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Abstract: After mastectomy, women might lose mobility and develop kinematic changes in the
shoulder. The objective of this research was to compare the kinematics of the glenohumeral joint in
women, before and after unilateral breast cancer surgery. This was a longitudinal study with a pre- and
post-evaluation design; in total, 15 Mexican women who had a mastectomy for breast cancer and who
received a physical therapy program after surgery were evaluated. Flexion—extension and abduction—
adduction movements of the glenohumeral joint were evaluated (15 days before and 60 days after
mastectomy). For the kinematic analysis of the glenohumeral joint, an optoelectronic motion capture
system was used to monitor 41 reflective markers located in anatomical landmarks. There was no
significant difference in the range of motion of the glenohumeral joint when comparing pre- and
post-mastectomy, flexion—extension (p = 0.138), and abduction-adduction (p = 0.058). Furthermore,
patients who received chemotherapy (53%) before mastectomy were more affected (lower range of
motion) than those who did not receive it. There were no significant differences in the kinematics of
the glenohumeral joint after mastectomy in this group of patients who received a physical therapy
program after surgery. Moreover, patients who received chemotherapy treatment before breast cancer
surgery tended to have a lower range of motion than those who did not receive it. Therefore, it is
necessary for the physical rehabilitation team to attend to these patients even before the mastectomy.

Keywords: kinematics; mastectomy; breast cancer; glenohumeral joint

1. Introduction

Breast cancer is a compilation of malignant tumors located in the mammary glands,
which originates from the uncontrolled growth of malignant cells [1,2]. Worldwide, breast
cancer represents the most diagnosed cancer in women, with an incidence for the year
2020 of 2.26 million new cases [3,4]. The breast cancer trends in Mexico are not promising,
as they presented a constant increment since the year 2000. Since then, breast cancer has
been considered one of the main causes of death in women [5]. In 2020, Mexico reported
29,929 new cases of people with breast cancer, which represented 15.3% of diagnosed
cancers [6]. There are different ways to treat breast cancer. The treatment depends on
the stage of cancer—it could be a surgical procedure, radiation therapy, chemotherapy,
hormonal therapy, and targeted therapy [7]. Although medicine has considerably improved,
the treatments applied to breast cancer patients still leave adverse effects. Women who
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receive treatment for breast cancer have impaired functionality, which affects their quality
of life [8,9]. Mastectomy could affect the upper limbs, with persistent pain, lymphedema,
weakness, and restriction of shoulder mobility [10-12]. In addition, it has been shown
that, after breast cancer surgery, women present alterations in the kinematics of the upper
limbs [13-16].

Kinematics provides objective information to evaluate and understand musculoskele-
tal pathologies, allowing for the improvement of therapeutic treatments [17,18]. However,
these kinematic evaluations require complex equipment (motion capture systems) that are
often difficult to access and manage. Therefore, evaluations of the upper extremity in pa-
tients with mastectomy using these tools are limited [15,16]. In addition, the studies found
in the literature evaluate the kinematics in the postoperative period and compare it with a
control group or with the unaffected arm [13,15,16,19], without considering a baseline mea-
surement (before mastectomy). Consequently, the kinematic changes that women present
in the glenohumeral joint before and after mastectomy are not clearly understood. There
are studies in the literature, in which different methodologies have been used to measure
the kinematics of the glenohumeral joint, in women who underwent surgery for breast
cancer; however, their results have shown differences in the ranges of motion before and
after mastectomy. For example, Min et al. found significant differences when comparing
the range of motion pre-mastectomy and four weeks post-mastectomy. For the flexion—
extension movements, it was a difference of 32 degrees, and for the abduction—adduction
movements, it was 77 degrees [20]. Flores et al. reported differences when comparing
measurements before and 2-3 weeks after breast cancer surgery; for the flexion—extension
movements, mean values were 151 vs. 105 degrees, and for the abduction-adduction
movements, mean values were 144 vs. 83 degrees [21]. Although there are some studies
that evaluate the shoulder before and after breast cancer surgery [20-22], the glenohumeral
kinematics still need to be studied at an early stage using vision equipment (non-invasive
motion measurement system). It is imperative to develop studies in a shorter period of
time after surgery to strengthen the lack of knowledge in the scientific research literature. A
short-term kinematic assessment of the shoulder before and after breast cancer surgery will
help to understand the recovery process of patients. Furthermore, it is important to analyze
the effect of a physical therapy treatment used in women after surgical intervention [23-26].

