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Abstract: Diabetic foot is one of the most serious complications in patients with diabetes mellitus. It
is distinguished by the development of ulcerations on the sole of the foot. Before the appearance of
these, patients with diabetes suffer changes in the tissues of the foot and nearby tissues. This work
proposes systems that measure and identify the changes in the physical characteristics of the foot
tissues in two study groups, diabetic patients and healthy subjects, with the purpose of proposing
tools to physicians to follow up each patient and identify with certainty the evolution in symptoms.
The results of the temperature systems show that there is an average temperature difference of ~2 °C
between diabetic patients and healthy subjects. Using an electrical impedance system, a frequency
window was found between 5 kHz and 22 kHz, where the impedance is significantly different
(p > 0.001) between diabetic and healthy patients. The system oriented to macules on the skin is
able to identify the type of macules developed by the diabetic patient. In temperature measurement
with images from a smartphone, plantar temperature monitoring was achieved in at-risk areas in
uncontrolled environments. The results presented in this work were obtained in a time period from
2014 to 2022. Considering the standardization of this equipment when making a diagnosis regarding
the study of tissues in the diabetic foot, it will be possible to detect it early. Through differences
between the measurements, we have an indicator of the patient’s evolution, and we must highlight
that these systems are easy to install, easy to interpret and low cost. Currently, there are no systems
with these characteristics, which is why the early detection of diabetic foot is being widely studied.
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1. Introduction

Diabetes mellitus affects a large number of people worldwide: about 537 million adults
currently suffer from this condition, and it is estimated that this number will increase to
106 million by 2030 [1]. It is estimated that there are 6.7 million deaths per year worldwide
due to complications of this disease. If the disease is not treated by a medical specialist,
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glucose levels will increase, and over time, damage can occur in different areas of the
Licensee MDPI, Basel, Switzerland.

patient’s body, causing health complications. In the case of diabetic foot, untreated disease
can cause the progressive amputation of parts of the foot and in extreme cases the entirety
of the lower limb [1]. The most evident symptoms in patients with diabetic foot are the
Attribution (CC BY) license (https:// affectation of the nerves (structure and function) and pf the arteries that carry bl(.)od to
) ) the feet, so that the blood flow does not reach the foot in a normal way [1]. Diabetic foot
creativecommons.org/licenses /by / i X ~ .
10/). syndrome is generally diagnosed when there are one or more foot ulcers associated with
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neuropathy, peripheral arterial disease and infection [2]. However, early identification and
treatment of patients with diabetes and feet at risk for ulcers and amputation can delay
adverse outcomes [3]. It is necessary to have methods for the routine detection of diabetes
to give the physician the opportunity to confirm the onset of diabetes, and then to start the
treatment for diabetes control. Moreover, it is important to monitor the diabetic patient’s
feet to identify the appearance of risk factors: skin macules, onset of ulcers, temperature
differences, blood pressure differences, bone deformities, and neurological and vascular
evaluation [3].

Currently, to the best of our knowledge, there are no systems for measuring the
effects of diabetes on the physical properties of tissues. In medical practice, the standard
diagnostic method is the medical examination of the patient accompanied with blood tests.
The proposal we present in this article is the noninvasive measurement of different physical
properties of foot tissues.

Temperature Measuring System. Foot temperature in diabetic patients has been
studied for many years and it has been shown that there is a relationship between increased
skin temperature and irregularities between the same regions of both feet [4]. This is
why there is currently research that seeks to be more accurate and effective in measuring
the temperature of patients” feet. Pooria Mostafalu et al. developed a smart band for
the monitoring and treatment of chronic wounds based on temperature sensors and PH
measurement in diabetic patients [5]. Another of the current advances is a proposal for an
intelligent system consisting of a sock capable of measuring temperature and humidity
and indicating if there is a risk of ulceration, proposed by Torreblanca Gonzalez et al. [6].
In the search for early detection of diabetic foot ulcers, V. G. Sangam et al. presented a
device based on strategically placed sensors to evaluate temperature, plantar pressure and
PPG (peak plantar gradient). They recorded pressure increases (ulceration) and decreases
(necrosis), thus alerting ulceration risk zones [7].

