions in any tests, indicating that vertebral postural orientation and postural

stability remained consistent as the additional weight was imposed. This suggests that

the weight was neutral and did not seem to interfere with the natural biomechanics of the

spine and have a noticeable impact on stability during the additional anterior load. These

results are consistent with the findings of Nicoletti et al. (2015), who concluded that spinal

curvature and CoP in the standing position were only affected by implants weighing more

than 400 g, with an increase in physiological lordosis and worsening stability in a short-term

analysis (24 h of implant use) [20]. They concluded that weights under 400 g should be

considered when choosing the implant weight, especially in patients with scoliosis or other

spinal curvature affections.

In the one-minute standing position, differences between conditions were found only

in the LS muscle, mainly in the 220 mL implant, which showed a lower percentage of

muscle activation compared to the control and with the 315 mL condition. As expected,

muscle activity was higher in the 315 mL condition than in the 220 mL condition, likely

due to the increased load requiring more muscle effort to maintain stability. Unexpectedly,

no significant differences were found with the 365 mL implant despite its greater volume,

and the 220 mL condition showed lower LS activity than the control. These results could be

influenced by high variability within the group, as indicated by substantial standard devia-

tions across all conditions, suggesting LS individual differences among the participants that

may overshadow the effects of implant volume, a factor that was not explored in this study.

Another possibility is a complex muscle adaptation strategy by the LS in response to lower

anterior loads. No previous studies have reported such differences, and with our results,

we cannot conclusively attribute them to muscle adaptation. These findings emphasize the

need for further research to better understand how different implant volumes or external

loads affect muscle activity, particularly in the LS.

During the reaching phase of FRT, the 315 mL and 365 mL implant conditions showed

lower sEMG activity in the LT muscle and higher sEMG activity in the UT muscle when

comparing the 315 mL with the control condition. These muscles did not show a linear

trend across implant conditions but only a variability of muscle activity between conditions,

also with a high standard deviation. Overall, the added implants did not demonstrate

a clear negative trend toward muscle imbalance compared to the control condition, as

expected for functional, active, and healthy individuals. These results suggest that most

participants counterbalanced for the additional weight with increased LT muscle activity

for scapular stability accompanied by decreased UT muscle sEMG activity, but only in the

315 mL implant condition, representing reduced UT muscle overload. During the return

phase, the percentage mean activities of the LT and UT decreased compared to the reaching

phase for all conditions, as expected. Although the results across implants also showed a

comparable pattern to those observed in the reaching phase, only one condition comparison

was statistically significant, with the UT muscle showing a decreased percentage of sEMG

muscle activity when comparing the 220 mL condition to the control.
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A related research study by Kateina and Mandalidis (2022) looked at electromyographic

changes in the thoracic and lumbar erector muscles as well as in the UT muscle [21]. They

found that, when silicone gel implants were used to increase volume by six times in people

with 200–250 mL mammary volumes, achieving volumes of 1200–1500 mL, UT sEMG

activity increased during the sit-to-stand activity, a different activity that does not require

the same muscle activation patterns than those in this study. This significant absolute

increase in volume was beyond what the participants in the present study achieved with the

365 mL implant, which also can explain the differing results. In addition, the present study

involved a group of young female volunteers who were mostly very active, which was not

assessed in the study by Kateina and Mandalidis (2022) [21]. This could influence the results

relative to UT and LT sEMG activity for potentially greater postural control capabilities.

Ultimately, an evaluation of the muscle activation timing would have provided a better

insight into the dynamics of muscle coordination during FRT. Future studies should con-

sider this evaluation to better understand the dynamic interactions between these muscles.

A potential factor contributing to these variable results between implant volumes could

have been partly due to differences in scapular dyskinesia among the participants. Scapular

dyskinesia could potentially alter muscle activation patterns, especially when additional

loads are applied [59]. Most of the participants in this study had a normal to medial border

scapular classification, with 18 having some type of scapular dyskinesia. It is important to

note that, despite the presence of scapular dyskinesia, none of the participants reported pain

related to the scapulohumeral joint, minimizing the likelihood of symptomatic confounding

of the results. However, further investigation with this variable as a possible confounding

variable may help to account for this heterogeneity and provide better insight into this

influence on activation, as breast volume alone influences muscle activity patterns [59].

