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Dora-Luz Flores
EDITOR-IN-CHIEF 2022-2023

Dear readers,
It is a great honor and pleasure to present this issue of 

the Revista Mexicana de Ingeniería Biomédica (RMIB). 
This 2022 edition of RMIB brings even more pioneering 
research content from Mexico and Latin America in the 
broad area of Biomedical Engineering. Despite continu-
ing to live in a pandemic caused by covid-19, the RMIB 
continues to show results from the authors who decide 
to take this journal as their option for publication. 

Our primary focus continues to be publishing quality 
research and review articles that help health profes-
sionals to have more tools for decision-making. I thank 
all the authors who submitted their work and have 

EDITOR'S LETTER

worked hard to produce and make RMIB their journal of choice. We hope that the RMIB will con-
tinue to provide this established field in Mexico and Latin America with an academic and research 
voice and a venue for discourse that propels us toward continued growth. 

We have dedicated a great deal of effort and work to developing this magazine, and I believe that 
it will be reflected in this edition by the impact it will have in these areas. Like other quality aca-
demic journals, I assure you that RMIB uses blind peer review with rigorous evaluation criteria. 
Our editorial board represents a wide field of knowledge. I am very proud of our board members 
and am fortunate to harness their broad individual and group judgment, talent, and disciplinary 
expertise to advance RMIB's worldwide engagement. 

I want to take this opportunity to express my gratitude to the editorial board and the editorial 
office for their collective effort and dedication to the Mexican Journal of Biomedical Engineering. 
Additionally, on behalf of the RMIB staff, I also thank the Sociedad Mexicana de Ingeniería 
Biomédica administration for their support of this effort.

ABOUT THE EDITOR-IN-CHIEF

Dora-Luz Flores, PhD
Professor at The Universidad Autónoma de Baja California, Ensenada, Mexico
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Detection of COVID-19 Lung Lesions in Computed Tomography Images
Using Deep Learning

Detección de lesiones pulmonares por COVID-19 en imágenes de tomografía computarizada 
mediante aprendizaje profundo

Joy Ingrid Arreola Minjarez �, José David Díaz Román �, Boris Jesús Mederos Madrazo �, José Manuel Mejía Muñoz �, 
Lidia Hortencia Rascón Madrigal �, Juan de Dios Cota Ruiz �
Universidad Autónoma de Ciudad Juárez

ABSTRACT 
The novel coronavirus (COVID-19) is a disease that mainly a!ects the lung tissue. The detection of lesions caused by 
this disease can help to provide an adequate treatment and monitoring its evolution. This research focuses on the bi- 
nary classi"cation of lung lesions caused by COVID-19 in images of computed tomography (CT) using deep learning. 
The database used in the experiments comes from two independent repositories, which contains tomographic scans 
of patients with a positive diagnosis of COVID-19. The output layers of four pre-trained convolutional networks were 
adapted to the proposed task and re-trained using the "ne-tuning technique. The models were validated with test 
images from the two database’s repositories. The model VGG19, considering one of the repositories, showed the 
best performance with 88% and 90.2% of accuracy and recall, respectively. The model combination using the soft 
voting technique presented the highest accuracy (84.4%), with a recall of 94.4% employing the data from the other 
repository. The area under the receiver operating characteristic curve was 0.92 at best. The proposed method based 
on deep learning represents a valuable tool to automatically classify COVID-19 lesions on CT images and could also 
be used to assess the extent of lung infection.

KEYWORDS: Lung Lesions, Classi!cation, Deep Learning, Computed Tomography
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INTRODUCTION
Coronavirus disease 2019 (COVID-19) is caused by the 

severe acute respiratory syndrome coronavirus type 2 
(SARS-CoV-2). It primarily affects the human respira-
tory system and represents the seventh member of the 
coronavirus family that infects humans [1]. The first 
case, identified as viral pneumonia until then, 
appeared in late December 2019 in Wuhan, China. 
According to the records issued by the World Health 
Organization, until September 1st, 3,341,264 cases 
have been registered in Mexico and 217,558,771 around 
the world [1] [2] [3]. It is known that the COVID-19 infec-
tion has an incubation period from 1 to 14 days, which 
varies depending on some human characteristics like 
the status of the immune system and the age [1]. In 
Mexico, coronavirus cases are classified by stages 
according to their severity, clinical stage and signs 
presented: stage 1 (early infection), stage 2 (pulmo-
nary stage) and stage 3 (hyperinflammatory stage) [4].

The reverse transcription - polymerase chain reaction 
(RT-PCR) tests represent the main method to detect 
COVID-19, providing results with a specificity close to 
100% [5]; however, when using this standard test as a 
reference, some drawbacks must be considered. For 
example, a low sensitivity (59% - 79%) has been observed 
during the early phase of the disease [5] [6] [7]. Due to the 
continuous evolution and genetic diversity that the new 
coronavirus has presented, the results of clinical tests 
can be affected by the variation in the viral ribonucleic 
acid (RNA) sequence [8]. Also, it is import to remark that 
the diagnostic period can vary from 5 to 72 hours [9].

The study presented by Uysal et al. [10] found that 25% 
of asymptomatic patients, diagnosed with an RT-PCR 
test, did not show signs of lesions on their computed 
tomography (CT) scans, while the rest showed abnor-
mal findings associated with lesions similar to those in 
patients with symptoms. The most common signs 
were ground glass opacity (GGO), pure or with consol-
idation or crazy-paving patterns. Thus, due those find-

ings some authors emphasize over the importance of 
performing RT-PCR tests in conjunction with imaging 
procedures such as CT to increase the accuracy of the 
diagnosis, injury identification, and in this way pro-
vide an adequate patient management [11]. 

To confirm the coronavirus disease, the chest CT in 
conjunction with clinical manifestations and the epi-
demiological evidence have become a fundamental 
diagnostic tool. However, discrepancies have been 
reported between the results of laboratory tests and 
the characteristics observed in diagnostic images [12]. 

Recently, some studies have shown that the CT scan 
of patients (asymptomatic or those in whom the result 
of RT-PCR test was negative) depicts abnormal signs 
that can be useful for the disease detection, where 
these studies have reported a sensitivity between 88% 
and 98% [5] [6] [13] [14]. The advantage of CT diagnosis lies 
in its short exploration time and the high resolution of 
the acquired image, useful for detecting and classify-
ing lung lesions.

At present, most of the expert researchers in the clin-
ical applications of Artificial Intelligence (AI) have 
focused on the diagnosis of patients with COVID-19 
through the processing of medical images, addressing 
the analysis of findings observed in chest x-rays and/
or CT scans [15] [16]. There are several approaches that 
aim to take advantage of machine learning (ML), espe-
cially deep learning, to diagnose CT scans using binary 
pathway convolutional neural networks (CNN) (posi-
tive vs. negative) or multiple classification (healthy vs. 
COVID-19 versus other types of pneumonia) [16]. An 
example of this is the COVNet architecture performed 
by Li et al., which classifies positive results for COVID-
19, community acquired pneumonia or negative for 
any lung disease through a three-dimensional CNN 
constituted by the ResNet50 architecture, resulting in 
90% of sensitivity and a specificity of 96% [17]. Similarly, 
Yang et al. in [13], built a publicly available database of 
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CT scans of COVID-19 patients that could be used to 
train deep learning models. This database was subse-
quently used to develop an algorithm to classify 
COVID-19 patients in a binary way, obtaining an accu-
racy of 83% and an area under the receiver operating 
characteristic curve (AUC-ROC) of 0.95. Other work 
that uses deep learning techniques developed a model 
called CTnet-10 obtaining an accuracy of 82.1%. The 
authors also tested models such as DenseNet169, 
VGG16, ResNet50, InceptionV3 and VGG19, obtaining 
an accuracy of 94.52% with the latest network [18]. On 
the other hand, in [19] the authors attempted to seg-
ment lung lesions associated with COVID-19, reaching 
specificity values of up to 100% in specific tasks and 
models tested, but with a very low sensitivity (between 
1.2% and 64.8%). 

As mentioned before, a large percentage of asymp-
tomatic patients already have abnormal findings on 
their CT scan images whose lesion patterns are similar 
to those found in symptomatic patients. In this sense, 
it is very important to detect these patterns in CT 
images to allow physicians to know if a patient has 
lung lesions and thus guide their treatment. 

The purpose of this investigation is to detect the pres-
ence or absence (i.e., a binary classification) of lung 
lesions due to COVID-19 in images originated from 
chest CT studies using deep learning. It could be use-
ful when it is desired to identify whether the lesions 
are disseminated in a large part of the lung tissue, 
indicating that the lesions occur in many slices of the 
CT study; this detection can even be valuable in 
assessing the evolution of lung tissue damage, and 
thus provide adequate treatment to the patients.

MATERIALS AND METHODS
The database used in this research corresponds to 

“COVID-19 CT Lung and Infection Segmentation 
Dataset” [20]. The images are in NIfTI (Neuroimaging 
Informatics Technology Initiative) format and were 

prepared through the collection of 20 public CT scans 
of patients with COVID-19 belonging to the Coronacases 
Initiative and Radiopaedia repositories. All cases pres-
ent COVID-19 infection in the lungs; however, the per-
centage of slices per patient showing abnormal find-
ings (related to infection) ranges from 0.01% to 59%. 
Abnormal findings on the chest CTs are: GGO, lung 
consolidation, pleural effusion, and mixed GGO with 
crazy-paving pattern or consolidation. 

Figure 1 shows different patterns of abnormal find-
ings present in the images of the database: a) GGO, b) 
consolidation, c) pleural effusion, d) GGO with cra-
zy-paving pattern, and e) GGO with consolidation, 
where GGO is indicated with green arrows, consolida-
tion is surrounded by segmented red ovals, pleural 
effusion is pointed with a yellow arrow, and crazy-pav-
ing pattern is enclosed by a blue line (also indicated by 
the blue arrow). In Figure 1, the images (a, b, c) belong 
to the Coronacases Initiative repository, and the images 
(d, e) correspond to the Radiopaedia repository.

FIGURE 1. Images with different abnormal findings 
from CT scans of the database. GGO is indicated with 

green arrows in a), d) and e); consolidation is enclosed 
by segmented red ovals in b) and e); pleural effusion 
is indicated with yellow arrow in c); and crazy-paving 

pattern is enclosed by a blue line in d).

There are images that present inconspicuous abnor-
malities that could be challenging for both an inexpe-
rienced radiologist and an automatic detection model. 
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For instance, Figure 2 shows an example of two images 
from a CT scan of the same patient. The slice in a) 
shows slight evidence of GGO, while in b) no abnor-
malities or lesions are observed. Thus, the detection 
system must be able to identify negligible lesions that 
commonly appear at the early stage of the disease.

FIGURE 2. Images obtained from a CT scan of a 
patient of the database. a) Slice with lesion (GGO 

indicated with green arrows), b) slice without lesion.

The resolution for the x and y axes is 512x512 pixels 
for the scans obtained from the Coronacases Initiative 
repository and 630x630 pixels for the Radiopaedia 
repository, except for case 5 "radiopaedia_14_85914_0" 
with 630x401 pixels. The CT scans have between 39 
and 418 slices, with a total of 3,520 images. The data-
base was grouped by counting images with lesions due 
to COVID-19 infection and without lesions, obtaining a 
total of 1,844 and 1,676, respectively.

The database of 20 patient scans was divided into 
training (80%, N = 16) and test (20%, N = 4) sets. The 
data were partitioned in such a way that there were the 
same number of cases from the Coronacases Initiative 
and Radiopaedia repositories in the training and test 
sets. The total of images (slices) was 3020 for training 
and 500 for testing. The purpose of this division was to 
have a balanced number of images between slices with 
and without lesions in both sets. A 15% (N = 483) of the 
training data was considered for internal validation 
during the training phase of the models used. Table 1 
shows the division of the data set into subsets: train-
ing, validation, and testing.

TABLE 1. Number of images for the training, validation, 
and test subsets (Coronacases + Radiopaedia repositories).

The CT volumes belonging to the Radiopaedia data-
base were previously pre-processed with a pulmonary 
window [-1250, 250] [19]. The image format was con-
verted from NIfTI to 8-bit grayscale png (Portable 
Network Graphics). The pixel values were normalized 
from [0-255] to [0-1]. After normalization, a resizing 
was applied to finally have images of size 128x128 
pixels (or 331x331 in the case of one of the networks 
used).

Implementation of 
convolutional neural networks

The algorithm was developed in Python. The imple-
mentation of the network models was carried out by 
means of transfer learning and subsequent fine-tun-
ing. Transfer learning is a technique that takes advan-
tage of existing knowledge to solve problems from a 
source domain to a destination domain in which, 
although the same task is not performed, both tasks 
have a certain similarity. Thus, the purpose is to solve 
a learning problem using the knowledge acquired by 
solving similar tasks [21]. On the other hand, the 
fine-tuning process applied in the context of deep 
learning model training is a way of applying learning 
transfer, but especially it consists of fine-tuning the 
weights of the pretrained model to fit to new observa-
tions. Transfer learning and fine-tuning techniques 
have been used in other investigations to identify and 
/ or differentiate patients with COVID-19 from patients 
without pulmonary pathology or with pneumonia 
using chest x-ray images, where this methodology has 

Tabla 1 
 

Images With 
lesions 

Without 
lesions Total 

Training 1339 1198 2537 

Internal 
validation 255 228 483 

Test 250 250 500 

Total 1844 1676 3520 

 
Tabla 2 

 
Images With 

lesions 
Without 
lesions Total 

Training 921 847 1768 

Internal 
validation 162 150 312 

Test 205 219 424 

Total 1288 1216 2504 

 
Tabla 3 

 
Images With 

lesions 
Without 
lesions Total 

Training 354 312 666 

Internal 
validation 67 59 126 

Test 72 75 147 

Total 493 446 939 

 
Tabla 4 

 
Model Acc  

(%) 
RE 
(%) 

SP 
(%) 

F1 
(%) 

AUC-
ROC 

RN50 70.8 77.6 64.0 72.7 0.749 

RN50 + 
F-T 68.5 72 64.8 69.5 0.733 

VGG16 79.6 93.6 63.6 81.4 0.880 

VGG16 + 
F-T 74.8 81.6 68.0 76.4 0.863 

VGG16 + 
F-T/SGD 77.4 86.0 68.8 79.2 0.872 

IRNV2 79.0 77.6 80.4 78.7 0.862 

IRNV2 + 
F-T 76.6 81.6 71.6 77.7 0.826 

NNL 73.0 78.0 68.0 74.3 0.818 

NNL +  
F-T 77.0 81.6 72.4 78.0 0.822 

Hard 
Voting 78.0 84.0 72.0 79.2 -- 

Soft 
Voting 78.6 84.4 72.8 79.8 0.867 
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provided accuracy values between 89% and 99% [22] [23] 

[24]. Also, Perumal et al. used the learning transfer 
technique with pre-trained models of the ResNet50, 
VGG16 and InceptionV3 networks to differentiate 
patients with COVID-19, viral and bacterial pneumo-
nia, and healthy patients. In their models, they com-
bined CT images and chest x-ray images where the 
best performance was achieved with the VGG16 model 
with an accuracy of 93% [25]. 

In this work, the transfer learning technique was 
implemented using four pretrained models belonging 
to the following networks: ResNet50 (RN50) [26], VGG16 
[27], InceptionResNetV2 (IRNV2) [28], and NASNetLarge 
(NNL) [29]. These networks were chosen due the well 
performance in large scale image recognition tasks, 
and their architectures and weights of pretrained net-
works are publicly available. Likewise, these networks 
have been used in numerous medical image classifica-
tion applications [18] [22] [23] [24] [30]. For each of these net-
works, they employed weights obtained from training 
using data from the ImageNet repository [31]. ImageNet 
corresponds to a dataset widely used for object recog-
nition purposes. Figure 3 shows the general configura-
tion of the architectures used for the construction of 
each model. The last fully connected layer from each 
base model (used for ImageNet data classification) was 
excluded, and the top of the architecture was config-
ured to classify only two classes as follows: An average 
subsampling layer (GlobalAveragePooling2D) was 
included, followed by a fully connected dense layer 
(Dense) of size 1024 with a ReLu activation function 
and, finally, a Dense layer with two neurons (one for 
each class) with a Softmax activation function. The 
input dimension was set to 128x128 pixels, except for 
the IRNV2 architecture that used 331x331 pixels.

 Initially, only the last added Dense layers of each 
model (the layers enclosed in the red segmented box 
in Figure 3) were trained for 100 epochs using the 
ADAM optimizer with a learning rate of 0.001. The 

categorical crossentropy loss was used as cost func-
tion. The weights of the trained models were saved for 
testing and subsequent training.

FIGURE 3. General diagram of the architecture 
of the models used in the training process.