Electrical impedance spectroscopy system. The application of electrical impedance
has been favorable due to its safety, low cost, efficacy and applicability, as in the case of
cancer diagnosis and characterization of biomaterials. Nowadays, it is being applied to
the diabetic foot. Such is the case of Gonzalez Correa et al. who performed electrical
impedance measurements in a range of 0 to 50 kHz in six patients with diabetic foot ulcers
and a control group of eight healthy subjects. Differences were found between ulcerated
and non-ulcerated legs, in which the electrical impedance values were much lower in the
healthy feet [8]. Rodriguez Timani et al. developed an electrical impedance analyzer for the
analysis of diabetes. Their results showed that people with diabetes have a curve relating
their bioimpedance over a frequency range from 10 kHz to 80 kHz [9].

Skin macule characterization system. Diabetes mellitus is associated with different
dermatologic conditions. Dermatologic manifestations can be the first indicator of dia-
betes in some patients, and certain conditions may indicate poor control of the diabetic
patient [10].

Infrared emission thermography system (IRT). Currently, studies with IRT have re-
ported efficiency in preventing diabetic foot ulcers, conducting a thermal evaluation of the
plantar surface of the foot. Torreblanca Gonzalez et al. used infrared thermography to de-
velop and evaluate a portable sock to monitor foot temperature in diabetic subjects. It was
observed that there is a relationship between the areas with greater temperature changes
and the risk of ulceration in diabetic patients [4]. Doremalen et al. involves the validation
of a smartphone-based IR camera against a high-end IR camera for diabetic foot assessment.
Contralateral temperature differences of the entire plantar foot and nine pre-specified
regions were compared for validation. Near-perfect agreement was found for temperature
measurements on both the sole of the foot and the combined prespecified regions, with
diagnostic accuracy of 94% and 93% sensitivity, and 86% and 91% specificity [11].

Virtual platform for the diabetic foot ulcer. Currently, there are different electronic
advances to help diabetic patients and medical professionals to monitor the state of their
feet for the prevention and follow-up of ulcers, such is the case of Luay Fraiwan et al.
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They work with a mobile application for the detection of ulcers and analyze the thermal
distributions, looking for a temperature difference greater than 2.2 °C and identifying the
regions with possible ulcers [12]. To promote foot care in diabetic people, Barbosa Marques
et al. present their virtual platform PEDCARE; its content and appearance were validated,
registering a 0.95 content validity index [13]. Rafael Colodetti et al. are working with a
mobile application that seeks to help nurses to choose an appropriate topical treatment for
diabetic foot ulcers [14].

In this article, we present different systems that claim to be future supports in the
diagnosis of diabetic foot using tissue analysis with non-invasive methods. Today the
diagnosis of this disease is made when it has advanced enough to show ulcers or advanced
tissue damage. Currently, there are no systems that are used for the early detection of
diabetic foot, which means that these systems will have a great impact in the future since,
at this time, they are easy to use for doctors and patients; that is, they are user-friendly in
terms of their understanding of results, in addition to being easy to access, easy to install
and low cost.

2. Materials and Methods
2.1. Sample Inclusion Criteria

All the measurements in this work were performed in two study groups: diabetic
patients, diagnosed with type 2 diabetes mellitus, and healthy subjects. Measurements
were taken following a protocol approved by the Ethics Committee of the hospital where
the measurements were taken, and each participant signed an informed consent form.