Therefore, the objective of this research was to compare the kinematics of the gleno-
humeral joint (flexion—extension and abduction-adduction movements), 15 days before and
60 days after breast cancer surgery, in women who received physical therapy after surgery.

2. Materials and Methods
2.1. Anthropometric Data of the Patients

In total, 15 right-handed Mexican females, with a mean age of 46.7 £ 8.2 years and a
mean body weight of 68.4 £ 7.2 kg, participated in the study. Table 1 shows the anthro-
pometric and clinical information of the patients. The sample size was calculated using
Epidat 3.1 software (version 3.1, Conselleria de Sanidade, Xunta de Galicia, Santiago de
Compostela, Espafia). The statistical power considered in the study was 80%, and the
confidence interval was 95%. The mean and standard deviation of the range of motion
were estimated from a previous study [19]. Eight women (53.3%) had a mastectomy on the
right side and seven (46.6%) on the left side.

This was an observational, longitudinal, study with pre- and post-assessment. The
inclusion criteria were women between 30 and 60 years of age, scheduled for unilateral
mastectomy for breast cancer, who completed the pre- and post-kinematic evaluations, and
who also received a physiotherapeutic exercise program immediately after mastectomy.
The physiotherapeutic program consisted of active and progressive mobility exercises of
the upper limbs during the following two months after surgery [23]. Furthermore, the
evaluation post-surgery was performed considering the removal of the drain and complete
healing of the surgical wound.
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Table 1. Anthropometric characteristics of the participants and data related to breast cancer.

. Measurement .. Measurement
Anthropometric Data Mean - Std Clinical Data (%)
Age (years) 46.7 £ 8.2 Stage cancer I and II 8 (53.3%)
Body weight (kg) 684 +£72 Stage cancer III 7 (46.7%)
Height (cm) 156.9 + 5.1 Chemotherapy (yes) 8 (53.3%)
Body mass index Axillary lymph node o
BMI (kg/ m?) 278+31 dissection (yes) 11(73.3%)

std = standard deviation of the mean; n = the number of participants.

Women who did not completely heal the surgical wound before the 60 days, did not
sign informed consent, or did not assist in the second evaluation after the surgery were
excluded from the research.

This study was carried out following the ethical principles dictated by the Declaration
of Helsinki, for the treatment of human beings in clinical intervention studies [27]. The
project was explained to the participants, and all of them signed informed consent before
carrying out the evaluations. The research protocol was approved by the ethics and research
committee of Hospital Regional de Alta Especialidad del Bajio (CI/HRAEB/009/2020) and
Hospital General de Leén (PIHGL-CEIS-016-2021).

2.2. Experimental Protocol

The evaluations were carried out at the Biomechanics Laboratory of Centro de In-
novacion Aplicada en Tecnologias Competitivas; all participants were evaluated 15 days
before and 60 days after the mastectomy. The glenohumeral joint kinematics was measured
with reflective markers and seven infrared cameras of the Vicon System (Nexus version
2.8.1.111866h x86, Vicon Motion System Ltd., Oxford, UK), at a sampling frequency of
100 Hz. First, the setup of the Vicon System was performed. Then, 39 spherical reflec-
tive markers (passive markers, 10 mm diameter) were attached to the participant. The
markers were placed in specific bony landmarks following the Vicon manual and using
double-sided tape, as shown in Figure 1. Furthermore, two extra markers were placed in
the medial epicondyle of the left and right arms. The medial epicondyle markers were used
to create the orthogonal coordinate systems of each arm. To ensure repeatability between
testing sessions, the experimental protocol was performed by the same investigator for
both sessions (before and after mastectomy).

R Forearm . o L Forearm

R Thigh . f LThigh|p Epicondyl; * LEpicondyle

R Knee 5
L Knee R Tibia 9 L Tibia

RAnkle : L Ankle

R Heel =" =

(a) (b)

Figure 1. Placement of the markers in specific bony landmarks: (a) anterior view and (b) posterior

L Heel

view. R and L, the right and left sides of the evaluated volunteer.
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The flexion—extension and abduction-adduction movements of the affected arm (body
side where the mastectomy was performed) were analyzed. Before starting each test, the
participants were explained how the movement should be executed, and time was given to
familiarize themselves with the equipment and experimental protocol.