Once the training process considering the last layers 
of the models was carried out, the fine-tuning (F-T) 
technique was applied, unfreezing a certain number 
of layers at the end of the base model (of each network) 
for training together with the layers trained in the pre-
vious stage; In Figure 3, the layers enclosed by the 
dotted blue box are those involved in the fine-tuning 
of the models. For the RN50 architecture, the layers 
were unfrozen from the fifth convolutional block 
onwards; for the VGG16, the unfrozen of the layers 
started from the fourth block; in the IRNV2, it started 
from the layer 547th; and in the NNL architecture, it 
started from the layer 902nd. For training with F-T, the 
learning rate of the optimizer was decreased to 0.0001 
using the ADAM optimizer. In summary, eighth mod-
els were built, two for each network (models without 
and with F-T). Also, with the goal to observe the effect 
caused by a different optimizer in the learning pro-
cess, the stochastic descending gradient (SGD) opti-
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mizer was applied to the VGG16 network during the 
fine-tuning phase. Finally, the models were evaluated 
using five metrics: accuracy (Acc), recall (RE), specific-
ity (SP), F1-Score (F1) and AUC-ROC.

Majority voting ensemble
In terms of classification, majority voting (hard vot-

ing) is an ensemble machine learning model that com-
bines the predictions of multiple models. It seeks to 
optimize the performance of the classification based 
on consensus, which takes into account the sum of the 
votes of independent models. The hard voting ensem-
ble used the five models that had the highest accuracy 
in the validation set: RN50, VGG16, IRNV2, IRNV2 
with fine-tuning and NNL without fine-tuning. 

A variant of the hard voting arrangement is the ensem-
ble of soft voting, which seeks to get a classification 
based on the probability values of belonging to a class 
given by the classifiers used. The labeling (0 or 1) is 
done after all the probabilities of the models have been 
considered. The models used for this ensemble are the 
same as those ones used in the hard voting scheme.

Creation and evaluation of 
models with separate data repositories

As an additional experimentation, the division of the 
data by sources (Coronacases Initiative and 
Radiopaedia repositories) was proposed in order to 
assess the performance when evaluating the models 
with the data from the repositories separately. For 
these tests, both repositories were inspected with the 
intention of finding and removing low-quality images. 
In this process, 77 slices with high opacity were 
excluded, possibly due to an inadequate reconstruc-
tion of the tomographic image. Finally, there were 
3443 images where 2504 belong to Coronacases and 
939 to Radiopaedia. The organization of the training 
and test sets for the case of Coronacases consisted of 
using eight scans (2,080 slices) and two scans (424 
slices) for training and testing, respectively. In the 

case of Radiopaedia, seven scans were used for train-
ing (792 slices) and three for testing (147 slices). For 
both cases, 15% of the training data was considered for 
internal validation. Tables 2 and 3 specify the number 
of cases for training, validation and testing of the 
models with the separate data repositories.

TABLE 2. Number of images for the training, validation, 
and test subsets for the Coronacases repository.

Tabla 1 
 

Images With 
lesions 

Without 
lesions Total 

Training 1339 1198 2537 

Internal 
validation 255 228 483 

Test 250 250 500 

Total 1844 1676 3520 

 
Tabla 2 

 
Images With 

lesions 
Without 
lesions Total 

Training 921 847 1768 

Internal 
validation 162 150 312 

Test 205 219 424 

Total 1288 1216 2504 

 
Tabla 3 

 
Images With 

lesions 
Without 
lesions Total 

Training 354 312 666 

Internal 
validation 67 59 126 

Test 72 75 147 

Total 493 446 939 

 
Tabla 4 

 
Model Acc  

(%) 
RE 
(%) 

SP 
(%) 

F1 
(%) 

AUC-
ROC 

RN50 70.8 77.6 64.0 72.7 0.749 

RN50 + 
F-T 68.5 72 64.8 69.5 0.733 

VGG16 79.6 93.6 63.6 81.4 0.880 

VGG16 + 
F-T 74.8 81.6 68.0 76.4 0.863 

VGG16 + 
F-T/SGD 77.4 86.0 68.8 79.2 0.872 

IRNV2 79.0 77.6 80.4 78.7 0.862 

IRNV2 + 
F-T 76.6 81.6 71.6 77.7 0.826 

NNL 73.0 78.0 68.0 74.3 0.818 

NNL +  
F-T 77.0 81.6 72.4 78.0 0.822 

Hard 
Voting 78.0 84.0 72.0 79.2 -- 

Soft 
Voting 78.6 84.4 72.8 79.8 0.867 

 
 
 
 
 

TABLE 3. Number of images for the training, validation, 
and test subsets for the Radiopaedia repository.

Tabla 1 
 

Images With 
lesions 

Without 
lesions Total 

Training 1339 1198 2537 

Internal 
validation 255 228 483 

Test 250 250 500 

Total 1844 1676 3520 

 
Tabla 2 

 
Images With 

lesions 
Without 
lesions Total 

Training 921 847 1768 

Internal 
validation 162 150 312 

Test 205 219 424 

Total 1288 1216 2504 

 
Tabla 3 

 
Images With 

lesions 
Without 
lesions Total 

Training 354 312 666 

Internal 
validation 67 59 126 

Test 72 75 147 

Total 493 446 939 

 
Tabla 4 

 
Model Acc  

(%) 
RE 
(%) 

SP 
(%) 

F1 
(%) 

AUC-
ROC 

RN50 70.8 77.6 64.0 72.7 0.749 

RN50 + 
F-T 68.5 72 64.8 69.5 0.733 

VGG16 79.6 93.6 63.6 81.4 0.880 

VGG16 + 
F-T 74.8 81.6 68.0 76.4 0.863 

VGG16 + 
F-T/SGD 77.4 86.0 68.8 79.2 0.872 

IRNV2 79.0 77.6 80.4 78.7 0.862 

IRNV2 + 
F-T 76.6 81.6 71.6 77.7 0.826 

NNL 73.0 78.0 68.0 74.3 0.818 

NNL +  
F-T 77.0 81.6 72.4 78.0 0.822 

Hard 
Voting 78.0 84.0 72.0 79.2 -- 

Soft 
Voting 78.6 84.4 72.8 79.8 0.867 

 
 
 
 
 

The same criteria (the five models that had the highest 
accuracy in the validation set) were used in the selec-
tion of models for the hard voting and soft voting 
ensembles. For Coronacases, the best models were 
RN50, VGG16, VGG16 with fine-tune, IRNV2 with fine-
tune and NNL. In the case of Radiopaedia, RN50, IRNV2, 
NNL, VGG16 (all the above with fine-tune) and VGG16 
with fine-tune and the SGD optimizer were used.

RESULTS AND DISCUSSION
Table 4 shows the performance of the trained archi-

tectures in their different stages (without and with 
F-T). They were evaluated with the test set of the 
"COVID-19 CT Lung and Infection Segmentation" data-
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base (including both repositories). It is observed that 
the VGG16 architecture presents the highest values of 
accuracy and recall, however, the specificity metric is 
slightly lower than other models, and the Inception-
ResNetV2 network presents the best performance in 
this metric. The VGG16 model has the highest F1-score 
value above 81%, followed by the model implemented 
with soft voting. The highest value of the AUC-ROC 
(0.880) is also obtained by the VGG16 model. 

TABLE 4. Performance of the models evaluated 
with the test set (Coronacases + Radiopaedia), where the 

best performances of the models are bold remarked.

Tabla 1 
 

Images With 
lesions 

Without 
lesions Total 

Training 1339 1198 2537 

Internal 
validation 255 228 483 

Test 250 250 500 

Total 1844 1676 3520 

 
Tabla 2 

 
Images With 

lesions 
Without 
lesions Total 

Training 921 847 1768 

Internal 
validation 162 150 312 

Test 205 219 424 

Total 1288 1216 2504 

 
Tabla 3 

 
Images With 

lesions 
Without 
lesions Total 

Training 354 312 666 

Internal 
validation 67 59 126 

Test 72 75 147 

Total 493 446 939 

 
Tabla 4 

 
Model Acc  

(%) 
RE 
(%) 

SP 
(%) 

F1 
(%) 

AUC-
ROC 

RN50 70.8 77.6 64.0 72.7 0.749 

RN50 + 
F-T 68.5 72 64.8 69.5 0.733 

VGG16 79.6 93.6 63.6 81.4 0.880 

VGG16 + 
F-T 74.8 81.6 68.0 76.4 0.863 

VGG16 + 
F-T/SGD 77.4 86.0 68.8 79.2 0.872 

IRNV2 79.0 77.6 80.4 78.7 0.862 

IRNV2 + 
F-T 76.6 81.6 71.6 77.7 0.826 

NNL 73.0 78.0 68.0 74.3 0.818 

NNL +  
F-T 77.0 81.6 72.4 78.0 0.822 

Hard 
Voting 78.0 84.0 72.0 79.2 -- 

Soft 
Voting 78.6 84.4 72.8 79.8 0.867 

 
 
 
 
 

A good classification of CT slices with COVID-19 
lesions is observed, with an accuracy equal to or 
greater than 78% in four of the nine models evaluated. 
It is also important to mention that only one of the 
models presents a SP greater than 80%, which indi-
cates that in most models, there is a tendency to mis-
classify the negative class (images without lesions). 

Figure 4 shows the accuracy performance of the nine 
models, which were trained with the training set (that 
includes data from both repositories) but evaluated 

with the test sets of each repository independently. 
For purposes of better identification, data from the 
Coronacases Initiative repository is named as DB1 and 
data from Radiopaedia named as DB2. As it is observed 
in Figure 4, the accuracy in the classification of the 
DB1 images was superior in six of the nine models 
evaluated.

FIGURE 4. Accuracy of the models evaluated with 
a mixed set of data (DB1+DB2), and independent 

data sets (DB1 and DB2).

It can be observed from Figure 4 that the models do 
not show a consistent fit to the data from both reposi-
tories separately; this may be due to the lung window 
preprocessing previously applied to the images of the 
Radiopaedia repository. 

Table 5 presents the performance evaluation of the 
models trained only using data from the Coronacases 
repository. The VGG16 architecture (without F-T) 
shows the best performance with 88% of accuracy, 
90.2% of recall, a specificity greater than 85% and an 
F1-score above 87% (AUC-ROC of 0.929). The IRNV2 + 
F-T network presents a good assessment in all the met-
rics evaluated, just below, in average, to the VGG16 
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model. On the other hand, even though the ResNet50 
network obtains an excellent recall of 98.5%, its spec-
ificity is around 57% making it unreliable to classify 
cases without lesions.

TABLE 5. Evaluation of the models with data
from the Coronacases Initiative repository. TABLE 6. Evaluation of the models using data

from the Radiopaedia repository.
Tabla 5 

 
Model Acc  

(%) 
RE 
(%) 

SP 
(%) 

F1 
(%) 

AUC-
ROC 

RN50 77.4 98.5 57.5 80.8 0.912 

RN50 + 
F-T 76.4 86.8 66.7 78.0 0.806 

VGG16 88.0 90.2 85.8 87.8 0.929 

VGG16 + 
F-T 80.4 93.7 68.0 82.3 0.936 

VGG16 + 
F-T/SGD 80.2 96.6 64.8 82.5 0.925 

IRNV2 75.9 69.3 82.2 73.6 0.861 

IRNV2 + 
F-T 85.9 92.7 79.5 86.4 0.899 

NNL 75.7 87.8 64.4 77.8 0.871 

NNL +  
F-T 65.1 60.0 69.9 62.4 0.782 

Hard 
Voting 81.6 93.7 70.3 83.1 -- 

Soft 
Voting 80.2 92.7 68.5 81.9 0.925 

 
Tabla 6 

 
Model Acc  

(%) 
RE 
(%) 

SP 
(%) 

F1 
(%) 

AUC-
ROC 

RN50 73.5 91.7 56.0 77.2 0.873 

RN50 + 
F-T 79.6 87.5 72.0 80.8 0.914 

VGG16 78.2 66.7 89.3 75.0 0.892 

VGG16 + 
F-T 80.3 73.6 86.6 78.5 0.883 

VGG16 + 
F-T/SGD 79.6 83.3 76.0 80.0 0.887 

IRNV2 77.6 88.9 66.7 79.5 0.841 

IRNV2 + 
F-T 78.9 94.4 64.0 81.4 0.874 

NNL 73.5 83.3 64.0 75.5 0.845 

NNL +  
F-T 74.8 84.7 65.3 76.7 0.840 

Hard 
Voting 83.0 91.7 74.7 84.1 -- 

Soft 
Voting 84.4 94.4 74.7 85.5 0.920 

 
 

Tabla 5 
 

Model Acc  
(%) 

RE 
(%) 

SP 
(%) 

F1 
(%) 

AUC-
ROC 

RN50 77.4 98.5 57.5 80.8 0.912 

RN50 + 
F-T 76.4 86.8 66.7 78.0 0.806 

VGG16 88.0 90.2 85.8 87.8 0.929 

VGG16 + 
F-T 80.4 93.7 68.0 82.3 0.936 

VGG16 + 
F-T/SGD 80.2 96.6 64.8 82.5 0.925 

IRNV2 75.9 69.3 82.2 73.6 0.861 

IRNV2 + 
F-T 85.9 92.7 79.5 86.4 0.899 

NNL 75.7 87.8 64.4 77.8 0.871 

NNL +  
F-T 65.1 60.0 69.9 62.4 0.782 

Hard 
Voting 81.6 93.7 70.3 83.1 -- 

Soft 
Voting 80.2 92.7 68.5 81.9 0.925 

 
Tabla 6 

 
Model Acc  

(%) 
RE 
(%) 

SP 
(%) 

F1 
(%) 

AUC-
ROC 

RN50 73.5 91.7 56.0 77.2 0.873 

RN50 + 
F-T 79.6 87.5 72.0 80.8 0.914 

VGG16 78.2 66.7 89.3 75.0 0.892 

VGG16 + 
F-T 80.3 73.6 86.6 78.5 0.883 

VGG16 + 
F-T/SGD 79.6 83.3 76.0 80.0 0.887 

IRNV2 77.6 88.9 66.7 79.5 0.841 

IRNV2 + 
F-T 78.9 94.4 64.0 81.4 0.874 

NNL 73.5 83.3 64.0 75.5 0.845 

NNL +  
F-T 74.8 84.7 65.3 76.7 0.840 

Hard 
Voting 83.0 91.7 74.7 84.1 -- 

Soft 
Voting 84.4 94.4 74.7 85.5 0.920 

 
 

Finally, Table 6 shows the performance evaluation of 
the models trained only using data from the 
Radiopaedia repository. As observed, the model built 
with the soft voting ensemble presents the best perfor-
mance, reaching an accuracy of 84.4%, a high recall of 
94.4% and the highest F1-score of 85.5%, with moder-
ate specificity higher than 74%. The models VGG16 
and VGG16+F-T (using the ADAM optimizer), obtain 
the greatest specificity compared with the rest of the 
networks; however, they present a low recall making 
such models not appropriate to detect cases with lung 
lesions in CT images.

In general terms, training and testing with separated 
data repositories show a better performance in the 
models evaluated in this study, which is evidenced by 
the maximum accuracy values obtained with the 

Coronacases repository (88% in the VGG16 model), 
and Radiopaedia repository (84.4% in the soft voting 
model) when compared with the models trained using 
data from both repositories together (79.6% for the 
VGG16 model). 

Other investigations that seek to identify the pres-
ence of lesions on CT images using transfer learning 
have reported an accuracy of 99%. Such is the case of 
Ahuja et al. [32], who used different versions of the 
ResNet and the SqueezeNet networks; They worked 
with a data set of 746 images of which 349 showed 
signs of COVID-19 lesions, obtained from 216 patients. 
However, unlike to our research, where all images 
from the CT studies were used and all patients had the 
disease, they did not use the full CT study for their 
experiments, just a few selected images of patients 
with the infection. In a similar task, Dey et al. [33] used 
an algorithm based on a segmentation and feature 
extraction scheme in CT images to detect COVID-19 
lesions. Testing different classifiers, its algorithm 
reached a maximum accuracy of 87.75%.
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It is important to mention that the studied networks 
presented a high classification error or misclassifica-
tion in slices that were located at the beginning or at 
the end of the scans (at the cephalocaudal ends). It 
could be due to the fact that these images show a 
reduced area of lung tissue while the rest of the tissue 
can generate structures similar to abnormality find-
ings suggesting a pulmonary lesion. An example of 
this issue can be seen in Figure 5. Here, two cases of 
slices located in the apex region of the upper lobes of 
the lungs are observed. The image in a) shows signs of 
consolidation in the left lung (enclosed with a seg-
mented red oval), and the image in b) does not show 
signs of abnormality, however, in both cases the mod-
els classify the images with the presence of lesions. 

FIGURE 5. CT images from the apex region of 
the upper lobes of the lungs. a) CT slice that 

presents consolidation in the right lung (enclosed 
with a red segmented red oval), b) CT slice that 

does not show abnormal signs.