Electrical impedance and punctual temperature: a group of 25 diabetic patients from
the National Institute of Rehabilitation and 8 healthy subjects were selected for performing
these studies, in an age range of 25 to 85 years, the sample of diabetic patients is composed
by 60% female and 40% male, 40.9% were overweight, 36.36% were obese and 100% of
the sample suffered from different types of macules on the legs and feet. The study of the
maculae was performed in 19 diabetic patients without diabetic foot and with a variety of
macules, which were namely vascular macules, petechiae, macules due to trophic changes
and macules due to trauma; this classification was carried out by clinical observation.
Temperature, impedance and macule measurements were performed in the period from
January to August 2016. A group of 90 patients from a private clinic in the State of Mexico
were selected to carry out this infrared thermography study, in an age range of 30 to
75 years; 32% were diabetic patients, 26% were patients diagnosed with diabetic foot and
26% were healthy subjects. A total of 16% of the patients who attended the study had
arterial problems. The measurements with this system were repeated at different times
with the supervision of medical personnel, recording the results obtained. Environmental
parameters were also established, such as a humidity of 34.7% and temperature of 20.3 °C,
with 15 min of acclimatization, before starting to take the images. Infrared measurements
were performed in the period from August to September 2022. To visibly show temperature
variations in healthy subjects and diabetic patients, a comparison was made between
6 healthy subjects and 6 diabetic patients from our sample.

2.2. Statistical Analysis

For the analysis of the data obtained, statistical processes were carried out. In the case
of the punctual temperature system, averages of the temperatures were obtained for each
zone for each of the groups, the absolute averages of the differences between both feet were
obtained for each zone, and the 2-way ANOVA, post-test Bonferroni study was carried out.
The standard deviation of the results was obtained.

The data obtained from the electrical impedance equipment were statistically pro-
cessed by two-way ANOVA study for the two study groups, normalization of the data was
performed and the behavior of the impedance for different frequencies was shown. The
other procedure performed with the impedance data was to divide the measured voltage
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by the injected voltage. The data from the infrared temperature measurement system are
shown as a comparison of temperatures by zones of the sole of the foot.

2.3. Temperature Measuring System

In this work, it was decided to apply punctual temperature measurements on the soles
of the feet of patients with diabetes mellitus and to study their behavior when compared
with measurements in healthy subjects.

This system measures the temperature in four zones of the sole of the foot (Zone 1:
hallux toe, Zone 2: first metatarsal, Zone 3: arch and Zone 4: heel), selected because they
are some of the most prone to ulceration in patients with diabetes mellitus [15]. These areas
have a relationship with the increase in temperature caused by inflammation and tissue
degradation [16]. We can divide this system into the templates with four LM35 sensors
(accuracy =+ 0.2 °C) in the special areas of the foot and the electronic equipment shown
in Figure 1a, which is a box with dimensions of 10 x 5 x 3 cm with an electronic board
that measures and stores the temperatures obtained from a measurement in an EEPROM
memory and erases the stored measurements and/or sends them via USB communication
to a computer. In the user interface, one can see the result of different processes, such as
data acquisition, processing, and data storage, among others, performed by the electronic
circuit of this system. The duration of the measurements is fifteen minutes and the sensors
capture data every two seconds to have an average of each minute, so at the end there are
fifteen temperatures of each zone per measurement [17]. A thermostatic bath (RCTB 3000,
OMEGA Engineering, Inc., Norwalk, CT, USA) and a fractional degree precision mercury
thermometer with an accuracy of £0.1 °C (ThermcoProducts, Lafayette, NJ, USA) were
used to characterize this system in terms of temperature [17].

Figure 1. (a) Electronic system and templates with integrated sensors for temperature measure-
ment [17]. (b) Electrical impedance measurement system with three electrodes performing an
impedance measurement [18].

2.4. Electrical Impedance Spectroscopy System

In Figure 1b, we can see the electrical impedance measurement system performing a
measurement of the first metatarsal; the system is portable and user-friendly. It is used to
control and store the measurements, and internally it is made up of an OPA2277 operational
amplifier that measures and injects the current, an AVR ATMEGA 328P microcontroller
and an Analog Devices AD9850 signal. The three-electrode method was used for the
measurement [19] using commercial electrodes placed on the first metatarsal of the sole
of the diabetic patient’s foot; the communication for data management is via a USB to a
computer. For the characterization of this system, nine measurements were performed
at three different resistances in a range of operating frequencies (10 Hz-22.2 kHz) in a
precision impedance analyzer (Agilent 4294A, Farmingdale, NJ, USA) with an average
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deviation from the true value considered of 4.2% (maximum relative error of 10.5% at a
specific point) [18].