Five trials of unilateral flexion—extension and abduction—-adduction of the arms were
performed. The execution time for each trial was 20 s for 10 cycles paced using a metronome.
Each cycle was performed in a period of time of 2 s. The participants started the move-
ment in a neutral position lifting the upper limb and going backward to the beginning.
Participants took a break of three minutes among trials to rest and avoid fatigue.

2.3. Data Processing

Once the evaluations were completed, data processing continued in the Vicon Nexus
software (Nexus version 2.8.1.111866h x86), where the 41 reflective markers placed on
the participants were labeled. Next, the data were exported to MATLAB R2015a software
(version 8.5.0.197613, The MathWorks Inc., Natick, MA, USA), in which three orthogonal
coordinate axes systems were created (Figure 2a). The first coordinate system (CS) was cre-
ated with markers of the torso (the mathematical procedure is explained through Equations
(1)—(6), the second one was created with markers of the left arm (Equations (7)—(12)), and
the last one was created with markers of the right arm (similarly to the CS of the left arm).

CS Torso

1700 1700 -

1500 4 Abduction

Left Arm

RS |

1200 1200

©o
(=3
o

D
o
o

Length Z (mm)
Length Z (mm)

-200 -200
Length Y (mm) 600  -400 Length X (mm) Length Y (mm) 600  -400 Length X (mm)

(a) (b)

Figure 2. Three orthogonal coordinate systems were created to measure the kinematics of the gleno-
humeral joint of the affected side: (a) isometric view of the reconstructed markers of the participant;
(b) abduction movement of the left arm. CS, coordinate system; L AC joint, left acromioclavicular
joint; C7, 7th cervical vertebra.

The coordinate system for the torso was defined as follows:

= ... (C7 — T10)

Uy (1/ ,k) = m 1)
~ ... (STRN — T10)
k)= 1 2
Ua(t,1:K) = {oRN = 710 @
A — —
XT (i, ', k) = Ul X u;)_ (3)
A - —
YT(i, ', k) = XT X Ul (4)
= — =

ZT(i, ,]AC) = YT X X (5)
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- —
X7 X
— — - .
Ry = YT({) YT(;) YT (k) (6)
— - —
Zr 4

where al and ﬁz are the unit vectors in the sagittal plane created from markers of the torso
(vertebra C7, Vertebra T10, and sternum marker STRN); ?(T is the unit vector orthogonal to
the saglttal plane, YT is the orthogonal unit vector created from the cross product between
the X T and LI1 Vectors ZT is the orthogonal unit vector of the torso created from the cross

product between the YT and X T vectors; Rt is the 3 x 3 matrix of the coordinate system of
the torso (7).
The coordinate system for the left arm was determined as follows:

= s.a  (LACjoint — LELB)

VillK) = 0 AC joint = LELB] @)
= +s2 (L Epicondyle — LELB)
Va(b g k) = |L Epicondyle — LELB| ®)
RUUR — —
?LA(Z']' ) = Vi xV, )
~ A A —
XAl k) = Vi x Y4 (10)
Zia(bi k) = Y4 X ¥1a (11)
ELA({) ELA(]A ELA(]:C)
Rpa = KLA(IA) ZLA(]) %)LA(]A() (12)
zra(i) Zra()) zia(k)

—
where V; is the unit vector longitudinally to the arm and created from the markers of

>
the lateral elbow (LELB) and the left acromioclavicular joint (L AC joint); V, is the unit
vector created from the lateral (LELB) and medial eplcondyles (L Eplcondyle) y 4 is the

orthogonal unit vector created from the cross product of the V1 and Vz vectors; X L A is the

orthogonal unit vector created from the cross product of the Vl and y 1.4 vectors; z LA 1S
the orthogonal unit vector created from the cross product of the ? 1.4 and X 1A vectors; Ry 4
is the 3 x 3 matrix of the coordinate system of the left arm (LA).

The relative movement of the left arm with respect to the torso was described from
the following mathematical expression (Equation (13)):

Rl, = RrR;} (13)

where RY , is the 3 x 3 matrix which describes the relative movement of the left arm with
respect to the torso; RZ}1 is the inverse matrix of the left arm.