The average performance on the FRT in each condition was excellent, indicating a low

risk of potential falls, as expected for a group of healthy women. However, there were

some differences in performance when the control was compared with the other conditions.

These differences in the group average appear to be subtle but still significant enough to

affect performance. This means that, while the participants were generally stable, the added

implant weights affected their ability to perform the FRT compared to the control condition.

On average, implants accounted for less than one percent of body weight across all

implant conditions, which is a low percentage value. The results demonstrated that this

increase in anterior weight percentage did not appear to exert an immediate influence on

the overall postural control of young and active women. This percentage did not appear to

be sufficient to cause significant problems with postural orientation and postural stability

during daily activities, especially upper-limb activities.

Beyond these objective measurements, we also considered the participants’ subjective

experiences to fully understand the impact of implants on their comfort, level of effort

during tasks, and perception of weight. There was a gradual tendency for the subjective

perception of comfort, effort, and weight to decrease with increasing implant weight. How-

ever, even with the 365 mL implant, the participants felt comfortable and light effort when

performing the tasks, indicating good adaptability up to this implant weight. However, this

subjective perception is individualized, and therefore, these results provide a general pic-

ture that may not be the same for other populations and may not show a linearly increased

tendency with increasing implant weight.

Finally, although previous studies, such as Michalik et al. (2022) and McGhee et al.

(2018), have identified associations between breast size and musculoskeletal dysfunction,

the current study short-term analysis did not reveal significant biomechanical dysfunc-

tions, including spinal curvature alterations, CoP velocity or displacement changes, or

neuromuscular control issues in most muscles analyzed [9,19].
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These findings have significant implications for clinical practice, particularly in the

field of physiotherapy for postoperative reconstructive surgeries. They suggest that, in

a healthy and active young female population, lower implant volumes (below 365 mL)

may not have an immediate or significant impact on biomechanical or musculoskeletal

parameters. Physiotherapy may not need to play an intensive role in the rehabilitation

of these patients with implants below 300 mL in the case of immediate postural changes,

although it remains essential to educate them about the potential need to improve postural

control due to the additional weight of the implants.

These findings can also help surgeons around the world, especially in countries

where the average implant volume tends to be above 300 mL, to make informed decisions

about implant volume, especially in young women, to avoid any type of biomechanical

dysfunction. It is important to note that these results are from a short-term analysis, and

future studies are recommended to assess long-term effects and populations with varying

activity levels or pre-existing musculoskeletal conditions to expand these insights.

Study Limitations

This study had a convenience sample, which increased selection bias and only eval-

uated immediate changes in kinematic and electromyographic variables. Therefore, the

implementation of randomized samples and a prospective study with mammoplasty sub-

jects should be considered to fully understand the long-term changes and mitigate the

selection bias. A wider range of implant volumes should be considered in future research,

given the new trends towards larger breasts, mainly outside of Europe. To increase external

validity, future research should include larger and more diverse sample sizes, such as

different age groups, body types, and those with pre-existing postural control conditions.

The Hawthorne bias is worth mentioning because of the possible change in behavior

of the participants due to their awareness of being observed and the potential to perform

better or differently than they would in real-life conditions. Blinding techniques can be

used to reduce awareness and obtain more typical behavior.

Another possible limitation of this study was the potential influence of confounding

variables in the analysis performed. The sample characterization data, such as the PA

level, age, BMI, scapular dyskinesia, and MV, could have been confounding variables

that biased the results. Future research should include methods to control and adjust for

these confounding variables to isolate the effects of implant weights in the kinematic and

electromyographic data.

It should also be noted that the present study did not address all the physical effects

and symptoms of a real mammoplasty. The analysis focuses only on the effect of different

implant weights on postural control. However, a comprehensive approach including

surgical technique, soft tissue healing, scar adhesions, etc., must be considered when

evaluating future postural control problems associated with mammoplasty.