2.5. Skin Macule Characterization System

This system was designed to keep track of the changes that occur in the skin of the
extremities of diabetic patients. The image is captured by a device called WIAS (Wire-
less Image System) composed of an 18 MP digital camera (Sony DCS-QX100, New York,
NY, USA) and a metal-based positioning frame (see Figure 2a). Then, the maculae are
characterized by image processing techniques that find the areas of interest by using a
segmentation and characterization algorithm. The system is composed of a graphical user
interface (GUI) developed in MATLAB. The images of the maculae are introduced into an
artificial neural network classifier, which differentiates them with an accuracy of 97.5%. In
Figure 2b, we can see the delimited region for image processing, removing the information
that is not necessary, and in Figure 2c, we can see the regions selected by the system and
the classification of the macules. These images show the first steps for the study of this
system, but we can say that with the correct monitoring of the cutaneous manifestations, it
is possible to provide insights into the progression of tissue damage at the feet and provide
early treatment and support in the prevention of amputations due to diabetic foot [20].

Figure 2. (a) The patient takes their place with both feet inside the box and the camera will cover X
and Y axis; this improves the panorama of all macules that patient has; (b) Region selected for the
study (skin); (c) Selection of atrophic, traumatic and vascular macules.

2.6. Infrared Emission Thermography System

This system was developed as a low-cost portable device, which meets the needs of
the clinical field to function as one of the first pieces of front-end equipment for diabetes
mellitus complications. The device was developed with a Raspberry Pi card as an embedded
system, a touch screen and a Lepton Flir sensor as an IR (Infrared) sensor. The codes were
established in SPI and I?C communications between the computer and the sensor [21]. The
system was programmed in C++ with Qt, designing also a database to store the collected
information. The system provides as a result three files per patient: the thermographic
image, the data matrix obtained from the sensor and a color map, which gives us the
information about the temperature in degrees Celsius. The IR sensor was characterized to
measure the surface of the sole of the feet radiometrically; the characteristic equation allows
non-ionizing imaging studies related to temperature changes characteristic of diabetic foot
complications. These data obtained allow the user to visually analyze and perform image
processing in order to determine the condition of each patient as we obtain qualitative
information, in order to support the physician’s information and diagnosis.

The system has a thermographic image acquisition protocol, with accessories that
facilitate repeatability in image acquisition, as we can see in Figure 3a, in which the user
is lying supine on the examination table with a system that limits the visual noise for the
thermography sensor, as well as the base of the device with height, distance and angulation
adjustments for the acquisition of thermographic images. To comply with the creation of
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a useful database, quantitative data were chosen to support the thermographic images
obtained. Each patient has information of vital signs, glycated hemoglobin, glucose, weight
and height, as well as the writing of a medical note in which the responsible physician
describes the observations at the time of the study to obtain a comparative record of the
patient’s evolution [21].

Figure 3. (a) IR Scanner device in a study with a diabetic patient. (b) Photograph of a characteristic
diabetic patient’s lesion.

In Figure 3b, we can see a photograph captured with this system of a patient in follow-
up of a diabetic foot injury. In each zone, the temperature was taken and an average of
each of the zones (1, 2 and 3) was made. Once the average temperature of each of the zones
of both feet was obtained, a temperature comparison of each evaluated zone was made to
know the degrees of difference between each of the zones of the diabetic foot.

2.7. Automatic Detection of Risk Zones by a Smartphone

This system seeks non-invasive monitoring of the sole of the diabetic foot by pro-
cessing images taken with different smartphones, in an uncontrolled environment (non-
homogeneous environment and at room temperature), to detect increases and decreases
in temperature in the plantar areas and classify the temperature differences in areas with
different degrees of ulceration. A Fluke TI32 dual IRT camera was used to capture ther-
mographic images; it has a visible spectrum (VS) and TI camera (infrared thermography),
and the storage format is IS2. A protocol was established for image capture: the patient
remained seated with the legs extended on a support. Three samples were taken per patient:
sample 1 was acquired when removing the footwear (initial temperature), sample 2, after
five minutes (intermediate temperature) and sample 3, after 10 min (ambient temperature).
The distance between the feet and the camera was 92 cm, creating a capture frame of 28 cm
and 37 cm. The emissivity established was 0.98 [22]. Two databases were created: database
1, consisting of 108 images with 4 different backgrounds of 17 non-diabetic subjects, taken
with and IRT camera with a resolution of 240 x 320 pixels; and database 2, with 141 images
of 47 diabetic patients, with different background images taken with different smartphones;
the resolutions of the images vary between 394 x 1280 and 2304 x 4096 pixels. All partici-
pants of this study were informed of the procedures and signed a consent document, all of
them agreeing that their data can be used for research purposes.