CONCLUSIONS
The objective of the present work was to detect the 

presence or absence of lung lesions in chest computed 
tomography images of patients with COVID-19 infec-
tion using deep learning models. In our study, the 
VGG16 model using the Coronacases Initiative reposi-
tory presented the best results with an accuracy of 88%, 
AUC-ROC of 0.929 and F1-score of 87.8%. On the other 
hand, the soft voting ensemble, using the Radiopaedia 
repository, reached an accuracy of 84.4%, AUC-ROC of 
0.92 and F1-score of 85.5%. The results of both models 
represent a good trade-off between the recall, specific-

ity and precision of the classifiers. It should be remarked 
that the management of the repositories, used inde-
pendently of each other, improved the adjustment of 
the models, showing a greater generalization.

The model VGG16 with FT reached an accuracy of 
80.3% using the Radiopaedia repository, however this 
performance was improved using combination models 
such as the soft voting and hard voting ensembles, with 
84.4% and 83% of accuracy, respectively (both models 
with a high recall). It must be noted that this combina-
tion scheme was only satisfactory for this repository. 

This research demonstrates that deep learning mod-
els can be useful to detect lung lesions of COVID-19 
with high sensitivity and specificity for diagnosis; it 
can be valuable when considering the possible high 
false positive rate of clinical tests. In this way, an auto-
matic detection model can serve as reference in radiol-
ogy, allowing a quick localization of the lesion from a 
CT study with greater precision.

We must emphasize that in the present research, all 
the CT scans of the database included patients with a 
positive diagnosis of COVID-19, so the abnormality 
patterns found in the images are assumed to be indic-
ative of lesions due to this disease. This represents a 
limitation in the present study since certainly other 
lung diseases such as interstitial pneumonia, sarcoid-
osis, alveolar proteinosis, carcinoma, etc., can produce 
similar patterns in CT scans to those found in patients 
with COVID-19 [10] [34]. Therefore, as future work, it is 
necessary to advance in this research to include 
patients with different lung diseases and classify the 
lesions according to their pathology of origin.
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ABSTRACT 
This project's purpose was to evaluate the healing e!ects of chitosan (CS) hydrogels loaded with extracts from Aloe 
vera (CS+AV) and Calendula o!cinalis (CS+CO) on wounds of diabetic and non-diabetic Wistar rats. A total of 24 rats 
were used; animals were randomly divided into three diabetic and three non-diabetic groups (one control and two 
treated groups) and monitored for 13 days. A biopsy on the wound site was recovered to assess the collagen and 
n-acetyl glucosamine content. The wound area ratio was reduced since day 1 on both non-diabetic treated groups. A 
similar e!ect was observed on the diabetic group treated with CS+AV, while the diabetic group treated with CS+CO 
showed a reduction in wound area compared to the diabetic control until day 11 after being wounded. Collagen and 
n-acetyl glucosamine content were higher in every treated group. Further studies are needed to clarify the underly-
ing mechanisms through which they promote wound healing. These results suggest that the hydrogels prepared are 
potential material to be used as wound dressings. 

KEYWORDS: Aloe vera, Calendula o!cinalis, Chitosan, Diabetic wound, Animal model
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RESUMEN 
El propósito de este proyecto fue evaluar los efectos curativos de los hidrogeles de quitosano con extractos de Aloe 
vera (CS + AV) y Calendula o!cinalis (CS + CO) en heridas en ratas Wistar diabéticas y no diabéticas. Se utilizaron 
un total de 24 ratas; los animales fueron divididos aleatoriamente en tres grupos diabéticos y tres no diabéticos (un 
grupo control y dos tratados) y se monitorearon durante 13 días. Se recuperó una biopsia del sitio de la herida para 
evaluar el contenido de colágeno y n-acetilglucosamina. El área de la herida se redujo desde el día 1 en ambos grupos 
no diabéticos tratados. Se observó un efecto similar en el grupo diabético tratado con CS + AV, mientras que el grupo 
diabético tratado con CS + CO mostró una reducción del área de la herida en comparación al control diabético hasta 
el día 11 después de la creación de la herida. El contenido de colágeno y n-acetilglucosamina fue mayor en todos 
los grupos tratados. Se necesitan más estudios para aclarar los mecanismos subyacentes a través de los cuales estos 
tratamientos promueven la cicatrización de heridas. Estos resultados sugieren que los hidrogeles preparados son 
materiales con potencial para usarse como apósitos para heridas.

PALABRAS CLAVE: Aloe vera, Calendula o!cinalis, Quitosano, Herida diabética, Modelo animal
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INTRODUCTION
Diabetes mellitus is a chronic disorder defined by 

impaired insulin secretion or insulin resistance of tar-
get tissues, resulting in high blood glucose levels. 
Diabetic Foot Ulcer (DFU) is a complication of this dis-
order; it is defined as a full-thickness chronic wound 
located at a level distal to the diabetic patient [1]. DFU 
is responsible for amputating a lower limb in the world 
every 30 s [2], and any diabetic patient has a 25% 
chance of developing this wound [3].

The wound healing process comprises four overlap-
ping phases:

Hemostasis: This stage aims to prevent further bleed-
ing immediately upon injury, but in the long-term, this 
process provides a matrix for cells needed in later 
phases [4] [5] [6].

Inflammation: This stage establishes an immune 
barrier against pathogens [4] [6] [7]. The wound healing 
process is impaired in chronic wounds, typically pre-
senting a self-perpetuating inflammation state [7] with 
abundant neutrophil infiltration, which increases pro-
teases and reactive oxygen species (ROS) levels that 
further damage the tissue [8], thus a frequent goal on 
wound management is to reduce inflammation [9].

Proliferation: This phase forms a granulation tissue 
[6]. Consisting primarily of macrophages, fibroblasts 
and blood vessels, its function is to provide a barrier to 
infection and a matrix for cellular migration [10]. 
Re-epithelialization and angiogenesis also occur in 
this phase [11] [12] [13].

Remodeling: The remodeling process gradually 
transforms the granulation tissue into scar tissue [14]. 
The wound's tensile strength increases as the unar-
ranged type III collagen deposited on the granulation 
tissue is degraded and replaced with type I collagen, 
organized in parallel bundles along tension lines and 

becomes highly cross-linked [10] [15] [16]. Other structural 
components of the extracellular matrix (ECM) that 
were primarily produced in earlier phases of wound 
healing diminishes as well, such as fibronectin, pro-
teoglycans and glycosaminoglycans [5] [15].

Wound management involves using different materi-
als such as films, sponges, fibers, nanoparticles and 
hydrogels [17]. Wound dressings should protect the 
wound from contamination and moisture loss and pro-
vide a structure that allows oxygen permeability and 
mimics ECM properties [17] [18]. Hydrogels are three-di-
mensional structures composed primarily of water 
and a cross-linked polymer network. Their high water 
content provides physical properties that resemble the 
ECM, giving them excellent biocompatibility [19] [20] [21].

Chitosan is a heteropolysaccharide made up of glu-
cosamine and n-acetyl glucosamine derived from chi-
tin [22]. It has many properties such as biocompatibility, 
biodegradability, antimicrobial and hemostatic capa-
bility, and bio-adhesiveness [23] [24]. Furthermore, it 
enhances wound healing by averting the accumula-
tion of exudate, promoting gas exchange and drainage 
of the wound, and improving re-epithelization and the 
functions of polymorphonuclear leukocytes (PMN), 
macrophages and fibroblasts [17] [23] [25].

Plant extracts contain growth factors and compounds 
with antioxidant, antimicrobial and anti-inflammatory 
potential, representing a viable alternative to lessen the 
financial burden of long-term use of antibiotics and to 
be used in a topical wound treatment [26]. Aloe vera 
plant enhances fibroblasts and leukocyte's activity, and 
its wound healing mechanism has been positively cor-
related with glucomannan and acemannan [27] [28] [29]. 
Extracts of C. officinalis have shown positive effects on 
wound healing, enhancing the proliferation of fibro-
blasts and keratinocytes, increasing angiogenesis, 
reducing collagenase activity, and having antibacterial, 
anti-inflammatory and antioxidant activity [30] [31] [32].
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Glucosaminoglycans (GAGs) are mainly formed by 
repeated units of an amino sugar attached to a uronic 
acid. In the early stages of healing, they are secreted to 
create the fundamental substance on which collagen 
and elastin deposition takes place to form the extracel-
lular matrix [33] [34]. N-acetyl glucosamine (NAGA) is a 
monosaccharide and a basic component of hyaluronic 
acid and keratin sulfate on the cell surface, promotes 
the proliferation of keratinocytes and fibroblasts and 
increases the production of hyaluronic acid in the 
skin; it has also been successfully used to heal wounds. 
In the wound healing process, in the late stages of 
fibroplasia, the maturation of collagen fibers reduces 
the cellularity of the wound and increases tensile 
strength [10] [35]. Collagens are the most abundant pro-
tein family in the extracellular matrix. The main types 
of collagen present in the skin are type I (80%) and 
type III (15%). During the early stages of the formation 
of granulation tissue, the expression of Collagen III 
increases, from 20% to 50%. Later, during the matura-
tion of the wound, Collagen III content decreases to 
normal levels, increasing the content of Collagen I, 
which contributes to the recovery of the tensile 
strength of the tissue [6] [16] [36]. In the present research 
article, we investigated the effect of chitosan hydro-
gels loaded with plant extracts on the wound healing 
process of full-thickness cutaneous wounds of dia-
betic and non-diabetic animals by analyzing wound 
contraction rates and the biochemical assessment 
(NAGA and collagen content) of wounded tissues. 

MATERIALS AND METHODS

Materials
Chitosan with a 75-85% deacetylation and low molec-

ular weight degree was purchased from Sigma-Aldrich. 
Aloe vera plants were purchased from a local green-
house in Morelia and dried Calendula officinalis flow-
ers were purchased from a local market in Morelia. All 
other reagents used were of analytical grade. Deionized 
water was used throughout this study.

Hydrogels and plant 
extract preparation

Chitosan solution was obtained by dissolving chi-
tosan in an aqueous solution of 1% v/v of acetic acid, 
which was further mixed with a 1% m/v solution of 
CaCl2 in a 3:1 proportion, obtaining the chitosan 
hydrogel (CS) (Figure 1a). This chitosan hydrogel was 
mixed in a 9:1 proportion with the plant extracts, 
obtaining the CS+AV and CS+CO treatments. The final 
concentration of chitosan in the hydrogels was 35.99 
mg/ml [37].

Healthy leaves of Aloe vera (AV) (2 years old) were 
processed as previously reported [38]. Briefly, Aloe vera 
leaves were washed with soap and tap water, and a 
longitudinal incision was performed on them to 
extract the Aloe vera gel, which was ground and heated 
on a water bath at 50 °C for 7 min (Figure 1b). After the 
water bath, the gel was filtered using sterile gauze and 
immediately mixed with the CS gel (obtaining the 
CS+AV treatment) (Figure 1d).

A macerate of dried Calendula officinalis (CO) flowers 
was prepared using a 95% ethanol aqueous solution, 
mixing 1 g of dried flowers per 10 ml of solvent for 48 
h, after which the mixing was filtered using sterile 
gauze. The resulting macerate was dried at room tem-
perature for 5 h to remove the ethanol, obtaining an oil 
(Figure 1c) that was mixed with the CS gel (obtaining 
the CS+CO treatment) (Figure 1d).

In vivo wound healing study
Experimental design

In this study, a total of 24 Wistar male rats weighing 
between 260 and 320 g were used. The animals were 
kept in individual cages in a room with a constant tem-
perature of 25 ± 1 °C with a 12 h light/dark cycle. All 
rats had free access to water and standard laboratory 
chow. All animal procedures were conducted follow-
ing the Mexican Federal Regulations for Animal 
Experimentation and Care (NOM-062- ZOO-1999).
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FIGURE 1. A scheme cartoon of the process to obtain the treatments employed in this research. 
(a) Process to obtain the chitosan hydrogel (CS). (b) Process to obtain the Aloe vera extract (AV). 

(c) Process to obtain the C. officinalis extract (CO). (d) Process to obtain the CS+AV and CS+CO hydrogels. 
The majority of the schematic art pieces in this figure were provided by Servier Medical Art (smart.servier.com). 

Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.

a

b

c

d
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Diabetic model protocol
As reported in previous studies [3] [39] [40] [41], diabetes 

was induced after fasting for 12 h, by intraperitoneal 
(i.p.) injection of 45 mg/kg body weight (BW) strepto-
zotocin dissolved in 0.1 M citrate buffer (pH 4.5). To 
confirm that the diabetic model was successfully 
established, blood was drawn by a small incision on 
the rat tail using a blood lancet and it was absorbed 
using blood glucose test strips to determine the blood 
glucose levels using a glucometer (AccuCheck). When 
the glucose level was higher than 200 mg/ml, the dia-
betic model was established.

Incisional wound model
Animals were anesthetized with an i.p. injection of 50 

mg/kg BW pentobarbital, after which the hairs on the 
back of the animals were shaved using an electric clipper. 
A fold was created on the skin dorsum, which was then 
cut using a 6-mm sterilized biopsy punch, creating a 
full-thickness round wound on each side of the dorsum.

Animals were divided into six experimental groups 
(n=4), three of them with streptozotocin-induced dia-
betic animals:

• I: diabetic control group (no treatment)
• II: diabetic group topically treated with CS+AV
• III: diabetic group topically treated with CS+CO
• IV: non-diabetic control group (no treatment)
• V: non-diabetic group topically treated with 

CS+AV
• VI: non-diabetic group topically treated with 

CS+CO 

Wounds were treated topically with 100 μl of the cor-
respondent hydrogel. Each animal was monitored for 
13 days from the day of injury induction (Day 0), after 
which the animals were euthanized by injection of a 
lethal dose of pentobarbital (100 mg/kg BW). Full-
thickness biopsies were retrieved from the wound site 
for further biochemical analysis.

Wound healing analysis

Wound kinetics and data analysis
Wound kinetics were recorded using a 13 MP digital 

camera and were quantified using AutoCAD to mea-
sure wound area daily. The wound area was expressed 
as a percentage of the initial wound area (100%). 

Biochemical assessment of wounds
Samples were dried at 48 °C for 24 h, after which they 

were hydrolyzed in 5 ml of concentrated HCl/acetic 
acid solution (4:1 vol/vol) at 70 – 80 °C for 3 h. After 
being cooled with tap water, hydrolyzates were diluted 
in distilled water with a final concentration of 50% v/v 
for use in estimating hydroxyproline (Hyp) and n-ace-
tyl glucosamine (NAGA). Collagen content in the skin 
was calculated from the Hyp content by multiplying it 
by a factor of 7.46 [42]. The assessment was carried out 
using a reaction with Erhlich's reagent; briefly, a pyr-
role ring was formed on both compounds (by oxidative 
dehydrogenation in Hyp [43] and NAGA by alkaline 
treatment [44]) that reacts with Ehrlich's reagent to 
form a quinoid chromophore that can be quantified by 
UV-Vis spectroscopy.

Hydroxyproline and Collagen estimation. The hydro-
lyzates were subjected to oxidation by the addition of 
1 ml of a Chloramine-T solution (1 part of Chloramine-T 
solution at 7% w/v and 4 parts of buffer (pH 6) of 0.42 
M sodium acetate, 0.127 M sodium citrate and 0.026 M 
citric acid) and 1 ml of isopropanol. After 4 minutes, 2 
ml of Ehrlich reagent (prepared as previously described 
by Cheng [45]) were added. The mixtures were heated in 
a water bath at 60 °C for 25 min. After cooling with tap 
water, absorbances were read at 557 nm. A standard 
solution of Hydroxyproline (Hyp) was obtained by 
diluting 25 mg of Hyp (purchased from Sigma Aldrich) 
in 250 ml of water (100 μg/ml) and was used to prepare 
a calibration curve. Aliquots of 5, 25, 50, 75 and 100 μl 
were taken and diluted in distilled water to a final vol-
ume of 5 ml, obtaining solutions with 0.1, 0.5, 1, 1.5 
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and 2 μg/ml. These solutions were treated with the 
same procedure as the hydrolyzates to get a Hyp cali-
bration curve at 557 nm. Hyp content was estimated 
by linear interpolation. As stated before, Collagen con-
tent was calculated by multiplying the Hyp content by 
a factor of 7.46.

N-acetyl glucosamine (NAGA) estimation. Briefly, 0.5 
ml of the hydrolyzates solutions were added 0.5 ml of 
potassium tetraborate 0.1 M and heated on boiling 
water for 3 min; afterward, 3 ml of Ehrlich reagent 
(prepared as described by Reissig, Strominger & Leloir 
[46]) were added. The mixtures were heated on a water 
bath at 36-38 °C for 20 min. After cooling with tap 
water, absorbances were read at 545 nm. The values of 
NAGA were estimated using the molar extinction coef-
ficient of 21,000 [46].

Statistical analysis
Statistical analysis of wound kinetics and biochemi-

cal assessment was performed with one-way ANOVA 
with a post-hoc Tuckey analysis. A value of P ≤ 0.05 
was considered statistically significant.