The analysis of data was performed on the affected side and compared before and
after the surgery. Of the five trials recorded, the data for the first and last trials in each
participant were excluded. Then, an average of the repetitions was performed before and
after mastectomy. For this investigation, the range of motion of the glenohumeral joint was

%
calculated from the vertical axis (z ;4 axis) of the affected arm with respect to the vertical

-
axis (Zr axis) of the torso, as shown in Figure 2b.

2.4. Statistical Analysis

The statistical analysis of the data was performed in the software IBM SPSS statistics,
version 25 (IBM corporation, Armonk, NY, USA). The normality of the data was analyzed
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with the Shapiro-Wilk test. To test the hypothesis that there was a significant difference
in the kinematics of the glenohumeral joint before and after mastectomy, Student’s t-test
for paired samples or a Wilcoxon rank-sum test was applied. It was established that the
difference was significant when the p-value was less than 0.05.

3. Results

From the kinematic evaluations, a comparison of the results of the participants before
and after mastectomy was made.

Figure 3 shows the kinematics of the vertical axis (? LA axis) of the affected arm with

respect to the vertical axis of the torso (ET axis). Moreover, Figure 3 shows the trajectory of
the glenohumeral joint of the affected arm during the flexion—-extension movement before
and after mastectomy. In Figure 3a, the mean and standard deviation of the 15 participants
before the breast cancer surgery are presented, while Figure 3b shows the mean and
standard deviation of the same participants after mastectomy.

180 T T T T 180 T T T T
- = = -Flex_Ext_After
160 4 Flex_Ext_Before| | 160 _EXt_ i
@ 140 1 ¢ 140 4
o O Y
§’120- ---------------------------------- §’120- ——————————— ,—,a ——————— - - -
=~ i 4 \\
< 100 4 < 100 ’ N 4
9 2 g 3
[e] [e) ’
S 80 4 = 80 K 2 1
5 5 ’ “
o 60 ) ) 4 o 604 5 . ’ > .
o ZIA axis respect to ZT axis ) ’ Z1A axis respect to Z1 axis X
= T = . T A}
S 40 from (R 4) 41 8 40 ok from (R4) o i
20 E 20 B
0 T T T T O T T T T

o

20 40 60 80 100 0 20 40 60 80 100
Time (%) Time (%)

(a) (b)

Figure 3. Mean and standard deviation of the range of motion of the glenohumeral joint, before
and after breast cancer surgery: (a) flexion—extension before mastectomy; (b) flexion-extension after
—

mastectomy. Movement of the z LA axis of the arm with respect to the Z 1 axis of the torso, from R{ A

Before the surgery, the mean range of motion was 103.5 & 14.7 degrees, and after the
surgery, the average was 96.8 &= 17.6 degrees, respectively. There was a small reduction
in the range of motion after the breast cancer surgery. However, after applying Student’s
t-test for paired samples, no significant differences were found between both kinematic
evaluations (p = 0.138).

In Figure 4, the kinematics of the glenohumeral joint of the affected arm during the
abduction-adduction movement, before and after mastectomy, is presented. An aver-
age range of motion of 106.5 £ 20.5 degrees was obtained before breast cancer surgery
(Figure 4a), and 96.4 & 16.9 degrees after mastectomy, respectively (Figure 4b). Although
there was a reduction in the range of motion after the surgery, the results of Student’s ¢-test
for paired samples did not show a significant difference for both kinematic evaluations
(p = 0.058). However, the results are shown at the limit of statistical significance.

The impact of breast cancer surgery on the kinematics of the glenohumeral joint will
depend on the type of surgery, lymph nodes extracted, or any other adjuvant therapy. From
the physiological point of view, the emotional state of patients diagnosed with breast cancer
can be affected. Moreover, breast cancer surgery can reduce the free movement of the upper
limbs by the retraction of the soft tissue during the healing of the wound.
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Figure 4. Mean and standard deviation of the range of motion of the glenohumeral joint, before and
after breast cancer surgery: (a) abduction—adduction before mastectomy; (b) abduction—adduction

N
after mastectomy. Movement of the Z LA axis of the arm with respect to the Zt axis of the torso,
from RZ A

In addition, musculoskeletal nociceptive pain arises from the fact that treatments for
breast cancer directly involve the neuromusculoskeletal tissues of one or more limb areas,
causing shoulder pain, joint limitation, and hypoesthesia [28].