In summary, this system can be divided into the following algorithms: image seg-
mentation and application of the resulting mask on IRT (infrared thermography) matrices
using deep learning techniques by means of a re-trained mask R-CNN model, the detection
of regions by temperature difference using normalized thresholds and the filtering and
classification of temperatures [23].
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2.8. Virtual Platform for the Clinical Diagnosis of the Diabetic Foot Ulcer

The purpose of the virtual platform is to keep a record and follow up on the foot health
status of each diabetic patient. With an Internet connection, this allows the physician to
interact directly with the patient’s recorded data and to have the possibility of proposing
an adequate treatment for the patient. The virtual platform was designed together with
diabetic foot medical specialists. It is divided into several sections, and some of them
include the creation of the patient’s file with personal data, clinical diagnosis by the
physician in charge, medical treatment, and description of the state of the patient’s feet.
In case there are ulcers, the location and classification of these can be registered as foot
deformities, along with an additional section to add special notes. The virtual platform is
designed and built with the following free tools: WampServer, HTML, PHP and SQL. It is
an easy-to-use and user-friendly system. We consider that it is a first approach to describe
the patient’s clinical status and follow their evolution in each medical visit.

Figure 4 shows the diagram of the virtual platform for diabetic foot, with the incor-
poration of this platform to the health sector intended to help the physician to keep track
of the feet of the patient with diabetes, as well as the treatment applied in each medical
consultation. The virtual platform works like a general platform for all the information
that each one the systems gives; with this a single record is created to find the patient’s foot
health status [24].

Temperature Measuring
System

Electrical Impedance
System

T |

Skin Macule
Characterization System

T

/ Virtual Platform for |
the Clinical
Diagnosis of the
Diabetic Foot
Ulcer

Patient’s Foot

Infrared Emission
Health Status

Thermography System

I

' Automatic Detection of
Risk Zones by a
Smartphone

|

Patient Record

1

Medical Diagnostic ]
Observations

Figure 4. Diagram of the virtual platform for the national diabetic foot ulcer data. The virtual
platform show a dashboard where all the information is centralized for each one of the systems
gives; after that, all the information generated a single register into the database with the purpose of
defining the patient’s foot health status.

2.9. Hub of Information of Diabetic Patients

The concentrator and registry of patient information is a tool that has the objective
of acquiring and saving the information of each of the patients with diabetes mellitus
who participate in the study. The information comes from the systems for measuring
the physical characteristics of the feet and the evaluation made for each patient by the
treating physician. The system consists of a low-cost small-board computer Raspberry Pi
(Raspberry Pi Foundation, Cambridge, UK) with a display. The connection to other devices
can be made via USB, which operates at a maximum speed of 480 Mbps and R5232 to read,
sort and post-process the data. Users can perform the tasks with a touch screen that has
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a user-friendly user interface. The system has the ability to store patient data and show
the results for physicians’ consultation. The data sequence design of the central system is
shown in Figure 5. This system is a proposal for easy access to updated diabetic patient
information for correct follow-up and treatment of the disease [25].

Diabetic Foot
Early Detection

Systems Data
Acquisitos
| Storage in .xls
5 Files
Data
Processing | Graphical
~ Representation
L& of Results

Figure 5. Diagram of the hub of information on diabetic foot. This shows the synchronous process
that the systems follow to achieve the results. First, the data acquisition through USB, which operates
at a maximum speed of 480 Mbps to each of the systems, then saves the information in .xls format to

use it later on. The device reads through the file using Python language; then, the system finds the
graphical results [26].