RESULTS AND DISCUSSION

Results
Wound kinetics. Figures 2 and 3 show the wound 

kinetics and wound area ratios for both diabetic and 
non-diabetic groups, respectively. Both diabetic and 
non-diabetic groups treated with CS+AV showed a 
reduced wound area compared to the respective con-
trol groups from day 1 after wounding, while CS+CO 
treatment reduced wound area from day 1 only on the 
non-diabetic group in comparison to the group IV. 
Groups V and VI showed remarkable differences in 
wound area ratios compared to group IV, reducing the 
wound area up to 40 ~ 60 % on day 1 and resulting in a 
smaller wound area ratio than the control group by the 
end of the study. On the other hand, group II showed a 
decrease in wound area ratio of ~29% on day 1 and 

group III behaved very similarly compared to diabetic 
control. Nevertheless, groups III and II showed a 13 ~ 
15% decrease in wound area compared to group I on 
the last day of the study.

Hydroxyproline and Collagen estimation. Figure 4 (a 
and b) shows the results of the assessment of the colla-
gen content. The groups treated, both diabetic and 
non-diabetic, show a higher collagen content com-
pared to their respective control groups. Interestingly, 
diabetic groups show a higher content of collagen com-
pared to the non-diabetic groups.

N-acetyl glucosamine (NAGA) estimation. NAGA con-
tent increased in the groups treated with both gels 
compared to the control groups; however, only the 

FIGURE 2. Wound kinetics of full-thickness 
wounds on various days during the healing process. 

DAW = Day After Wounded.

FIGURE 3. Wound area ratio during the wound healing 
process. (a) Wound area ratio on non-diabetic groups. 

(b) Wound area ratio on diabetic groups. *P ≤ 0.05 
compared to the corresponding control group. 
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diabetic group treated with CS+AV (group II) presented 
a statistically significant difference compared to the 
control group. Similarly, as in the collagen content, the 
diabetic groups showed a slightly higher NAGA con-
tent than the non – diabetic groups (Figure 4c and 4d). 

Discussion 
This study investigated the wound healing process of 

wounds treated with two chitosan hydrogels loaded 
with different plant extracts of Aloe vera and Calendula 
officinalis. Our results showed that treatment with 
both hydrogels accelerates wound contraction and 
enhances ECM's components' deposition, and are by 
previous studies involving chitosan, C. officinalis and 
A. vera [31] [33] [42] [47] [48]. Speed of contraction is signifi-

cant in decreasing the wound's area in full-thickness 
injuries [49]. The quantitative analysis data of the 
wound area ratio suggests that the best treatment at 
achieving this was CS+AV since it showed better per-
formance at reducing the wound area ratio in both 
diabetic and non-diabetic groups. Although the dia-
betic and non-diabetic control groups did not have a 
significant difference between them, the comparison 
between the groups treated with CS+CO suggests that 
the diabetic model has a slower wound contraction 
and less sensitivity to this treatment in contrast to the 
non-diabetic model. Myofibroblasts are differentiated 
fibroblasts that exhibit an actin microfilaments rich 
cytoskeleton and are the primarily responsible cells 
for wound contraction [4] [5] [7] [12]. Wound area ratio 
results suggest treatments might have enhanced myo-
fibroblasts differentiation and activity in the early 
stages of wound healing (except on the group III, in 
which a significant wound contraction was only seen 
until day 11 after wounded). Further studies compar-
ing the effect of chitosan and plant extracts are neces-
sary to clarify the mechanisms and components 
accountable for this effect.

Accelerated wound healing can also be detected by 
analyzing ECM's deposition dynamics, particularly 
glycosaminoglycans (GAGs) and collagen [15] [50]. GAGs 
are mainly composed of repeating units of an amino 
sugar (e.g., n-acetyl glucosamine or n-acetyl galac-
tosamine) attached to a uronic acid. During early 
wound healing, the ground substance is composed 
mainly of GAGs that regulate early inflammation, 
fibroblast migration and form scaffolds for collagen 
polymerization and maturation [16] [42] [51]. Subsequently, 
the content of GAGs in the tissue is reduced, and colla-
gen production increases [33] [34]. In late fibroplasia 
stages, collagen fiber maturation reduces wound cellu-
larity and increases tensile strength [10] [35] [52]. The low 
levels of NAGA observed in all groups in proportion to 
collagen content suggest that the wounds were in a 
middle or late stage of fibroplasia, in which collagen is 

FIGURE 4. Collagen and NAGA content on biopsies
from full-thickness wounds. (a) and (b) show the 

collagen content on biopsies from non-diabetic and 
diabetic groups, respectively; (c) and (d) show the NAGA 

content on biopsies from non-diabetic and diabetic 
groups, respectively. *P ≤ 0.05 compared to the 

corresponding control group.
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mainly produced in the ECM [42] [49] [53]. It should be 
noted that the high collagen content observed in the 
treated groups may have been produced by an increase 
in the content of GAGs in the early stages of healing 
since collagen synthesis is influenced by the mucopo-
lysaccharides of the ground substance of the ECM.

In the skin, the main types of collagen present are 
type I (80%) and type III (15%); the ratio of these two 
proteins changes during the early phases of wound 
healing. During the formation of granulation tissue, 
the expression of Collagen III increases to Collagen I 
expression, from 20% to 50%. Later, during wound 
maturation, the proportion decreases again to normal 
levels, increasing Collagen I's content, which contrib-
utes to the recovery of the tissue's tensile strength [6] [16] 

[36]. The high collagen levels observed in the treated 
groups suggest that the formulations improve the 
healing process since the increase in the collagen con-
tent in this process has been correlated with the matu-
ration of the tissue, with the decrease in total cellular-
ity (which is a sign of decreased inflammation) and 
with the development of blood vessels [42] [53]. Although 
collagen's overproduction could produce a keloid or 
hypertrophic scar [54], this pathology was not observed 
in either animal group of this study. 

These results could be attributed to the different 
types of bioactive compounds present in the plant 
extracts that were employed. The anti-inflamatory 
and fibroblast stimulating activity of calendula has 
been attributed to its high terpenoids content, some of 
the identified terpenoids on calendula’s extracts are: 
sitosterols, ursadiol, calenduladiol esters, calendulo-
sides, calenduladiol, faradiol, among others [30] [55] [56]. 
In addition to this, these extracts are also especially 
rich in flavonoids, like quercetin, isorhamnetin, iso-
quercitin, narcissin, calendoflaside, calendoflavoside 
and calendoflavobioside, among others. The flavonoid 
content confers the extracts of its antimicrobial and 
antioxidant properties [31] [55] [57]. Meanwhile, the Aloe 

vera possess 75 potential bioactive phytochemicals. Its 
immuno-stimulatory activity has been attributed to 
the polysaccharides present in the pulp [58], like gluco-
mannan and acemannan; the former is considered as a 
very strong immunomodulator of plant origin, while 
the latter is responsible for augmenting the collagen 
production by enhancing fibroblast proliferation. 
Other type of bioactive phytochemical present in Aloe 
vera are anthraquinones, which have anti-inflamatory 
and antioxidant activity [58] [59]. Although the extracts 
have many bioactive compounds with different prop-
erties, it is possible that the beneficial effects of the 
extracts are a result of the interaction between these 
various compounds. Further experiments with the 
separate components of the treatments of this study 
(Chitosan, Aloe vera and Calendula officinalis) are 
needed to identify which component is responsible for 
the different effects observed. Also, the characteriza-
tion of these components could help to elucidate if one 
chemical compound could be specifically responsible 
for the major benefits observed or if these are the 
result of a synergic effect from the various bioactive 
phytochemicals and the chitosan.

CONCLUSIONS
In conclusion, data collected in this study shows that 

chitosan hydrogels loaded with plant extracts of Aloe 
vera and Calendula officinalis have a beneficial effect 
on the wound healing process of full-thickness wounds 
in both diabetic and non-diabetic models. The CS+AV 
treatment showed a remarkable performance on the 
diabetic model in comparison to the CS+CO treatment. 
Nevertheless, the biochemical results suggest that both 
treatments were able to reduce inflammation and accel-
erate fibroplasia. Hence, this study shows that the devel-
oped hydrogels are potential materials to treat skin 
wounds, particularly DFU, given the observations on 
the treated diabetic model. Further studies are required 
to understand the specific effects that the treatments 
have on each wound-healing phase and which compo-
nent of the therapy is responsible for each outcome.
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Hidrogel de Quitosano con PLCL, ZnO NPs y Oligoelementos: Un Andamio Antibacteriano 
Prometedor para Ingeniería de Tejidos

Yvain de los Ángeles Salinas Delgado1 �, Stephanie Soria Sánchez1 �, Gabriela Guadalupe Esquivel Barajas1 �, 
Eduardo Leos Quiñonez2 �, Luis Alberto Bretado Aragón1 �
1Universidad de La Ciénega del Estado de Michoacán de Ocampo
2Hospital Materno Infantil, Durango, Dgo.

ABSTRACT 
Tissue engineering involves anchorage-dependent cells cultured on sca!olds, with growth factors added to facilitate 
cell proliferation. Its use in transplants implies the risk of bacterial infection. The current contribution describes the 
preparation and antibacterial evaluation of a chitosan-based hydrogel physically cross-linked with poly(l-lactic-co-
ɛ-caprolactone) (PLCL) and enriched with zinc oxide nanoparticles (ZnO NPs) and trace elements (potassium and 
magnesium). The material was developed as a sca!old with built-in antibacterial properties. Chitosan and PLCL 
are biocompatible support materials applied in medicine for the repair and regeneration of damaged tissues, ob-
jectives promoted by ZnO NPs and the aforementioned trace elements. The ZnO NPs were elaborated by chemical 
coprecipitation. The materials were characterized by XRD, FT-IR, and SEM. Antibacterial testing was performed with 
strains of Escherichia coli and Staphylococcus aureus by the Kirby-Bauer method, in accordance with the NCCLS and 
CLSI guidelines. It was possible to obtain a homogeneous hydrogel with adequate morphology and distribution of 
elements. The hydrogel with 300 mM of Mg, K, and ZnO NP’s showed antibacterial inhibition halos of 13 mm for S. 
aureus and 19 mm for E. coli. This innovative biomaterial with trace elements holds promise for tissue engineering 
by considering the challenge of bacterial infection.

KEYWORDS: Chitosan, PLCL, ZnO nanoparticles, Antibacterial, Tissue engineering
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RESUMEN 
La ingeniería de tejidos involucra el uso de células cultivadas en andamios con adiciones de factores de crecimiento 
para facilitar la proliferación celular. Su uso en trasplantes implica riesgo de infección bacteriana. La contribución 
actual describe la preparación y evaluación antibacteriana de un hidrogel a base de quitosano físicamente reticulado 
con poli (l-láctico-co-ɛ-caprolactona) (PLCL) enriquecido con nanopartículas de óxido de zinc (NP de ZnO) y oligoele-
mentos (potasio y magnesio). El material se desarrolló como un andamio con propiedades antibacterianas. El qui-
tosano y el PLCL son materiales de soporte biocompatibles aplicados en medicina para la reparación y regeneración 
de tejidos dañados, propiedades promovidas por las NP´s de ZnO y los oligoelementos antes mencionados. Las NP 
de ZnO se elaboraron mediante coprecipitación química. Los materiales se caracterizaron por DRX, FT-IR y SEM. Las 
pruebas antibacterianas se realizaron con cepas de Escherichia coli y Staphylococcus aureus por el método de Kirby-
Bauer de acuerdo con las guías NCCLS y CLSI. Se pudo obtener un hidrogel homogéneo con adecuada morfología y 
distribución de elementos. El hidrogel con 300 mM de NP ZnO y oligoelementos mostró halos de inhibición antibac-
teriana de 13 mm para S. aureus y 19 mm para E. coli. Este biomaterial innovador con oligoelementos es prometedor 
para la ingeniería de tejidos al considerar el desafío de la infección bacteriana.

PALABRAS CLAVE: Quitosano, PLCL, Nanopartículas ZnO, Antibacterial, Ingeniería de Tejidos
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INTRODUCTION
Tissue engineering aims to establish, restore, or 

increase the function of tissues by means of the in 
vitro culturing of anchorage-dependent cells (either 
differentiated or undifferentiated) on scaffolds made 
of biomaterials. Growth factors are added to facilitate 
cell proliferation.

The in vitro tissues are then transplanted to a target 
organ [1] [2] with tissue injury. Such an injury is suscep-
tible to infection by pathogenic microorganisms, 
which can lead to the loss or alteration of transplanted 
tissue, thus complicating tissue recovery and some-
times causing implant failure [1].

The biomaterials utilized in tissue engineering are 
biocompatible polymers, such as chitosan, that elicit 
robust cell proliferation [3]. The latter biopolymer is 
biocompatible, biodegradable, non-toxic, non-muta-
genic, bioactive, cationic, antibacterial, and antifun-
gal. It has been of great interest in developing drug-de-
livery scaffolds for tissue engineering and has been 
classified as “generally recognized as safe” (GRAS) by 
the US Food and Drug Administration (FDA) [4] [5]. 
Another material approved by the FDA to foster cell 
proliferation and adhesion is the poly(l-lactide-co-ɛ-
caprolactone) (PLCL) polymer, due to its biocompati-
bility and mechanical properties [6].

Chitosan can be combined with certain trace ele-
ments essential for biological, physiological, and enzy-
matic processes. Consequently, zinc (Zn), potassium 
(K), and magnesium (Mg) [7] are added to improve cer-
tain functions, including protection against bacteria or 
fungi, bone regeneration, the synthesis of proteins, 
the absorption of Fe3+, the protection of tooth enamel, 
and the production of skin collagen [8] [9] [10]. ZnO 
nanoparticles (NPs), on the other hand, promote cell 
proliferation, growth, and differentiation. Additionally, 
their nanometric size affords high reactivity and thus 
favors an antibacterial effect [11].

During a surgical intervention for organ or tissue 
implantation, the main agents of infection are bacte-
ria, which are able to generate septicemia, impetigo, 
cellulitis, skin abscesses, and even patient death [12]. 
The combination of chitosan, PLCL, ZnO NPs, and 
trace elements has an exciting future in tissue engi-
neering. Apart from biocompatibility, this complex 
has the capacity for cell proliferation as well as inhibi-
tion of infection by nosocomial pathogens (e.g., 
Staphylococcus aureus, Escherichia coli, Pseudomonas 
aeruginosa, and Serratia marcescens) in surgical inci-
sions and other medical conditions (e.g., diabetic foot 
and venous ulceration) [13].

The aim of the present study was to develop an HQT 
hydrogel with chitosan physically cross-linked to 
PLCL, with the addition of ZnO NPs and trace amounts 
of K and Mg. The ZnO NPs were obtained by chemical 
coprecipitation. The HQT hydrogel and its components 
were characterized with X-ray diffraction (XRD), 
Fourier transformed infrared spectroscopy (FT-IR), 
and scanning electron microscopy (SEM).

The antibacterial behavior of the HQT hydrogel was 
assessed with S. aureus ATCC® 25923 and E. coli 
ATCC® 25922 by means of the Kirby-Bauer method, in 
accordance with the international standards recom-
mended by the Antimicrobial Susceptibility Testing 
Subcommittee of the National Committee for Clinical 
Laboratory Standards (NCCLS) [14] and the Clinical & 
Laboratory Standards Institute (CLSI) [15].

MATERIALS AND METHODS

a) Synthesis of ZnO NPs 

Nanoparticles were synthesized by the coprecipi-
tation method. A 4.46 mmol solution of zinc ace-
tate (Sigma Aldrich, 99%) was prepared in 42 mL 
of methanol (Meyer, 99%) by magnetic stirring at 
600 rpm and 60 °C. A 7.22 mmol solution of 
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potassium hydroxide (KOH) (Sigma Aldrich, 99%) 
was prepared in 23 ml of methanol as a precipitat-
ing agent. The resulting mixture was added drop-
wise to the zinc solution, followed by stirring at 
600 rpm and 60 °C for 3 h. The white precipitate 
was washed with acetone and water, and then 
heated at 60 °C in an oven for 12 h. 

b) Characterization of ZnO NPs and the hydrogel by 
XRD, FT-IR, and SEM

The ZnO nanoparticles were characterized by 
X-ray diffraction with a Bruker D8 Advance dif-
fractometer, with a Cu kα source at 30 mA and 30 
kV and a scanning speed of 1.2° steps/min (in the 
range of 10-80 2θ degrees). The size of the crystal-
lites was determined by means of the Scherrer 
equation. FT-IR analysis of the samples was car-
ried out in a PerkinElmer Frontier FT-IR spec-
trometer at a wavelength of 4000 to 400 cm-1. 
Scanning electron microscope analysis of the ZnO 
NPs and the hydrogel were performed on a JEOL 
JSM 6100 SEM at 20 kV, after coating the materi-
als with gold for 40 s. 

c) Preparation of the HQT hydrogel

The concentration of the elements contained in 
the hydrogel was previously defined by consider-
ing the bactericidal effect. A 2% (w/v) solution of 
chitosan (Sigma Aldrich, at a medium molecular 
weight and 85% deacetylated) was prepared in 1 
M glacial acetic acid (Sigma Aldrich) and stirred at 
600 rpm until dissolved. Subsequently, ZnO NPs, 
K, and Mg were each adjusted to a concentration 
of 300 mM. KCl2 and MgCl2 (Sigma Aldrich, 99%) 
were the precursors of K and Mg. PLCL (Sigma 
Aldrich) at 0.2 % (w/v) was added and the mix-
ture was stirred at 600 rpm for 12 h. The hydrogel 
was heated in an oven at 40 °C for 48 h to promote 
the crosslinking reaction. 

d) Antibacterial evaluation

The antibacterial activity of the HQT hydrogel was 
assessed with E. coli ATCC® 25922 and S. aureus 
ATCC® 25923 by means of the disk diffusion 
(Kirby Bauer) method in BD Mueller Hinton agar, 
following the CLSI guidelines. The turbidity of the 
bacterial suspension was adjusted to a 0.5 
McFarland standard (1.5x108 CFU/ml) and then 
incubated for 24 h at 37 ºC. Inhibition was shown 
as a clear circular zone and the diameter was mea-
sured in mm, indicating bacterial susceptibility to 
the sample under study. BD BBL Sensi-DiscTM 
antimicrobial sensitivity test discs (Becton 
Dickinson) of amoxicillin/clavulanic acid (30 µg) 
were used as the positive control for inhibition.