In addition, chemotherapy is a treatment that uses powerful chemical drugs to kill
cancer cells. However, it can produce side effects on the patients; most of the time, it
affects their physical condition, appearance, and quality of life. Breast cancer patients
undergoing adjuvant chemotherapy reduce their daily energy expenditure during therapy,
which is associated with a loss of muscle mass. Furthermore, it was shown that skeletal
muscle status is of clinical relevance because it is associated with treatment complications
and time-to-tumor progression [28]. Therefore, a further analysis was performed among
patients who received chemotherapy treatment before mastectomy (n = 8), and those who
did not receive it (n = 7). This was carried out with the purpose of identifying the effect of
the treatment on the kinematics of the glenohumeral joint prior to the surgery. However, the
comparison between these two groups shows a significant difference between the flexion—
extension movement (p = 0.001), and the abduction—adduction movement, respectively
(p = 0.015). The results of this analysis are shown in Table 2.

Table 2. Comparison of the range of motion of the glenohumeral joint, between patients who received
chemotherapy and those who did not receive this treatment before mastectomy.

Ranee of Motion Patients with Patients without
8 Chemotherapy Treatment Chemotherapy Treatment p-Value
(Degrees)
(n=8) (n=7)
Flexion—extension "
Mean = std 920+ 85 113.5 £ 11.3 0.001
Abduction-adduction 1012 (70.7-103.7) 1148 (1033-1267) 0,015

Median (Q1-Q3)

Q1 and Q3, quartiles 1 and 3; std, standard deviation of the mean. * Significance was obtained with Student’s ¢-test
for independent samples. ** Significance was obtained with the Mann-Whitney U test for independent samples.

Based on the previous analysis (patients with and without chemotherapy treatment),
a new classification of two groups was performed to identify the effect of the treatment on
the kinematics of the glenohumeral joint before and after mastectomy. Group 1 involved
women who did not receive the treatment, and Group 2 women who received it. No
significant differences were found in the flexion—extension movement for the patients who
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did not receive chemotherapy treatment before mastectomy (p = 0.384), nor in the group
of patients who received this treatment (p = 0.243). Similarly, as regards the abduction—
adduction movement, no significant differences were found in both groups. In the group
that did not receive chemotherapy, the p-value was 0.233, and in the group that received
chemotherapy, the p-value was 0.176. Table 3 shows in more detail the results of the
statistical analysis.

Table 3. Comparison of the range of motion of the glenohumeral joint before and after mastectomy.
Group 1, women who did not receive chemotherapy before mastectomy; Group 2, women who
received chemotherapy before mastectomy.

Before After

Group Movement (Degrees) (Degrees) p-Value
Flexion—extension "

1 Mean - std 1135+ 11.3 107.3 £ 15.4 0.384
Flexion—extension "

2 Mean & std 92.0 £ 85 84.7 £11.3 0.243
1 Abduction-adduction 11, ¢ 1033 1267)  108.4 (04.3-117.4) 0.233 **

Median (Q1-Q3)
Abduction-adduction .
2 Median (Q1-Q3) 101.2 (77.8-103.7) 87.6 (68.3-99.8) 0.176
Q1 and Q3, quartiles 1 and 3; std, standard deviation of the mean. * Significance was obtained with Student’s
t-test for dependent samples. ** Significance was obtained with the Wilcoxon rank-sum test.

4. Discussion

The kinematics of the glenohumeral joint (of women whose arm was affected with
breast cancer and received a therapeutic treatment after surgery) were compared before and
after mastectomy. No significant difference was found for the flexion-extension movement
(p = 0.138). Similarly, the abduction—adduction movement did not present a significant
difference when comparing the kinematic evaluations (p = 0.058). No previous studies
have been found that compare the kinematics of the glenohumeral joint, before and after
mastectomy, using an optoelectronic motion capture system with the same methodology
implemented in our study.

In the studies developed by Min et al. [20] and Flores et al. [21], the measurements
after mastectomy were taken between the second and fourth week after surgery. The
differences in the results could be originated due to the variations in the times in which
the post-surgical evaluations were carried out. In the present research, the evaluation time
was eight weeks after mastectomy. In addition, the studies mentioned above [20,21] do
not specify whether the participants received physical therapy after surgery. Testa et al.
demonstrated that women who received an immediate physical rehabilitation program
after breast cancer surgery improved glenohumeral joint mobility [29]. Similarly, it has been
found that exercise therapy promotes normal motor control and decreases disability [30,31].
Moreover, it has been reported that women who are physically more active tend to have a
reduced risk of breast cancer death, compared with sedentary women [32].