3. Results
3.1. Temperature Measuring System

Figure 6a shows the averages of the temperatures by zones for the groups with the
standard deviation (SD). The results of the temperature averages in diabetic patients are
higher, although they are not significant between the same zone for diabetics and healthy
subjects, since the SDs are very large.

—a [ ———
Z4 4 . _ 3 - 24 .I )
- * e v o) . g |
3 8
- ——t @ p——i
o 7 k g J £ 231 b ™
< 5
N
[Sas] -
o 22 : . . g z{"", . .
o F e " c ® i %
5 N
—
N 714 —a— 714
—e— [ PN
1 L L Ll L] 1 ] L] T L] L] T 1
-3 -2 -1 0 1 2 3 0.0 05 1.0 15 2.0 2.5 3.0 35
(Tright = Tiest) [°C] [ Tright = Trerel [°C]
®  Diabetic Patients ®  Diabetic Patients
W Healthy Subjects W Healthy Subjects
(a) (b)

Figure 6. (a) Average by zone of the temperature difference of the right foot with respect to the left
foot (subtraction of the temperature of the right and left feet), bars = SD. (b) Average by zone of the
absolute difference in temperature of the right foot with respect to the left foot (absolute value of the
subtraction of the temperature of the right and left feet), bars = SD, significant differences (*).

Figure 6b shows the results obtained from calculating the mean absolute differ-
ence of each region for all patients. In this case, zone 2 was significantly different, its
p < 0.05 (2-way ANOVA, post-test: Bonferroni); these results can be expected because it
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is the zone with the highest incidence of diabetic foot ulcers. However, all regions have
significantly different means between the two groups. The fact that the other regions do
not reach statistically significant differences may be due to the small sample size. From
the results of the point temperature analysis, we can say that this physical property of
plantar tissues can be used as a predictor of diabetic foot. We found that the averages of
zone 2 temperature are significantly different in diabetic patients. Our results allow us
to find significant differences between the data measured in different zones of the foot of
patients with diabetes and healthy subjects. However, due to the size of the sample and not
having a diagnosed diabetic foot, it is not possible at this time to know the medical reasons
for these differences.

3.2. Electrical Impedance Spectroscopy System

The results of the measurements were analyzed; Figure 7a shows the result of the
comparison between the normalized electrical impedances of diabetic patients versus
healthy subjects. Significant differences were found for frequencies above 20 kHz (p < 0.05).
The graph shows the behavior of the normalized impedance in both study groups: in
healthy subjects, it is less than 0.05 for frequencies higher than 20 kHz, while the normalized
impedance in diabetic patients is almost double (0.09) compared to healthy subjects.

s T 0.3-
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Figure 7. (a) Comparison of normalized impedance in diabetic patients and healthy subjects. Dotted
lines indicate the standard error of the mean (SEM). (b) Comparison of the ratio of measured voltage
over injected voltage in diabetic patients and healthy subjects. Behavior of the ratio of the measured
voltage to the injected voltage in the two study groups: diabetic patients and healthy subjects. The
dotted lines are the standard deviation (SD). SEM is not shown as it appears very close to the mean
values.

Figure 7b shows that another analysis method that was performed to find greater
differences is to use the result of dividing the voltage measured at the electrode by the
injected voltage. That is, using the data one step before the impedance determination:

B Iinj B (Vﬂ’f _Vin/) B Vref _Vin]

out

7 — Vineas _ Vineas _ Vineas 'Rout )

For the measurement of the injected current, the impedance equipment of Garcia
2015 [18] uses the assumption of a known and previously characterized floating reference
voltage upstream of the output resistor, whose trend is exponentially decreasing but
invariant (200 mA to 10 mA). By using this voltage to determine the current, the output
values are small and hide variations in the measurements that could be important. For
this reason and given that V,, f and R, are constant, it was decided to study the result of
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dividing directly the Vj;eqs by the Vm]- of the previous equation. The results, dimensionless
but electrical impedance-related data, are shown in Figure 7b, with a statistical significance
level of p < 0.0001 for most frequencies (some frequencies of p < 0.001), using two-way
ANOVA. The behavior of the measured voltage/injected voltage is stable in diabetic
patients for all applied frequencies and above 0.2, contrary to healthy subjects where this
value drops after 10 kHz for values lower than 0.15.