RESULTS AND DISCUSSION

a) Characterization by XRD, FT-IR, and SEM

ZnO NPs were characterized by SEM and XRD 
(Figure 1). The micrograph (Figure 1a) of the sur-
face of the ZnO powder, viewed at 5000X, displays 
agglomerates of particles with irregular morphol-
ogy. By analyzing the energy-dispersive X-ray 
spectroscopy (EDS, Fig. 1b) and elemental map-
ping (Figs. 1c, d), peaks corresponding to oxygen 
and zinc were identified on the surface of the 
material. Hence, the synthesis was successful. 
Moreover, the product had no contaminants. The 
diffractogram (Fig. 1e) exhibits peaks correspond-
ing to the zincite phase (according to PDF #04-003-
2106) in space group P63mc, with lattice parame-
ters a=3.25010Å and c=5.20710Å. Characteristic 
reflections were observed in the (100), (002), 
(101), (102), (110), (103), (112), and (202) lattice 
planes, similar to those found by Purwaningsih et 
al. 2016 [16]. The size of the crystallites was 30 nm, 
calculated with the Scherrer equation. No second-
ary phases were formed during synthesis.
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FIGURE 1. Characterization of ZnO NPs: 
a) Surface micrograph at 5000X; b) EDS spectrum; 

elemental mapping for c) oxygen and d) zinc; 
and e) the XRD pattern.
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 The hydrogel was morphologically characterized by 
SEM before and after adding the trace elements and 
the ZnO NPs (Figure 2). Before adding anything, chi-
tosan displayed a smooth texture and large pores dis-
tributed all along the surface (Figure 2.1 a). The poros-
ity of the hydrogel is a critical factor since it allows for 
the anchoring of cells and the loading of different 
drugs, elements, or biologically relevant substances. 
After adding the trace elements and the ZnO NPs 
(Figure 2.2 a), the surface had a distinct appearance. 
The particles were coated by a chitosan matrix. By 
comparing the results of EDS and elemental mapping 
(Figs. 2.1 b and 2.2 b), it was possible to identify car-
bon (C), nitrogen (N), and oxygen (O) (Figs. 2.1 c, d and 
e) in the hydrogel without trace elements. With the 
addition of these elements, a good distribution of Mg, 
K, and Zn existed on the surface of the hydrogel (Figs. 
2.2 c, d and e). A chlorine (Cl) peak was also found for 
the inadequately washed hydrogels.

FIGURE 2. SEM spectra of the hydrogel. 1) Before adding 
trace elements, and 2) after adding them. Micrographs (a), 

EDS spectra (b), and elemental mapping (c, d, e, and f).
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Correct washing eliminates the Cl residues derived 
from the precursors of the trace elements (KCl2 and 
MgCl2). During the microscopy analysis, no damaged 
or detached zones were detected on the hydrogel, 
which indicates that the physical crosslinking with 
PLCL was optimal.

The FT-IR spectra are shown for trace elements, PLCL, 
and the hydrogel (Figure 3). All samples were dissolved 
in 1 M acetic acid. The vibrational bands of ~3398-3300 
cm-1 and 1637 cm-1 in spectra 1, 2, and 3 can be attributed 
to the OH group in the solvent [17]. The spectrum of chi-
tosan (Figure 3.4) exhibits a band at ~3323 cm-1 for the 
OH/NH groups, at ~1644 cm-1 for C-N, at ~1392 cm-1 for 
C=O, and at ~1288 cm-1 for C-O-C (corresponding to 
amine 1), C-H vibrations, and C-C and C-O stretching 
(corresponding to amine 3), respectively [18] [19]. 

The main contributions of PLCL are seen in Figure 3.5. 
The band at ~2980 cm-1 is assigned to alkyl stretching, at 
~1750 cm-1 to carbonyl stretching, at ~1700 cm-1 to car-
bonyl ester stretching, and at ~1450 cm-1 to CH2 bending. 
The bands at ~1380 cm-1 were ascribed to C=O, at ~1189 
cm-1 and ~1182 cm-1 to C-O-O and asymmetric CH2, and 
at ~1091 cm-1 to the stretching vibrations of C-O [20].

FIGURE 3. FT-IR spectra for the Mg precursor (1), 
the K precursor (2), ZnO NPs (3), chitosan (4), 

PLCL (5), and the HQT hydrogel (6).
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The FT-IR absorption bands of the HQT hydrogel 
(with all its components) are shown in Figure 3.6, 
observing a clear difference in the interaction of the 
functional groups. The bands at ~3300 cm-1 were desig-
nated as the NH2 and OH groups, at ~1750 cm-1 as the 
stretching of the carbonyl groups in PLCL, at ~1600 
cm-1 as the CH2 and CH3 groups, and at ~1250 cm-1 as a 
stretching of the C-O-C present in chitosan. Finally, 
the band at ~1420 cm-1 may be due to the chitosan CH2 
groups or PLCL-COO- groups [18] [19] [20].

b) Antibacterial activity

The antibacterial effect of the HQT hydrogel was 
evaluated with E. coli and S. aureus. The inhibi-
tion zones were more evident for S. aureus (25 
mm for chitosan and 14 mm for ZnO NPs) than E. 
coli (14 mm for chitosan and 7 mm for ZnO NPs) 
(Figure 4). This result is attributed to the innate 
antimicrobial activity of chitosan and the oxida-
tive stress caused by ZnO nanoparticles. Regarding 
the latter, reactive oxygen species (ROS) interact 
with the cell wall of bacteria and destroy the 
intracellular content, damaging proteins and lip-
ids. Hence, positively charged nanoparticles bind 
to the negatively charged bacterial membrane, 
fomenting its disintegration or rupture [21]. 
Additionally, the size of ZnO NPs is effective 
against Gram-positive and Gram-negative bacte-
ria because of the large surface area available to 
interact with the bacterial wall [22]. 

For the biomaterials with trace elements, the inhibi-
tion of E. coli was more significant than that of S. 
aureus. The content of K and Mg affect the antibacte-
rial activity of ZnO NPs, as can be appreciated by the 
lack of inhibition of both microorganisms. Concerning 
E. coli, the inhibition diameters resulting from K com-
bined with Q (Q-K) materials were very similar to 
those found with chitosan alone (14 mm). The antibac-
terial effect of Q-K materials on S. aureus was reduced 
by about 50% (to 12 mm) (Figure 4). 

K is required by microorganisms for the metabolism 
of carbohydrates, the activation of some enzymes, and 
bacterial osmoregulation [23]. Therefore, it is herein 
inferred that K was mainly used as a nutrient by the 
bacteria rather than a growth inhibitor. For E. coli, the 
inhibition diameter was greater with Q-Mg (17 mm) 
than chitosan alone (14 mm). Thus, Mg increased the 
antibacterial potential of chitosan. Mg and K did not 
show any antibacterial activity separately. They par-
ticipate in vital functions as nutrients [23], which was 
probably their primary role. Q-PLCL generates a good 
antibacterial effect on E. coli, with an inhibition diam-
eter of 24 mm. Finally, the HQT hydrogel significantly 
inhibited S. aureus (13mm) and E. coli (19mm), the 
latter being more susceptible. 

The values of the inhibition diameters are observed in 
Figures 4 and 5. In both, the importance of the inhibi-
tory activity of chitosan is evidenced by its greater 
inhibition diameter for all combinations. The concen-
tration of 300 mM of the trace elements promoted bac-
terial inhibition in some of the materials. This concen-
tration was determined in a previous study employing 
the same bacteria. The tests were conducted by means 
of the Kirby-Bauer method, exposing each bacteria to 
the biomaterials presently evaluated.

E. coli and S. aureus are common pathogens responsi-
ble for tissue infection. Due to the structural and 
chemical differences of their cell walls, it was relevant 

FIGURE 4. Inhibition zones (in mm) of E. coli and 
S. aureus exposed to the biomaterials herein tested. 
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to evaluate the inhibitory effect of the present bioma-
terials on both species [13]. According to the literature, 
chitosan, PLCL and ZnO NPs are non-toxic materials 
and have been used in various biomedical applica-
tions. The current results indicate that combining bio-
materials on a chitosan hydrogel scaffold holds prom-
ise for combatting tissue infection caused by bacteria. 
Future research is necessary to examine the cytotoxic-
ity of the hydrogel.

FIGURE 5. Results of the Kirby-Bauer method to 
examine the antibacterial effect of the HQT hydrogel 

with distinct combinations of trace elements and ZnO NPs. 
S. aureus: A, B, C, and D; E. coli: E, F, G, and H. 1) ZnO NPs; 
2) Q; 3) Mg; 4) K; 5) K-ZnO NPs-Mg; 6) Q-K; 7) Q-ZnO NPs; 
8) Q-Mg; 9) Q-ZnO NPs-Mg; 10) Q-Mg-K; 11) Q-ZnO NPs-K; 

12) HQT; 13) Q-PLCL; and 14) Q.

FIGURE 6. Inhibition produced by the antibiotic disc 
(the positive control), containing amoxicillin/clavulanic 

acid (30 µg). A) S. aureus; B) E. coli. 

E. coliS. aureus
a b

CONCLUSIONS
Zinc oxide nanoparticles of 30 nm were obtained in 

the zincite phase. It was possible to elaborate an ade-
quately homogenized chitosan-based hydrogel physi-
cally cross-linked with PLCL and enriched with ZnO 
NPs as well as trace amounts of Mg and K. In vitro 
testing showed that this hydrogel has antibacterial 
activity. Since these biomaterials are organic, FDA-
approved, and biocompatible with different biological 
systems, the resulting hydrogel represents a poten-
tially useful antibiotic scaffold for tissue engineering. 
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Efecto de la cirugía unilateral del cáncer de mama en el movimiento del hombro: análisis 
electromiográ"co y de movimiento
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ABSTRACT 
After breast cancer surgery, women might develop musculoskeletal impairments that a!ect movements of the upper 
limbs and reduce the quality of life. The objective of this research was to analyze the e!ect of the unilateral breast 
cancer surgery on the kinematics of the shoulder and the electrical activity of the upper trapezius, middle deltoid 
and pectoralis major muscles. Eight right-handed female participants, mean age 46.5 ± 5.45 years and mean body 
mass 71.21 ± 13.33 kg, with unilateral breast cancer surgery, without breast reconstruction and without lymphede-
ma symptoms were included in the research. Flexion-extension and abduction-adduction movements of the shoul-
der were evaluated with infrared cameras and the electrical activity was measured using surface electromyography. 
The statistical analysis of the direction angles showed a signi"cant reduction of the #exion-extension and abduc-
tion-adduction movements in the a!ected side in most of the participants (p<0.05). The muscle electrical activity 
did not present a signi"cant di!erence between the two sides for the #exion-extension and abduction-adduction 
movements (p>0.05). The results suggest that the surgical procedure could compromise the range of motion of the 
a!ected side. Furthermore, this research contributes to clarify the e!ect of the surgical procedure in the range of 
motion of the upper limbs. 

KEYWORDS: Breast cancer, Electromyography, Mastectomy, Shoulder, Rehabilitation
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RESUMEN 
Después de la cirugía de cáncer de mama, las mujeres pueden desarrollar de!ciencias musculoesqueléticas que afec-
tan los movimientos de las extremidades superiores y reducen la calidad de vida. El objetivo de esta investigación 
fue analizar el efecto de la cirugía unilateral del cáncer de mama sobre la cinemática del hombro y la actividad eléc-
trica de los músculos trapecio superior, deltoides medio y pectoral mayor. Se incluyeron ocho participantes diestras, 
edad promedio 46.5 ± 5.45 años y masa promedio 71.21 ± 13.33 kg, con cirugía de cáncer de mama unilateral, sin 
reconstrucción mamaria y sin síntomas de linfedema. Los movimientos de "exión-extensión y abducción-aducción 
del hombro se evaluaron con cámaras infrarrojas y se midió la actividad eléctrica mediante electromiografía de su-
per!cie. El análisis estadístico de los ángulos de dirección mostró una reducción signi!cativa del movimiento de 
"exión-extensión y abducción-aducción en el lado afectado en la mayoría de las participantes (p<0.05). La actividad 
eléctrica muscular no presentó diferencia signi!cativa entre los dos lados para los movimientos de "exión-extensión 
y abducción-aducción (p>0.05). Los resultados sugieren que el procedimiento quirúrgico podría comprometer el 
rango de movimiento del lado afectado. Además, esta investigación contribuye a esclarecer el efecto del procedi-
miento quirúrgico en el rango de movimiento de los miembros superiores.

PALABRAS CLAVE: Cáncer de mama, Electromiografía, Mastectomía, Hombro, Rehabilitación
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INTRODUCTION
Breast cancer is the most common type of cancer in 

women in the world, with an incident of 1.7 million of 
new cases in 2016 [1]. For women, it was the most com-
mon cancer in 131 countries and cause of cancer deaths 
in 112 countries [1] [2] [3] [4] [5] [6]. In 2018 the International 
Agency for Research on Cancer estimated 2.08 million 
of new breast cancer cases worldwide [7]. 

After breast cancer surgery, women might develop 
musculoskeletal impairments that affect movements 
of the upper limbs and reduce the quality of life. 
Complications following breast cancer surgery include 
infection, swelling, hematoma, seroma and psycho-
logical factors such as, anxiety or depression [3] [8] [9] [10] 

[11]. The complications are not always localized on the 
region of the surgery, as many of the treatments have 
larger regional systemic effects on body structures 
and functions [3] [8] [11] [12] [13]. Although women report 
upper limb symptoms between 6 months and 3 years 
after breast cancer, some of the comorbidities could 
remain for a longer-term. The etiology of morbidity 
seems to be multifactorial, with the most consistent 
risk factors being those associated with extension of 
cancer treatment [14].

The mastectomy produces dysfunctions on the upper 
limbs in a mid or long term, causes lymphedema, per-
sistent pain [9] [15], weakness and restricts the move-
ment of the shoulder [10] [14] [16]. Furthermore, it has been 
found that muscle activation can be affected after 
breast cancer surgery. The effect depends on the type 
of surgery and type of reconstruction of the breast [17] 

[18] [19] [20] [21]. It has been thought that the most frequent 
complications include long-term weakening of mus-
cles within the shoulder and upper limb at the affected 
side [4]. It is believed that if one muscle is compro-
mised, then other muscles might become more active 
to compensate for the lost movement. However, the 
muscle electrical activity can be influenced by age, 
dominance or pain on the limb [20]. 

Movements of the upper limbs and head are recom-
mended as rehabilitation after a breast cancer surgery. 
Upper-body morbidity may be treatable with physical 
therapy. It has been found a 50-53% reduction in the 
risk of breast cancer deaths in women who are physi-
cally active after a breast cancer diagnosis [6] [14]. 
Although rehabilitation represents an alternative to 
reduce the complication after breast cancer surgery, 
many of the patients do not receive the appropriate 
treatment to address the complications [22] [23] [24].

The complications after mastectomy are well known, 
evaluated and treated from measurements such as 
goniometry, observation and strength tests with man-
ual resistance [8] [10]. However, they do not provide spe-
cific scenarios for kinematic discontinuities of the 
shoulder movement. Moreover, there are few studies 
focused on the analysis of the biomechanics of the 
upper limbs on a three-dimensional space after breast 
cancer treatment [20] [25] [26] [27]. Biomechanical and mus-
cular activation studies with equipment with higher 
accuracy are required to recognize these affectations 
and identify areas of opportunity to improve physio-
therapeutic intervention plans.

Therefore, the objective of this research is to analyze 
the movement of the shoulder and the electrical activ-
ity of the trapezius, deltoid and pectoralis major mus-
cles in patients with unilateral breast cancer surgery.