In the current investigation, it was observed that the abduction-adduction movement
had a higher affectation than the flexion—extension movement. This agrees with the studies
by the authors mentioned above, in which major differences were found in the abduction—
adduction movement before and after the surgery [20,21]. This might be caused by skin
retraction during healing after mastectomy, in addition to pectoral muscle shortening as a
protective mechanism [33,34].

The results of the analysis of the patients who received the chemotherapy treatment
and those who did not receive it before breast cancer surgery demonstrate a significant
difference in the flexion—extension (p = 0.001) and the abduction—adduction movements
(0.015). This means that patients with the chemotherapy treatment present a significantly
lower range of motion. As explained by Shamley et al., there is a significant association
between chemotherapy and alterations in joint movement patterns [35]. These differences
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could be attributed to various factors—namely, chemotherapy is an extensive treatment,
it has repercussions on work absence [36], physical functions are reduced, and generates
weakness and fatigue [37]. Moreover, the presence of peripheral neuropathy induced by
chemotherapy affects sensory functions and produces motor symptoms manifested as
tingling, numbness, and neuropathic pain [38]. Furthermore, from the diagnosis of breast
cancer and the start of treatment, it affects the emotional and social state of patients, as well
as their body image [39]. All of these factors could influence the results of the kinematics.

Furthermore, it was noticed that the average age of the women evaluated in this
study was 46.7 & 8.2 years, which is similar to that reported by other authors who have
studied breast cancer. These investigators have reported an average age of 52 & 12.1 years,
which falls in the age group of 41 to 50 years, one of the most affected [19,40,41]. Another
important aspect observed in this investigation was the average body mass index (BMI)
of 27.8 + 3.1 kg/m? so most of the participants were overweight, according to the values
established by the World Health Organization (WHO). In other studies, it has been shown
that 38—41% of women with breast cancer were overweight [40,42]. Moreover, obesity is a
frequent health problem in these patients; however, in this investigation, women with a
BMI higher than 34 kg/m? were not included in the study, as the skinfold might produce
interference during kinematic evaluation.

To our knowledge, this is the first study to measure the kinematics of the glenohumeral
joint in a female Mexican population with an optoelectronic system before and after mas-
tectomy. Furthermore, from the results found in the study;, it can be recommended that the
recovery process of the patients after breast cancer surgery should be supported by exercise
therapy of the upper limbs.

The shoulder has been considered one of the most complex joints of the upper limbs,
so understanding its kinematics is difficult. Our research contributes to an easy understand-
ing of the relative movement of the arm with respect to the trunk, making practical the
analysis of the patients who have this type of issue. In clinical practice, our methodology
helps the physical rehabilitation team to understand the recovery process of patients with
breast cancer.

However, our study presents some limitations: first, the relatively small sample size
does not allow the generalization of the outcomes; second, the study evaluated movements
of the arms mainly in the sagittal and frontal planes. Future studies should consider the
assessment of complex movements of the arms during daily life activities. Moreover,
further investigations need to be carried out by considering more variables related to
breast cancer surgery, such as the type of surgery, the number of lymph nodes extracted,
or the chemotherapy treatment. Although the study presents some limitations, its results
contribute to understanding the kinematics of the glenohumeral joint before and after
mastectomy.

5. Conclusions

This investigation presented a methodology of practical use (non-invasive) to evaluate
the range of motion of the glenohumeral joint before and after mastectomy. Furthermore,
the results of this study contribute to understanding the kinematics of the glenohumeral
joint and the recovery process of patients who had breast cancer surgery. Although there
was a reduction in the range of motion of the glenohumeral joint after mastectomy, no signif-
icant differences were found in the flexion—extension and abduction-adduction movements
in this group of patients who received physical therapy after mastectomy. In addition,
patients who received chemotherapy treatment before breast cancer surgery tended to have
a lower range of motion. Therefore, it is necessary for the physical rehabilitation team to
attend to these patients even before mastectomy.
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