With these results of the electrical impedance measurement in this number of subjects,
we can conclude that the electrical impedance measurements between patients with dia-
betes and healthy subjects are different, and this variable will allow us to deduce some
change in the structure of the tissues once we have more samples and more specific clinical
analysis.

3.3. Skin Macule Characterization System

In this section, we present some of the results of the system for the detection and
monitoring of macules in diabetic patients. With the processing of the images using the
WAIS (Wireless Image System), the segmentation of the patients’ maculae into vascular,
atrophic and traumatic was obtained, as well as the percentage of damage in the patient.
A specialized software for skin macules called Skin Macules Characterization Software
(SMaC®©) was designed in MATLAB GUI; by analyzing the macules of this study (vascular,
petechiae, atrophic and traumatic), it has been possible to identify the properties of each
one of them, such as shade indices and morphological properties. It can be said that, with
this system, it is possible to differentiate the types of macules since significant differences
of p < 0.05 were found.

In Figure 8, we can see a screen of the SMaC®© software for the segmentation and char-
acterization of macules; it shows some images of the processing, data of the morphological
properties and shadow indices of a macule by trauma, and it seeks to keep track of the
changes of the macules in diabetic patients and thus help the treating physician to provide
correct treatment for the patient.
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Figure 8. SMaC®© software for segmentation and characterization of macules in diabetic patients. The
macule shown is due to trauma.
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3.4. Infrared Emission Thermography System

We present some of the results of the system infrared thermography system in diabetic
patients. Figure 9a shows the temperature variation in healthy subjects and diabetic patients
in which the hottest spots on the soles of the feet can be observed. On the other hand, it
can be noted that in diabetic patients, the area with the highest percentage of change is
zone 2, giving us an indication that it is an area to which we should pay more attention
in subsequent consultations. This figure shows the results of the infrared temperature,
and variations in the temperature of the areas of greatest risk are shown; on average the
difference in temperature between both soles of the feet of diabetic patients is 1.06 °C,
but on the other hand, performing the analysis between healthy subjects and diabetic
patients, it was found that there is a variation of 1.33 °C. The average temperature of
patients in zone 1 was 0.83 °C. The average temperature variation in patients in zone 2 was
0.6~1.5 °C. The average temperature variation in patients in zone 3 is 0.54 °C. In healthy
subjects, the variation is 0-0.5 °C, which corresponds to conditions other than diabetic
foot, such as flat feet, rheumatoid arthritis and/or vascular problems. These results were
obtained from the analysis of the entire set of patients. Figure 9b shows the risk zones of
the sole of the patient foot, and three out of the five zones with the highest risk of ulceration
were chosen.

32
30 p——

28 ‘,,,' S e -

AT [°C]

24 uE=

22

20

Z1 z2 Z3

Zones of the foot
¥ Diabetic Patients

W Healthy Subjects

(a) (b)

Figure 9. (a) Comparison of temperatures by zone of the sole of the foot; the purple line corresponds
to the temperatures of diabetic feet and the green line to healthy subjects. (b) Areas selected for the
temperature study.

3.5. Automatic Detection of Risk Zones by Smartphone

Some of the results found with this procedure are shown below. With the training
Mask R-CNN (foot with background) with BD2 (database 2) of high-resolution images, a
classification between foot and background was established with 99.25% accuracy, 98.83%
in the creation of the detection box and 94.95% in the generation of the region mask. On the
other hand, validation using 24 DB1 EV images (database 1) with lower resolution resulted
in 99.32% accuracy in classification, 93.48% in detection box creation and 90.09% in region
mask generation for each object. In Figure 10c, the masks generated after the adjustment
made to Mask R-CNN can be seen; the images are taken in order to observe the difference
in the system, and in Figure 10 you can see an example of how the system recognizes
and generates the individual masks of the plantar zones. Figure 10a,b show two images
of the soles of the feet of two test subjects, captured with the IR camera with different
backgrounds and their respective thermographic images (Figure 10d,f). The images show
that there is less interference if the areas to be studied are isolated, as well as the distribution
of temperatures in the plantar area of the foot [27].
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Figure 10. Images captured by the IRT FLUKE TI32 camera with two different backgrounds for the
creation of the databases. (a) Image of feet with homogeneous black background, (b) image of feet
with non-homogeneous background, (c) adjustment of Mask R-CNN to binary classification system
(foot-bottom), (d) thermographic image corresponding to the capture of item a, (e) Thermographic
image corresponding to the capture of item b and (f) segmentation of plantar zones in an uncontrolled
background environment.