MATERIALS AND METHODS

Experimental protocol 
Eight right-handed female participants, mean age 

46.5 ± 5.45 years and mean body mass 71.21 ± 13.33 kg 
with unilateral breast cancer surgery (mastectomy), 
without breast reconstruction and without lymph-
edema symptoms after the surgery were included in 
the research, see Table 1. The sampled population was 
selected with non-probabilistic sampling. After the 
surgery, all the participants performed a rehabilitation 
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process of the upper limbs. This rehabilitation was 
performed for 60 days and involved series of active 
movements of the head, flexion-extension and abduc-
tion-adduction of the arms. Participants which could 
not follow instruction, presented post-surgery issues 
or did not complete the rehabilitation were excluded.

TABLE 1. Anthropometric data and affected side 
of the patients. SD means Standard Deviation.Tabla 1 

 
Subject Age 

(years) 
Mass 
(kg) 

Height 
(m) 

Affected 
Arm 

Dominant 
Hand 

1 36 61.35 1.62 Left Right 

2 50 53.6 1.5 Right Right 

3 50 57.6 1.48 Right Right 

4 51 82.3 1.56 Left Right 

5 45 64.05 1.55 Right Right 

6 52 84.3 1.64 Right Right 

7 42 86.1 1.72 Left Right 

8 46 80.4 1.6 Right Right 

Mean 46.50 71.21 1.58 -- -- 

SD 5.45 13.33 0.078 -- -- 

 
   Once the rehabilitation was completed, the partici-

pants continue with the evaluation of the flexion-ex-
tension, abduction-adduction movements and the 
electrical activity of the upper trapezius, middle del-
toid, and pectoralis major muscles. The motion of the 
arms was measured with seven infrared cameras of 
the VICON system at a sampling frequency of 100Hz 
(Nexus version 2.8.1.111866h x86, Vicon Motion 
System Ltd. Oxford UK). The muscle electrical activity 
was measured with surface electromyography (EMG) 
at a sampling frequency of 1000Hz (Myomonitor IV 
EMG System Bagnoli Delsys Inc, Boston MA, USA).

All the participants were asked to wear comfortable 
clothes to allow free execution of the movements. The 
participants were informed about the function and 
main parts of the motion capture system and the EMG 
equipment. They were allowed to perform exercises 
prior to the experimental tests to familiarize them-

selves with the equipment and the protocol. 
Simultaneously, personal data were recorded and 
saved on an encrypted computer for safekeeping. 
Then, the participants performed three trials of bilat-
eral flexion-extension and abduction-adduction move-
ment of the arms. Each trial consisted of ten cycles 
performed over a period of 20 seconds paced using a 
metronome. Three minutes were allowed among trials 
to give rest to the patients and avoid fatigue. 

Subject preparation
First, the setup of the infrared cameras of the VICON 

system was performed. Then, 39 spherical markers 
(10mm of diameter) were placed on anatomical bony 
landmarks of each participant, Figure 1a. The passive 
markers (inactive) were attached to the skin with dou-
ble-sided tape following the VICON manual and the 
markers were labeled following the PlugInGait 
FullBody template. Thereafter, the skin on the upper 
trapezius, middle deltoid and pectoralis major muscles 
was cleaned with exfoliating cream and isopropyl 
alcohol for the placement of the electrodes. The place-
ment of the electrodes was done following the recom-
mendations of Surface Electromyography for the Non-
Invasive Assessment of Muscles (SENIAM). Further-
more, a ground/reference electrode was placed on the 
lateral epicondyle of the left arm. 

Data processing 
The data of the markers were exported to Matlab 

R2015a (version 8.5.0.197613, The MathWorks Inc., 
Natick, Massachusetts, USA) in a txt file for process-
ing. An orthogonal coordinate system was created in 
the 10th thoracic vertebra (T10) using the markers of 
the 7th cervical vertebra (C7) and the sternum (STRN). 
The X axis pointed to the lateral side, the Y axis 
pointed backwards and the Z axis pointed upwards as 
shown in Figure 1b. Then, a rotation matrix 3x3 with 
the three-unit vectors was created. Furthermore, a 
vector was created between the upper arm and the 
elbow markers in order to describe the movement of 
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the arm. Finally, the vector of each arm was orientated 
with respect to the coordinate system of the thorax. 
This was done by multiplying the inverse matrix times 
the vector of the arm. Once the transformation of the 
vector was done, the direction angles Alpha (X), Beta 
(Y) and Gamma (Z) were calculated as shown in Figure 
1c. All the cycles from the three trials undertaken by 
each participant for each motion were averaged and 
time normalized from zero to 100% of the movement 
time. 

The raw EMG data was filtered with a 2-pole zero-lag 
Butterworth band pass filter with cut-off frequencies 
of 5 and 400Hz in order to retain as much as possible 
of the electrical activity data and reject high frequency 
noise. The cut-off frequencies were obtained from a 

frequency spectrum analysis of the raw EMG data [28]. 
Then, the root mean square (RMS) value of every mus-
cle burst for all the trials was calculated within a win-
dow of 100ms. The RMS window was calculated at the 
maximum peak of each burst (50ms forwards and 
50ms backwards). Finally, the RMS values of the mus-
cles were averaged and then, the healthy side was 
compared versus the affected side.

Statistical analysis
In order to determine the effect of the unilateral 

breast cancer surgery on the shoulder, a Student’s 
t-test for dependent samples was performed. The com-
parison of the direction angles and the electrical activ-
ity of the muscles was done for both sides. The signifi-
cance level was taken to be p < 0.05.

FIGURE 1. An orthogonal coordinate system on the thorax was created as a reference system for measuring the rotation 
of both arms: a) Patient preparation, b) Isometric view of the markers, and c) Direction angles for the arm axis.
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RESULTS AND DISCUSSION

Flexion-Extension movement 
The direction angles from Figure 2a show the move-

ment of the arms during the flexion-extension motion 
(subject 8). As the movement is executed mainly in the 
sagittal plane, the direction angle of the X axis (alpha) 
does not change significantly. However, the move-
ment of the arms with respect to the Y and Z axes (beta 
and gamma) changes. Figure 2a shows that the 
affected arm (subject 8-right arm) reduces the direc-
tion angles (beta and gamma) when the arm is reach-

ing the maximum elevation level. The direction angle 
with respect to the Y axis at 50% of the cycle was 
118.52 ± 5.28 and 136.76 ± 2.56 degrees for the left and 
right arm respectively. This means that the right arm 
(affected) does not elevate as much as the left arm. 

Similarly, the comparison of both arms with respect 
to the vertical Z axis showed that the right arm did not 
elevate as much as the left one. The direction angle 
with respect to the vertical Z axis at 50% of the cycle 
was 28.77 ± 4.98 and 48.27 ± 2.45 degrees for the left 
and right arm respectively, Figure 2a.

FIGURE 2. a) Direction angles of the flexion-extension movement of one subject and b) Direction angles of the 
abduction-adduction movement of one subject. Comparison of both sides, affected and non-affected side (Subject 8).
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Table 2 shows the mean and standard deviation val-
ues (alpha, beta and gamma) of the eight subjects 
during the flexion-extension motion of both arms. In 
general, it was found that the affected side presented 
less amplitude of motion, excluding subject 5. The sta-
tistical analysis showed a significant reduction of the 
movement in the affected side (p < 0.05).

Abduction-Adduction movement
Figure 2b shows the three direction angles (alpha, beta 

and gamma) of the abduction-adduction movement of 
the arms in subject number 8. The movement was per-
formed mainly in the frontal plane. Therefore, the beta 
angle behaved almost like a flat line. Thinking that the 
major effect of the surgery could be found at the maxi-
mum elevation level of the arms, the analysis of the 

direction angles was done at 50% of the cycle. The 
direction angle with respect to the X axis at 50% of the 
cycle for this subject was 92.95 ± 16.81 and 69.9 ± 12.65 
degrees for the left and right arm respectively. This 
means that the right arm (affected) does not elevate as 
much as the left arm. Similarly, the comparison of both 
arms with respect to the vertical Z axis showed that the 
right arm did not elevate as much as the left one. The 
direction angle with respect the Z axis at the 50% of the 
cycle was 32.67 ± 8.61 and 48.55 ± 8.86 degrees for the 
left and right arm respectively, Figure 2b. 

The mean and standard deviation values (direction 
angles) of the eight subjects during the abduction-adduc-
tion movement are presented in Table 2. The gamma 
angles at 50% of the cycle motion indicate that the affec-

TABLE 2. Direction angles of the flexion-extension and abduction-adduction movement of all participants. 
The mean and standard deviation values are from the 50% of the cycle motion. Tabla 2 

 
Direction angles: Flexion-Extension movement 

 ALPHA (°) p BETA (°) p GAMMA (°) p 

Subject Left (SD) Right (SD) 0.05 Left (SD) Right (SD) 0.05 Left (SD) Right (SD) 0.05 

1 56.72 (3.02) 48.02 (2.84) 0.000 116.86 (2.95) 97.72 (1.94) 0.000 45.44 (2.84) 43.06 (2.77) 0.000 

2 84.24 (1.14) 86.86 (3.81) 0.010 108.52 (5.86) 113.87 (7.21) 0.000 19.6 (5.45) 24.6 (6.30) 0.000 

3 71.60 (2.31) 77.65 (1.60) 0.000 114.35 (2.25) 144.61 (1.98) 0.000 31.32 (3.18) 57.48 (1.83) 0.000 

4 56.86 (1.44) 82.71 (0.90) 0.000 117.09 (1.70) 115.47 (4.05) 0.030 45.4 (1.52) 26.71 (3.75) 0.000 

5 77.95 (3.00) 86.51 (1.14) 0.000 135.59 (4.11) 124.2 (2.70) 0.000 48.23 (3.19) 34.46 (2.71) 0.000 

6 83.21 (3.33) 70.92 (2.55) 0.000 139.62 (9.20) 144.82 (6.78) 0.000 50.63 (8.82) 61.92 (6.47) 0.000 

7 62.19 (3.48) 81.98 (2.52) 0.000 125.71 (2.34) 115.24 (3.71) 0.000 48.49 (2.52) 26.8 (3.50) 0.000 

8 92.43 (2.18) 80.79 (1.57) 0.000 118.52 (5.28) 136.76 (2.56) 0.000 28.77 (4.98) 48.27 (2.45) 0.000 

Direction angles: Abduction-Adduction movement 

 ALPHA (°) p BETA (°) p GAMMA (°) p 

Subject Left (SD) Right (SD) 0.05 Left (SD) Right (SD) 0.05 Left (SD) Right (SD) 0.05 

1 29.30 (3.81) 31.66 (3.32) 0.008 101.42 (2.64) 78.45 (2.27) 0.000 63.52 (3.47) 61.11 (4.05) 0.007 

2 102.43 (2.61) 116.24 (3.47) 0.000 102.48 (2.92) 111.99 (2.96) 0.000 17.88 (3.31) 35.5 (3.90) 0.000 

3 21.52 (3.97) 32.36 (2.48) 0.000 101.51 (2.30) 121.09 (1.70) 0.000 72.21 (3.81) 82.99 (4.45) 0.000 

4 60.40 (2.29) 90.07 (0.91) 0.000 116.33 (2.75) 113.71 (2.23) 0.000 41.7 (1.96) 23.73 (2.22) 0.000 

5 80.88 (2.82) 82.46 (2.21) 0.030 119.86 (1.23) 114.53 (1.10) 0.000 31.64 (1.29) 25.9 (1.13) 0.000 

6 78.60 (10.92) 64.29 (7.01) 0.000 118.04 (2.19) 126.53 (4.96) 0.000 32.23 (6.52) 48 (1.14) 0.000 

7 47.36 (11.7) 73.82 (15.15) 0.000 115.01 (5.63) 110.63 (4.71) 0.000 53.62 (9.08) 28.8 (10.90) 0.000 

8 92.95 (16.81) 69.9 (12.65) 0.000 118.23 (4.22) 130.08 (4.37) 0.000 32.67 (8.61) 48.55 (8.85) 0.000 
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ted arm does not elevate as much as the non-affected 
arm, excluding subject 5. Similarly, the direction angle 
alpha indicates that the affected arm does not elevate as 
much as the opposite one, excluding subjects 2, 3, and 5. 
The statistical analysis showed a significant reduction of 
the movement in almost all affected sides (p < 0.05).

Muscle electrical activity during 
the !exion-extension movement

For flexion-extension movement, the trapezius 
showed the highest electrical activity followed by the 
deltoid muscle. Although the electrical activity was 
higher in some cases, the statistical analysis did not 
show a significant difference, as shown in Table 3 (p > 
0.05). The trapezius in subject one was the only muscle 
with a significant statistical difference between the 

affected and non-affected side (p = 0.047). However, 
there was not a specific trend of the data to justify that 
the affected side increases or decreases the electrical 
activity after the rehabilitation post-surgery.

Muscle electrical activity during 
the abduction-adduction movement

The RMS and the standard deviation values of the 
three muscles during the abduction-adduction move-
ment are registered in Table 3. Although it was 
expected to find a significant difference among the 
muscles, the statistical analysis did not show a signifi-
cant effect. The electrical activity of the trapezius 
muscle in subject one presented a significant statisti-
cal difference (p = 0.043). However, it could not be 
established a specific trend of the EMG behavior. 

TABLE 3. Root mean square values of the electrical activity during the flexion-extension 
and abduction-adduction movement.Tabla 3 

 
RMS of the EMG: Flexion-Extension movement 

 TRAPEZIUS (mV) p DELTOID (mV) p PECTORALIS (mV) p 

Subjects Left (SD) Right (SD) 0.05 Left (SD) Right (SD) 0.05 Left (SD) Right (SD) 0.05 

1 0.411 (0.089) 0.139 (0.018) 0.047 0.043 (0.019) 0.021 (0.008) 0.669 0.010 (0.005) 0.015 (0.005) 0.839 

2 0.362 (0.057) 0.175 (0.044) 0.072 0.195 (0.058) 0.200 (0.051) 0.930 0.009 (0.002) 0.011 (0.002) 0.869 

3 0.061 (0.009) 0.069 (0.026) 0.894 0.057 (0.015) 0.065 (0.017) 0.846 0.026 (0.015) 0.014 (0.007) 0.740 

4 0.277 (0.038) 0.141 (0.042) 0.170 0.099 (0.015) 0.025 (0.008) 0.153 0.006 (0.005) 0.006 (0.002) 0.997 

5 0.204 (0.039) 0.099 (0.025) 0.240 0.041 (0.006) 0.027 (0.004) 0.665 0.010 (0.006) 0.018 (0.004) 0.794 

6 0.146 (0.014) 0.151 (0.035) 0.940 0.037 (0.007) 0.030 (0.010) 0.824 0.007 (0.002) 0.008 (0.002) 0.966 

7 0.234 (0.055) 0.170 (0.028) 0.509 0.059 (0.009) 0.071 (0.010) 0.797 0.041 (0.010) 0.011 (0.004) 0.397 

8 0.091 (0.013) 0.108 (0.015) 0.682 0.035 (0.006) 0.020 (0.005) 0.705 0.018 (0.004) 0.007 (0.003) 0.709 

RMS of the EMG: Abduction-Adduction movement 

 TRAPEZIUS (mV) p DELTOID (mV) p PECTORALIS (mV) p 

Subjects Left (SD) Right (SD) 0.05 Left (SD) Right (SD) 0.05 Left (SD) Right (SD) 0.05 

1 0.389 (0.077) 0.144 (0.019) 0.043 0.061 (0.014) 0.112 (0.067) 0.609 0.017 (0.008) 0.015 (0.006) 0.935 

2 0.246 (0.064) 0.159 (0.057) 0.348 0.159 (0.056) 0.160 (0.028) 0.992 0.007 (0.002) 0.008 (0.002) 0.930 

3 0.117 (0.013) 0.036 (0.008) 0.059 0.077 (0.010) 0.064 (0.013) 0.787 0.003 (0.001) 0.004 (0.002) 0.972 

4 0.357 (0.055) 0.218 (0.019) 0.143 0.144 (0.023) 0.028 (0.003) 0.061 0.006 (0.005) 0.005 (0.001) 0.975 

5 0.250 (0.059) 0.103 (0.018) 0.092 0.054 (0.010) 0.060 (0.010) 0.882 0.009 (0.005) 0.019 (0.022) 0.845 

6 0.147 (0.031) 0.141 (0.055) 0.933 0.056 (0.014) 0.074 (0.014) 0.703 0.009 (0.005) 0.013 (0.005) 0.894 

7 0.250 (0.059) 0.181 (0.023) 0.478 0.061 (0.009) 0.073 (0.012) 0.770 0.040 (0.031) 0.010 (0.006) 0.613 

8 0.116 (0.018) 0.115 (0.016) 0.986 0.054 (0.007) 0.039 (0.005) 0.653 0.007 (0.003) 0.007 (0.003) 0.990 
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The results show the effect of the breast cancer sur-
gery on the shoulder movement and the muscle elec-
trical activity between the affected and non-affected 
side. There was a significant reduction of the range of 
motion (ROM) in the affected side in most of the 
patients for flexion-extension and abduction-adduc-
tion movements. These outcomes agree with other 
studies which have reported the reduction of the ROM 
during the first year after breast cancer surgery [10] [11] 

[14] [27] [29]. Furthermore, the reduction of the ROM could 
restraint the performance of some activities and then, 
have an impact on the quality of life of the patients [8] 
[9] [10] [26]. It has been mentioned that the scar tissue for-
mation and protecting posturing after the breast can-
cer surgery could lead to shortening of the anterior 
chest wall. Therefore, the reduction of the ROM of the 
upper limbs found in this study could be related to the 
shortening of the breast chest [13] [16].