5. Conclusions

This study found some influence of breast implants on kinematic and electromyo-

graphic variables in short-term analysis of a healthy and active female population. Specifi-

cally, variations were found considering the LS in the one-minute standing position, the

UT and LT muscles in the reach phase of the FRT, and the UT muscle in the return phase

of the FRT. The participants also showed differences in performance between implant

conditions and a slight decrease in subjective perception of effort, comfort, and weight

between implant conditions. Although these differences were observed, they did not

appear substantial enough to establish a clear negative biomechanical effect.
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Further research is needed, especially with a diversified sample size and over a longer

period, to explore potential long-term effects and other contributing factors, such as type of

surgery and scar healing.
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Appendix A. One-Minute Standing Position Test Spinal Angles Statistics

Table A1. Mean and standard deviation (SD) of the lateral orbital margin (LOM); the tragus of the ear

(TRG); the seventh cervical spine process (C7); the first, third, and eleventh thoracic vertebrae (T1, T3,

and T11); the first and fourth lumbar vertebrae (L1 and L4); and the second sacral vertebra (S2) of the

one-minute standing position test. Repeated measures ANOVA between implant conditions are included.

Variable Condition Mean SD

Shapiro–Wilk Test Between Conditions Comparisons

p-Value
F Value (df);

p-Value
Observed

Power/Effect Size

LOM-TRG Angle
(◦)

Control 4.82 1.95 0.112

0.638 (3); 0.592 0.180/0.018
220 mL 4.93 1.70 0.189
315 mL 5.29 2.89 0.457
365 mL 5.48 3.40 0.303

TRG-C7 Angle
(◦)

Control 2.64 0.70 0.582

2.410 (2.488);
0.084

0.530/0.066
220 mL 2.53 0.77 0.058
315 mL 2.79 0.93 0.192
365 mL 2.56 0.87 0.862

T1-T3-T11-L1 Angle (◦)

Control 4.93 2.68 0.773

2.108 (3); 0.104 0.524/0.058
220 mL 4.40 1.76 0.873
315 mL 4.14 1.76 0.762
365 mL 4.09 1.51 0.694

T11-L1-L4-S2 Angle (◦)

Control 4.27 2.91 0.227

2.436 (3); 0.069 0.592/0.067
220 mL 3.54 1.72 0.857
315 mL 3.35 1.39 0.827
365 mL 3.39 1.48 0.859

L4-S2 Angle (◦)

Control 2.50 0.73 0.090

0.238 (2.656);
0.840

0.090/0.007
220 mL 2.51 0.78 0.585
315 mL 2.55 0.81 0.059
365 mL 2.60 0.77 0.098
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Appendix B. One-Minute Standing Position Test Center of Pressure
Displacements and Velocities Statistics

Table A2. Mean and standard deviation (SD) of anteroposterior (AP) and mediolateral (ML) center

of pressure (CoP) displacements and velocity ML CoP velocity and median and interquartile range

(IQR) of the AP CoP velocity of the one-minute standing position test. Statistics of repeated measures

ANOVA and Friedmans test between implant conditions are included.

Variable Condition Mean (SD)

Shapiro–Wilk Test Between Conditions Comparisons

p-Value
F Value (df);

p-Value
Observed

Power/Effect Size

AP CoP
Displacement (cm)

Control 1.97 (0.79) 0.598

0.646 (2.422); 0.555 0.166/0.019
220 mL 1.96 (0.74) 0.600
315 mL 2.11 (0.81) 0.636
365 mL 2.06 (0.84) 0.584

ML CoP
Displacement (cm)

Control 1.17 (0.40) 0.649

0.241 (3); 0.868 0.094/0.007
220 mL 1.16 (0.39) 0.853
315 mL 1.19 (0.53) 0.498
365 mL 1.15 (0.45) 0.311

ML CoP Mean
Velocity (cm/ms)

Control 0.64 (0.20) 0.519

0.104 (3); 0.957 0.068/0.003
220 mL 0.64 (0.18) 0.631
315 mL 0.64 (0.18) 0.440
365 mL 0.63 (0.13) 0.686

Variable Condition
Median (IQR)

(Q3-Q1))