Some studies have found a significant reduction in 
the ROM of the upper limbs after breast cancer surgery 
using goniometry [8] [10] [17]. Our study used infrared 
cameras and provided more accuracy and a deeper 
analysis of the ROM of the shoulder joint in the sagittal 
and frontal planes. Although the markers and elec-
trodes could produce discomfort to the participants, 
time and practice of movements were given to get 
used to the materials and perform the movements in a 
natural way. It has been reported that the mayor 
impairments in the upper limbs occur in the first or 
second year after the surgery. The development of the 
current study two months after the surgery allows us 
to identify the effects of the surgery on the kinematics 
of the shoulder in a short term. In a longer period of 
time, the effects of breast cancer surgery could be hid-
den due to the fact that the patients tend to adopt 
strategies and try to cope with the morbidities [10] [11].  

The electrical activity of the muscles did not present 
a significant difference between the affected and 
non-affected side. Perhaps this could be produced due 

to the fact that the patients unconsciously try to ele-
vate the upper limbs without too much effort. 
Furthermore, from the anthropometric data (Table 1), 
most of the participants were overweight or obese. We 
believe that overweight or obese participants will 
have different muscle electrical activity than the nor-
mal weight participants as the fat tissue could attenu-
ate the EMG signal. This could be hidden the real 
effect of the muscle electrical activity when the 
affected and non-affected sides are compared. On the 
other hand, it has been suggested that humeral eleva-
tion of the arm, upward movement on the affected 
side, and left shoulder movement will increase the 
electrical activity of the muscles regardless of which 
side is affected [17]. Some studies have found signifi-
cant difference in the EMG activity and muscle 
strength reduction after breast cancer surgery [19] [21] 

[30]. Although our study considers patients without 
pain, all of them were treated with coadjutant therapy 
(chemotherapy), which could have an effect on the 
electrical activity [18] [21]. Furthermore, it has been 
found that the EMG activity depends on parameters 
such as age, dominant hand, affected side, type of 
surgery, abnormal activation patterns and breast can-
cer treatment [17]. 

It has been recognized that exercise training part of 
the rehabilitation program will reduce the risk of 
breast cancer deaths in women who are physically 
active after breast cancer diagnosis [6]. Therefore, it is 
recommended to continue with the practice of physi-
cal therapy for improving the ROM of the affected 
side [6]. Although there are several studies related to 
the upper limb dysfunction after breast cancer sur-
gery [4] [10] [11] [23], to the authors knowledge, this is the 
first study developed in the female Mexican popula-
tion using infrared cameras and reflective markers. 
In addition, the results found in the study provide 
new knowledge to understand the impact of the 
breast cancer surgery on the upper limb dysfunction, 
so understanding the kinematics and electromyogra-
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phy of the upper limbs could help practitioners to 
improve patient education and influence treatment 
decisions [31].

The current study presents some limitations. First, 
the results cannot be generalized due to the sample 
size considered in the analysis. Second, some of the 
complications after mastectomy occur in a longer 
period of time, therefore, the results found in this 
study in the first two months could have a different 
effect beyond this date. Third, although different 
search engines were used to seek articles related to the 
research (google scholar, web of science and 
ScienceDirect), few works with conclusive information 
were found, making a comparison of the results diffi-
cult. However, although there are some limitations in 
the study, the results indicate a clear significant trend 
in the reduction of the ROM of the affected side after 
two months of the mastectomy, mainly when the arm 
is trying to reach the maximum elevation level. In 
future work, we expect to develop a study comparing 
the kinematics of the upper limbs before and after the 
surgical procedure. Furthermore, a sample of healthy 
participants without surgery but with similar demo-
graphic and anthropometric characteristics will be 
considered in the study.  

CONCLUSIONS
The results suggest that the surgical procedure could 

compromise the range of motion of the affected side. 
This research contributes to clarify the effect of the 
surgical procedure in the ROM of the upper limbs after 
two months and provides new knowledge to under-
stand the biomechanics of the upper limbs after mas-
tectomy. Furthermore, from the results found in this 
study, it is reasonable that the patients with breast 
cancer surgery continue the rehabilitation program for 
a longer period of time.
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ABSTRACT 
In a sprint start, the athlete takes up a position with their hands just behind a line, arms vertical, feet generally placed 
about a shoe length apart, and the hips rising above the line of the head. Mistakes in this position in!uence the ex-
ecution of the low-sprint start, and can drastically in!uence the initial running speed and acceleration achieved by 
the athlete. Common mistakes occur due to the misconception that athletes must also lean forward, bringing the 
shoulders ahead of their hands and putting pressure on them. A standard approach to identify sprint start mistakes 
is to use a stick or weighted string to drop down from the shoulders. The e"ective implementation of this approach 
depends on the coach’s experience and remains a signi#cant challenge. In this study, a three-dimensional motion 
capture system with the Vicon® Plug-in-Gait model was used to characterize the kinematic parameters that in!uence 
the execution of low-sprint start in six high-performance athletes. The main kinematic parameters are reaction time, 
stride length, and stride time. The obtained results demonstrate the potential utility of a three-dimensional motion 
capture system to assess the kinematic parameters of low-sprint start in high-performance athletes.
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INTRODUCTION
In the 100 m and 200 m sprint, the success of the 

sprint start performance depends on the capacity of 
the athlete to establish a large impulse over the short-
est time, reaching the highest running speed as soon as 
possible [1] [2]. During this step, the sprinters take their 
positions at the blocks at the set command, and the 
mechanics of leaving the blocks at the sound of the gun 
strongly influences the acceleration at the start of a 
race [3] [4]. When a starter’s command is given, the ath-
lete takes up a position with their hands just behind 
the line, arms vertical, and feet generally placed about 
a shoe length apart. In the set position, the athlete 
understands that the hips should rise above the line of 
the head. The is a misconception that they must lean 
forward, bringing their shoulders ahead of their hands 
and putting pressure on them. This position influences 
the execution of the low-sprint start and can drasti-
cally influence the initial running speed and accelera-
tion achieved by the athlete. This is because when the 
gun goes off, it becomes impossible for the athlete to 
instantly drive their arms forward or backward with-
out first lifting them off the ground, and they can lose 
time in the process [5]. According to Schot PK and 
Knutzen KM, an efficient sprint start depends on the 
start block positioning and joint angles of the lower 
limbs in the position [6]. In addition, the pushing time 
on the blocks and the forces generated by the front and 
rear legs during the pushing phase depend on the reac-
tion time, stride length, and stride time [7]. The average 
external power calculated based on horizontal motion 
and normalized to participant characteristics, provides 
a single measure that accounts for the change in veloc-
ity and the time taken to achieve this change [2]. 
However, this parameter is more commonly adopted 
for measurements during early and mid-acceleration 
after the low-sprint start process.

In practice, an efficient sprint start integrates tempo-
ral and spatial acyclic movements into a cyclic action, 
whose success depends on the athlete’s ability and 

coach experience and is still a big challenge. Different 
authors have reported studies related to the optimal 
relationship between body position and initial acceler-
ation. For example, Coh et al. reported the dependence 
of the angular velocity and maximal force of the 
sprinter during the start on the body positioning and 
associated start block settings [7]. Mero et al. found that 
block velocity is strongly correlated with the horizon-
tal and vertical forces exerted on the front and rear 
starting blocks [8]. Gutierrez-Davila, and Prampero et 
al. reported biomechanical variables and their interde-
pendencies with specific motor abilities, energy pro-
cesses, anthropometric characteristics, and the cen-
tral processes of motor regulation [9]. There are few 
previous, reports on the biomechanics of kinematic 
parameters such as reaction time, stride length, and 
stride time. All authors state that “a single optimal set 
position” for all athletes is not recommended because 
of varying physical factors; therefore, athletes must 
find their preferred distance between the blocks 
according to sensations or outcomes.

On the other hand, different technologies have been 
used to assess the kinematic parameters of sprint 
start in high-performance athletes. Bezodis et al. pub-
lished in 2019 a clear review of the current biome-
chanics of track and field sprint starts that can be 
used to provide current recommendations for both 
researchers and practitioners [10]. Bezodis et al. pro-
posed the use of a laser distance measurement (LDM) 
device to determine the measurement error in veloc-
ity data obtained during different phases of a maxi-
mal sprint, and consequently, to evaluate the usabil-
ity of LDM devices to analyze the velocity profiles of 
sprinters [11]. Their results recommend that laser data 
should not be used during the first 5 m of a sprint and 
are likely to have limited use for assessing within-sub-
ject variation in performance during a single session. 
Bergamini et al. reported the use of a lower trunk-
mounted inertial measurement unit (IMU) to identify 
consistent features in the waveforms of the signals 
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supplied by the IMU and estimate stance and stride 
duration during the maintenance phase of sprint run-
ning. Their results proved that the IMU is suitable for 
estimating stance and stride durations during sprint 
running, providing the opportunity to collect infor-
mation in the field without constraining or limiting 
athletes’ and coaches’ activities [12]. Falbriard et al. 
reported the use of foot-worn inertial sensors to 
investigate different algorithms to detect initial con-
tact (IC) and terminal contact (TC) from different 
features measured by foot-worn IMU kinematic sig-
nals and estimated the main inner-stride temporal 
parameters. The performance metrics (bias and preci-
sion) of each algorithm were assessed in comparison 
with a reference system (instrumented force plate 
treadmill), which allowed the validation of the inner-
stride temporal parameters over a large number of 
steps and a large range of running speeds. Their 
results showed that running speed can significantly 
affect the estimation bias, suggesting that speed-de-
pendent correction should be applied to improve the 
accuracy of the systems [13]. Seidl et al. reported the 
use of a radio-based local position measurement sys-
tem, RedFIR (Grün et al., 2011) to obtain spatio-tem-
poral information during sprinting based on light-
weight transmitters attached to the athletes. Based on 
their results, a methodology capable of automatically 
providing step length, step time, and ground contact 
time during sprinting was developed. Different trans-
mitter positions were tested, and the accuracy of the 
derived spatiotemporal parameters was evaluated by 
comparing them to those from an optoelectronic sys-
tem [14]. Nagahara et al. reported the use of two differ-
ent global positioning system (GPS) units to obtain 
mechanical properties during sprint acceleration [15]. 
However, in their results, they remarked that for the 
current state of GPS devices’ accuracy for speed–time 
measurements over a maximal sprint acceleration, it 
is recommended that radar, laser devices, and timing 
gates remain the reference methods for implementing 
the computation methods reported by Samozino et al. 

[16]. Bergamini et al. validated an adapted sensor-fu-
sion algorithm in a trunk-mounted IMU to estimate 
trunk inclination and angular velocity during sprint 
start. A Bland-Altman analysis was carried out using 
parameters extracted from the historical data of the 
estimated variables, and analysis of similar curves. 
Their results indicate agreement between the refer-
ence and IMU estimates, which opens a promising 
scenario for accurate in-field use of IMUs for sprint 
start performance assessment [17]. Di-Kiat et al. pro-
posed the use of an optical motion capture system as 
a benchmark to validate a new approach for defining 
running gait. They presented a new gait event identi-
fication method, that uses foot acceleration to deter-
mine the foot-stroke (FS) and foot-off (FO) times. 
Temporal parameters such, as contact time and flight 
time can then be derived from this information [18]. 
This study also aimed to demonstrate that spatial 
parameters, such as running speed and stride length, 
can be estimated accurately using the method pre-
sented in [19]. However, most of the technologies 
described above are only applicable to one athlete, 
limited to straight runs, and need to be placed directly 
on the running track. This prohibits their use in com-
petitions and runs including curved sections. 
Emergency three-dimensional (3D) kinematic analy-
sis computer vision systems use hardware/software 
processing units with real-time optoelectronic video 
cameras to measure and quantitatively analyze 3D 
human segmental movement [20] [21]. Retro-reflective 
markers placed on the body surface are used to calcu-
late with high precision of the body segments as well 
as the kinematic joints [22] [23]. The data obtained from 
these systems are clear and detailed, and the user is 
able to move freely because there are no cables 
attached to the computer. In addition, this allows 
movements in a large volume and observations of 
more users at one time [22] [23]. The major problem with 
these systems is the interference. Sometimes, the 
light reflected from a specific marker has insufficient 
intensity, which causes inaccuracy in the output. In 
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addition, the user can sometimes cover the markers, 
producing an occlusion effect on the camera, which 
causes inaccuracy of the output. Moreover, the sys-
tem can be expensive depending on the required sen-
sors, cameras, and software [24]. 

Although, most kinematic parameters can be obtained 
from measurements with floor sensors in combination 
with wearable sensors, no real-time calculations and 
visualization of 3D segmental movements can be per-
formed. Hence, the aim of this study was to use the 
Vicon Plug-in-Gait model (Vicon®, Oxford, UK) to char-
acterize the kinematic parameters that influence the 
execution of low-sprint start in six high-performance 
athletes [25]. The main kinematic parameters are reac-
tion time, stride length, and stride time. Average 
external power was not considered in this study 
because vertical movement and vertical velocity play 
an important role in the low sprint-start process. The 
obtained results demonstrate the potential utility of 
the system in assessing the kinematic parameters of a 
low-sprint start.

MATERIALS AND METHODS

Participants
Six high-performance athletes, three women, and 

three men, who compete in 100 meters passing hur-
dles, were evaluated. All athletes wore tight training 
shorts, and the women wore a sports female bra. 
During testing, athletes wore the footwear that they 
used for competition. No accessories that hindered or 
introduced variations in athlete performance were 
permitted during testing. The demographic data (age, 
height, body mass) are as follows: (mean ±SD, age = 17 
± 2.09 years); the height of the athletes was measured 
with a wall stadiometer graduated in centimetres, pre-
senting a scale from 0 to 250cm(SECA), without shoes, 
straight back, front view, (Height = 1.69 ± 0.06 m) and 
the body mass was obtained using the AMTI platform, 
(Body mass = 59.77 ± 6.65 kg).

Anthropometric dimensions were measured accord-
ing to the provisions of the Vicon® Plug-in Gait product 
guide [25] as shown in Table 1. Flexible tape and Vernier 
tape were used for measurements. This study con-
formed to the recommendations of the Declaration of 
Helsinki and was approved by the research and post-
graduate ethics and evaluation committee of the 
Faculty of Sports of the Autonomous University of Baja 
California, México.

TABLE 1. The averages of the anthropometric 
and demographic measures of the participants.Tabla � 

 
�aria�le Male Female 

Age �years� 1� A 1 1� A 
.�� 
Height �m� 1.73 A 0.0
 1.�� A 0.07 

Body mass �kg� �1.
� A3.17  
7.�7 A �.

 
LPI �cm� �0.� A �.03 ��.
3 A 
.�
 
LPD �cm� ��.�� A 
.
7 ��.7� A 
.
� 
DRI �cm� �.
� A 0.�7 �.� A 0.3� 
DRD �cm� �.�� A 0.

 �.�3 A 0.3
 
DTI �cm� �.73 A 0.3
 �.7 A 0.3� 
DTD �cm� �.7� A 0.�� �.�� A 0.�
 
DHI �cm� �.7 A 0.

 
.
� A 0.30 
DHD �cm� 
.
3 A 0.
7 
.3 A 0.7� 
DCI �cm� �.73 A 0.0
7 
.7� A 0.
0 
DCD �cm� �.� A 0.10 
.�� A 0.1
 
D�I �cm� 
.
� A 0.
7 �.73 A 0.

 
D�D �cm 
.
� A 0.3
 �.7� A 0.11 
E�I �cm� 
.73 A 0.11 
.1� A 0.1 
E�D �cm� 
.7 A 0.1 
.1 A 0.1 

LPI = Left Leg Length, LPD = Right Leg Length, 
DRI = Left Knee Diameter, DRD = Right Knee Diameter, 

DTI = Left Ankle Diameter, DTD = Right Ankle Diameter, 
DHI = Left Shoulder Displacement, DHD = Right Shoulder 

Displacement, DCI = Left Elbow Diameter, 
DCD = Right Elbow Diameter, DMI = Left Wrist Diameter, 
DMD = Right Wrist Diameter, EMI = Left hand Thickness, 

EMD = Right Hand Thickness. 

 
  

Marker placement and Motion Capture
The evaluations were performed at the Biomechanics 

Laboratory of the Faculty of Sports at the Autonomous 
University of Baja California, Mexico. 39 passive reflec-
tive markers, 24 mm in diameter, were placed on each 
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participant as shown in Figure 1. The position of each 
reflective marker followed the standard Plug-in-Gait 
model, as described in Table 2. To characterize com-
plete body movement, the markers were divided into 
upper-body and lower-body markers. The upper body 
markers contained four head markers, two for the 
front side and two for the backside. The torso markers 
contained five markers, two for vertebrae, a clavicle 
marker, a sternum marker and a scapula marker. The 
arm markers contain a marker for the shoulder and, 
markers for the upper arms, elbow, forearm, wrist, and 
fingers. Similarly, the lower body markers contained 
five pelvis markers, two for the left anterior superior 
side and two for the right anterior superior side of the 
iliac spine. The leg contained five markers, a knee 
marker, thigh marker, ankle marker, and tibial marker. 
The foot contained a toe and heel marker.

FIGURE 1.  Skeleton model illustrating 
the placement of the passive reflective 
markers (anterior and posterior view).

The three-dimensional motion capture system used 
contained eleven optoelectronics infrared cameras 
(Bonita B10) up to one megapixel (1024 x 1024) high 
resolution, which accurately captures up to 0. 5 mm 

for a 4 m x 4 m volume, with variable focal length, 
and speed of 250 frame rate (fps), and two video cam-
eras (Bonita 720c) of a 1280 x 720 HD resolution, with 
an impressive 120 Hz fully synchronized frame rate. 
The cameras were distributed in the capture volume 
to measure all possible details in the athlete’s move-
ment in 3D. In addition, the system includes a Giganet 
camera switch (POE) in an Ethernet network, a Vicon 
lock for analog signal observation, a host PC with 
Vicon Nexus 2 software, and two force platforms at 
1000 Hz (AMTI, Waterdown, MA, USA). Figure 2 
illustrates the setup of the capture system. In addi-
tion, all demographic and anthropometric dimen-
sions of the participants were captured using the 
Nexus 2 software. 

FIGURE 2.  Set-up of the athlete 
movement captures system.

Figure 3 shows a general diagram of the Vicon Nexus 
2 system. Before starting the test, it was necessary to 
calibrate the video and infrared cameras using the 
T-rod tool. The T-rod tool carries five LEDs, and this 
tool moves at the area work of 6 x 4m. Is was then nec-
essary to place this at the origin point on the floor, 
according to the method described [25] in Figure 3(a). 
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TABLE 2. Plug-in-Gait model, markers placement.Tabla 2 
 

Upper Body 
 Head Markers 

LFHD Left front head Located approximately over the left template 
RFHD Right front head  Located approximately over the right template 
LBHD Left-back head Placed on the back of the head 
RBHD Right-back head Placed on the back of the head 

 Torso Markers 
C7 7th Cervical Vertebrae Spinous process of the 7th cervical vertebrae 
T10 10th Thoracic Vertebrae Spinous process of the 10th thoracic vertebrae 

CLAV Clavicle Jugular Notch where the clavicles meet the sternum 
STRN Sternum Xiphoid process of the Sternum 
RBAK Right Back Placed in the middle of the right scapula 

 Arms Markers 
LSHO Left shoulder marker Placed on the Acromio-clavicular joint 
LUPA Left upper arm marker Placed on the upper arm 
LELB Left elbow Placed on the lateral epicondyle 
LFRA Left forearm marker Placed on the lower arm 
LWRA Left wrist marker A Left wrist bar thumb side 
LWRB Left wrist marker B Left wrist bar pinkie side 
LFIN Left fingers Placed on the dorsum of the hand 
RSHO Right shoulder marker Placed on the Acromio-clavicular joint 
RUPA Right upper arm marker On the lateral area in the lower third of the arm 
RELB Right elbow On the lateral epicondyle 
RFRA Right forearm marker On the lateral area in the upper third of the forearm 
RWRA Right wrist marker A Next to the thumb on the wrist 
RWRB Right wrist marker B Next to the pinky on the wrist 
RFIN Right fingers Placed on the dorsum of the hand 

Lower Body 
 Pelvis 

LASI Left ASIS Placed directly over the left anterior superior iliac spine 
RASI Right ASIS Placed directly over the right anterior superior iliac spine 
LPSI Left PSIS Placed directly over the left posterior superior iliac spine 
RPSI Right PSIS Placed directly over the right posterior superior iliac spine 

 Leg Markers 
LKNE Left knee Placed on the lateral epicondyle of the left knee 
LTHI Left thigh Placed over the lower lateral 1/3 surface of the thigh  

LANK Left ankle Placed on the lateral malleolus along an imaginary line that passes 
through the transmalleolar axis. 

LTIB Left tibial wand marker Similar to the thigh markers, these are placed over the lower 1/3 of the 
shank to determine the alignment of the ankle flexion axis 

RKNE Right knee Placed on the lateral epicondyle of the right knee 
RTHI Right thigh Placed on the upper lateral 1/3 surface of the thigh  

RANK Right ankle Placed on the lateral malleolus along an imaginary line that passes 
through the transmalleolar axis. 

RTIB Right tibial wand marker Placed on the upper 1/3 of the lateral surface of the stem  
 Foot Markers 

LTOE Left toe Placed over the second metatarsal head, on the mid-foot side of the 
equinus break between fore-foot and mid-foot 

LHEE Left heel Placed on the calcaneous at the same height above the plantar surface of 
the foot as the toe marker 

RTOE Right toe Placed over the second metatarsal head, on the mid-foot side of the 
equinus break between fore-foot and mid-foot 

RHEE Right heel Placed on the calcaneous at the same height above the plantar surface of 
the foot as the toe marker 
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When the markers were placed, the athlete was noti-
fied to enter into a static position, as shown in Figure 
3(b), to perform static capture. The system then 
detected the markers, as shown in Figure 3(c), and 
performed the reconstruction model, as shown in 
Figure 3(d). Once the reconstruction model was 
obtained, the athlete performed the movement, and 
the trajectories of the markers were labeled and fil-
tered using a Butterworth low-pass filter with a fre-
quency of 100Hz.

Description of the applied exercise
In this study, the reaction time (RT) is defined as the 

time between the sound emitted by the timing system 
and the time the foot of the athlete leaves the starting 
block. The wireless Brower Timing Systems TS-T17 
was used to measure the RT. To avoid the risk of injury 
and achieve maximum performance, the athletes real-
ized a standardized dynamic warm-up before the 
tests. To capture the movement of the athletes during 
the start of running three critical steps were per-
formed. The first step is positioning the athlete at the 
starting block. Once the athlete is placed in the correct 

FIGURE 3.  The general operation of the system. 
(a) Calibration of the cameras (b) athlete 

static starting position (c) markers detectio 
 (d) Reconstruction 3D markers.

position, the athlete hears the first beep emitted by 
the Brower Timing Systems, which means being pre-
pared. The second step is when a second beep is emit-
ted, which indicates being ready for the athlete, and 
the third step is when a third beep is emitted and the 
start is executed, as shown in Figure 4. Once the start 
is executed, the RT is obtained, the first impact of the 
reaction force from the ground in three steps 1) 
moment of release of the foot from the block, 2) maxi-
mum extension of the leg behind and 3) the first con-
tact of the foot with the ground. At that moment, the 
stride length and stride time were determined by the 
motion capture system.

(1)𝐿𝐿 = #(𝑋𝑋!"# − 𝑋𝑋$%&'%)( + (𝑌𝑌!"# − 𝑌𝑌$%&'%)( + (𝑍𝑍!"# − 𝑍𝑍$%&'%)( 
 
 

 
 

( )FNT ´= 01.0

Data processing
The 3D trajectories of the passive reflective markers 

were corrected using a low pass filter (100Hz Butter-
worth filter) and then imported into Matlab R2019b 
(The MathWorks, Inc).

Stride length
Stride length is the distance from the point where the 

toe leaves the starting block until it touches the ground 
again (after the swing phase). The TOE marker was 
used to calculate stride length using equation (1) [26].

FIGURE 4.  The capture of 3D trajectory 
of markers in the system.
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where L is the stride length.

Stride time
Stride time was calculated using the total number of 

frames and the elapsed time between frames. The 
square where the foot takes off is considered to be the 
square with which it first impacts the ground. In this 
case, the time between frames is 0.01 s. Therefore, it 
was calculated using equation (2) as follows [26].

TABLE 3. Obtained results of the 3 evaluated variables for male.Tabla 
 
 

Parti�ipa�t �ea�tio� time 
�LLB� 


tride le�gt� 
�m� 


tride time 
�
� 

�ea�tio� time 
��LB� 


tride rig�t 
�m� 


tride time 
�
� 

�1 0.3
 1.3
7 0.3� 0.1� 1.3�� 0.3� 

�1 0.3
 1.1
0 0.3� 0.1� 1.130 0.3� 

�1 0.3
 1.070 0.37 0.
0 1.1�0 0.3� 

�
 0.
� 0.�
0 0.
� 0.30 1.07� 0.30 

�
 0.30 1.0
0 0.3
 0.3
 1.070 0.30 

�
 0.
� 0.�
0 0.
� 0.31 1.100 0.3� 

�3 0.
3 1.

7 0.31 0.
� 1.
�� 0.
� 

�3 0.
3 1.1
0 0.30 0.
� 1.0
0 0.
7 

�3 0.

 1.100 0.30 0.30 1.1
0 0.30 
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�
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�ea�tio� time 

��LB� 
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�m� 

tride time 

�
� 

F1 0.3� 1.010 0.3
 0.3
 0.�70 0.30 

F1 0.3� 1.100 0.3
 0.3
 1.010 0.30 

F1 0.
� 1.110 0.3
 0.3
 1.0�7 0.31 

F
 0.

 1.11
 0.
� 0.
� 1.10� 0.3
 

F
 0.

 1.110 0.
7 0.
7 1.010 0.33 

F
 0.

 0.��0 0.
� 0.
� 1.0�0 0.33 

F3 0.

 1.100 0.3� 0.
7 1.010 0.33 

F3 0.

 1.
00 0.3� 0.
� 1.
�� 0.31 

F3 0.
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�aria�le Parti�ipa�ts Mea� 
� 

Reaction 
Time �LLB� 

�ale .
� .0�� 

Female .
7 .03� 

Stride 
length �m� 

�ale 1.10 .11
 

Female 1.07 .013 

Stride 
time �S� 

�ale .31 .0
� 

Female .31 .03
 

Reaction 
time �RLB� 

�ale .
� .0�1 

Female .
� .03
 

Stride 
right �m� 

�ale 1.1� .0�� 

Female 1.0
 .07
 

Stride 
time �S� 

�ale 0.3
 0.�
 

Female 0.31 0.1
 

 
  

Where T is the stride time and NF is the number of 
frames.

Statistical analysis
R software was used for statistical analysis [27]. 

Descriptive statistics (mean ± SD) were determined for 
each variable. The Shapiro-Wilk test was applied 
because the sample size was less than fifty which com-
plies with the normal principle (p> 0.05). In this sense, 
the parametric test was used, the Student's t-test was 
used for independent samples.

RESULTS AND DISCUSSION
Table 3 shows the results of the three variables evalu-

ated in men. In this group, M1 obtained the shortest 
reaction time of 0.19 s and a stride length of 1.36 m 
with the right leg behind, while with the left leg 
behind, which is the leg that normally performs the 

TABLE 4. Obtained results of the 3 evaluated variables for female.
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(2)

𝐿𝐿 = #(𝑋𝑋!"# − 𝑋𝑋$%&'%)( + (𝑌𝑌!"# − 𝑌𝑌$%&'%)( + (𝑍𝑍!"# − 𝑍𝑍$%&'%)( 
 
 

 
 

( )FNT ´= 01.0
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TABLE 5. Descriptive statistics 
for each variable evaluated.

TABLE 6. Independent samples 
of Student́ s t-test results.
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start; he obtained the longest reaction time of 0.32s. 
Besides, the group of men obtained a mean of 0.276 
with a standard deviation of 0.04 in reaction time using 
the left leg behind while a mean of 0.256 with a stan-
dard deviation of 0.05 in reaction time was obtained 
with the right leg behind. Similarly, Table 4 shows the 
results of the 3 variables evaluated in women. In this 
group, F1 obtained the best reaction time of 0.24s and 
a stride length of 1.11 m with the left leg behind, while 
with the left leg behind, which is not the leg that nor-
mally performs the start, she obtained the longest reac-
tion time of 0.32s. In addition, the group of women 
obtained a mean of 0.28 with a standard deviation of 
0.05 in reaction time using the left leg behind while a 
mean of 0.263 with a standard deviation of 0.03 in reac-
tion time was obtained using the right leg behind. 
From Tables 3 and 4, it is observed that men performed 
better in reaction times, as well as greater stride length, 
than to women. Table 5 presents the descriptive statis-
tics of each variable evaluated in men and women.

FIGURE 5.  Speed obtained for male 
and female participants on the left-toe. 

The Student's t-test for independent samples indi-
cates that Ho is acceptable, that is, there are no signif-
icant differences between men and women.

Table 6 shows the results obtained from the Student ś 
T-test, degrees of freedom, and p-values >0.05.

Figure 5 shows the left toe speed obtained for the 
male and female participants. It is observed that all 
participants reached their highest left toe speed 
between 13 and 20 s. It is also observed that male par-
ticipants (M2) reached the highest speed of 7.5 m/s at 
16s while the female participants (F3) reached the 
lowest speed of 7.1 m/s at 18 s.

Similarly, Figure 6 shows the right-toe speed obtained 
for male and female participants.

It is observed that the participants reached the high-
est speed on the right toe between 15 and 25 s. It is also 
observed that male (M2) reached the highest speed of 
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FIGURE 6.  Speeds were obtained for male 
and female participants on the right-toe.

7.96 m/s at 16 s while the male (M1) reached the lowest 
speed of 6.9 m/s at 17 s. Besides, the female participant 
(F3) obtained the lowest speed of 6.9 m/s at 17 s while 
the participant (F1) obtained the maximum speed of 
7.7 m/s at 18 s. From Figure 5 and Figure 6 it is 
observed that the best speeds are obtained on the 
right toe, which is in contrast with the common prac-
tice that indicates the left toe behind is the toe that 
participants normally perform the start.

In this study, the Helen-Hayes PGM for snatch output 
motion analysis was used to determine the reaction 
time, stride length, and stride time of both legs of the 
six athletes. The Vicon® Plug-in-Gait model (PGM) is 
one of the most widely used models for evaluating 
different kinematic and kinetic parameters of differ-
ent motor or sports gestures [28] [29] [30]. Remi K. reported 
that stride length, determined when the rear leg 
moves forward in the frontal plane, ranges from 100 to 
120 cm [31]. Considering this range, in the group of 
men, (M2) in two of the three repetitions of the left leg 
behind, obtained 0.950 m, while with the right leg 
behind, all values were within the range. In the group 
of women (F2) and (F3) with the left leg behind in the 
last repetition did not obtain (100-120cm). With 
respect to the right leg behind (F1) was the only one, 
where the value was not within the reported Remi K. 
range.

Slawinski J et al. used an optoelectronic motion anal-
ysis system containing 12 digital cameras (250 Hz) to 
characterize four repetitions of sprint snatches of six 
elite sprinters and six well-trained sprinters. The aver-
age RT of the elite sprinters was 0.151 ± 0.016 s, and that 
of the six well-trained sprinters was 0.158 ± 0.033 s [32].

In comparison with the results obtained by Slawinski 
J et al., the sprinters characterized in this study 
obtained a higher performance. For three repetitions, 
they obtained an average RT of 0.2767 ± 0.045 s using 
the right leg back, and an average RT of 0.2778 ± 0.042 
s using the left leg back. There is a difference in their 
RT averages, however, it is not significant considering 
that they are elite and well-trained sprinters. Despite 
the small sample size, this study aimed to characterize 
the snatch output, using a motion analysis system, and 
make pertinent corrections to obtain the RT, stride 
length, and stride time for each leg of the athletes.

CONCLUSIONS
In this study, a 3D motion capture system was used to 

characterize the kinematic parameters that influence 
the execution of a low-sprint start in high-performance 
athletes. The Vicon 3D capture system is precise and 
highly accurate for performing biomechanical evalua-
tions of body motor gestures. The high reliability 
obtained data is not just empirical, but also numerical 
ones. Although a small number of samples were used, 
the results provide evidence of the effectiveness of using 
3D capture technology to quantify kinematic parame-
ters of low-sprint starts. The characterized kinematic 
parameters can be used to identify improvements for 
the athlete, such as errors in the execution of the start to 
avoid possible injuries in the athlete. The Student's t-test 
for independent samples indicates that Ho is accepted, 
and there are no significant differences between men 
and women (p-value > 0.05), for all the variables. 
However, with this technology, it was found that three 
athletes obtained better times with the nondominant 
leg. In addition, this study illustrated the importance of 
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coaches and the athletes understanding of the use of 3D 
motion capture system technology and its scope. This 
technology can be part of their evaluations to avoid pos-
sible injuries, detect errors in the execution of precision 
movements, and improve performance. 
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