Shapiro–Wilk test Friedman test

p-value χ
2 value (df); p-value

AP CoP Mean
Velocity (cm/ms)

Control 6.19 (9.94) 0.001

1.357 (3); 0.716
220 mL 5.60 (9.81) <0.001
315 mL 6.26 (9.49) <0.001
365 mL 5.12 (9.65) <0.001

Appendix C. One-Minute Standing Position Test Electromyography
Statistics

Table A3. Mean and standard deviation (SD) of the sternocleidomastoid (SCM), erector spinae cervical

(ESC), elevator scapulae (LS), upper trapezius (UT), lower trapezius (LT), pectoralis major (PM),

lumbar multifidus (LM), and transversus abdominis/internal obliques (Tra/IO) of the one-minute

standing position. Statistics of repeated measures ANOVA and Bonferroni post hoc comparisons

between implant conditions are included.

Variable Condition Mean

Between Conditions
Comparisons

Post Hoc Comparisons

F Value (df);
p-Value

(Observed Power)
Mean Difference (p-Value)

ECM Muscle (%)

Control 1.32 (0.65)
1.006 (3); 0.383

(0.267)
220 mL 1.33 (0.81)
315 mL 1.25 (0.59)
365 mL 1.18 (0.57)

ESC Muscle (%)

Control 6.38 (4.17)
2.328 (3); 0.079

(0.570)
220 mL 6.03 (4.50)
315 mL 6.46 (4.67)
365 mL 6.73 (4.36)
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Table A3. Cont.

Variable Condition Mean

Between Conditions
Comparisons

Post Hoc Comparisons

F Value (df);
p-Value

(Observed Power)
Mean Difference (p-Value)

LS Muscle (%)

Control 13.60 (11.87)
4.416 (3); 0.006 **

(0.864)

Control vs. 220 mL = 0.091
(0.003 **)

220 mL vs. 315 mL = − 0.106
(0.014 **)

220 mL 12.14 (10.94)
315 mL 13.83 (13.05)
365 mL 12.84 (10.87)

PM Muscle (%)

Control 0.90 (0.56)
0.111 (1.479); 0.835

(0.064)
220 mL 0.97 (0.81)
315 mL 0.92 (0.57)
365 mL 0.93 (0.67)

UT Muscle (%)

Control 3.71 (2.28)

2.134 (2.298); 0.118
(0.457)

220 mL 3.76 (3.01)
315 mL 4.78 (4.48)

365 mL 4.64 (4.08)

LT Muscle (%)

Control 1.54 (1.46)
1.975 (1.851); 0.150

(0.379)
220 mL 1.66 (1.74)
315 mL 1.71 (1.79)
365 mL 1.66 (1.45)

LM Muscle (%)

Control 6.33 (3.37)
0.534 (3); 0.660

(0.156)
220 mL 6.39 (3.31)
315 mL 6.21 (3.16)
365 mL 6.33 (3.33)

Tra\IO Muscle (%)

Control 16.76 (14.61)
0.090 (3); 0.966

(0.066)
220 mL 16.41 (14.06)
315 mL 16.65 (13.81)
365 mL 17.07 (15.41)

** p-value < 0.01.

Appendix D. Functional Reach Test Performance Statistics

Table A4. Mean and standard deviation (SD) of the distance traveled by the third metacarpopha-

langeal (3-MCF) during the reach phase of the FRT. Statistics of repeated measures ANOVA and

Bonferroni post hoc comparisons between implant conditions are included.

Variable Condition Mean (SD)

Between Conditions
Comparisons

Post Hoc Comparisons

F Value (df); p-Value
(Observed Power)

Mean Difference (p-Value)

3-MCF Distance

Control 32.99 (5.68)
4.105 (3); 0.009 **

(0.835)

Control vs. 220 mL = 1.457 (0.007 **)
Control vs. 315 mL = 1.325 (0.040 *)
Control vs. 365 mL = 1.104 (0.024 *)

220 mL 31.53 (5.47)
315 mL 31.67 (5.82)
365 mL 31.89 (6.22)

* p-value < 0.05; ** p-value < 0.01.
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