The results illustrated a detection accuracy of 90% for ulcers and 88% for necrosis, while
labeled areas had an error of 7.05% and 10%, respectively. These results demonstrated that
the system is capable of detecting and visualizing sample-specific temperature differences
in an uncontrolled environment.

3.6. Virtual Platform for the Diabetic Foot

A virtual platform was designed to monitor the health status of the feet of diabetic
patients. This platform contains a database with the patient file, where we can find the
diagnostic and follow-up evaluations, physician notes, pictures and the results of the
measurements of the equipment mentioned earlier in this work for the detection of changes
in the tissues of diabetic patients and for their routine follow-up. In addition, this platform
has controlled access and user roles through registers and user validation, ensuring their
privacy.

The virtual platform is composed of different screens, but it can be divided into three
parts: new user registration and login (see Figure 11), patient file registration (personal
data, vital signs, general data), and diagnostic evaluation of the diabetic patient’s legs and
feet. In the first part of the platform, the user can register by self-management; however,
the access has to go through a validation process by the administrator, since it is important
to control the information registered. In the second part of the platform, we can create
and update the patient record by adding personal data and vital signs upon entering the
medical office. Finally, in the next screen, we can carry out the registration of the health
status of the legs and feet of patients through evaluation and monitoring studies in this
stage. We can save images of ulcers and compare them with their images at different times
and add the results of measurements and tests. All the information introduced in this
platform is stored in a specialized database designed for the diabetic foot, thus helping to
give access to other variables of the disease.
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Figure 11. (a) Screen of the virtual platform to create a new account and log in; (b) screen for locating
patients’ ulcers by recording their coordinates and their characteristics.

Figure 11 shows a screenshot of a part of the virtual platform; this screen is for
registering a new user by entering their name and a personally chosen password, then
when accepted by the administrator, the new physician user will be able to log in and enter
the patient file to start the consultation or perform a follow-up.

3.7. Hub of Information of Diabetic Patients

The diabetic foot information hub shown in Figure 12a was designed as a portable
system, with a unique and friendly interface for the medical user; it could receive and store
the information in a database, in which the measurements from external equipment for the
monitoring and diagnosis of diabetic foot can be included. The initial screen of the hub
has six buttons to control the acquisition from external equipment, which are saved in .xls
files. Another six buttons are used to view the results of the previously stored data, and the
rest of the buttons are for the general control of the application: create patient file, view the
database and exit (see Figure 12b).

CONCENTRATOR AND DISTRIBUTOR OF INFORMATION
DIABETIC FOOT

&)

- - e - -

ENTER DATA DATABASE EXIT

Figure 12. (a) Image of the portable diabetic foot information hub system; (b) screenshot of the
interface for system control, acquisition of measurements, creation of the file, access to database, etc.

4. Discussion

A set of systems was presented that is intended to help in the follow-up and study of
the diabetic foot. Comparisons were made of the measurement differences for each physical
principle between the results of healthy people and people diagnosed with diabetic foot.
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Differences were found in the measurements of punctual temperature, electrical impedance
and infrared thermography.

From the results of the punctual temperature presented in this work, we can say that
there are differences between the temperatures of diabetic patients and healthy subjects:
the temperature in diabetic patients is higher, coinciding with what the authors of these
works say [4,16,28]; in addition, they state that this temperature increase is an indicator
of foot lesions. The punctual temperature system was tested with a very small sample; a
larger sample is required to increase the reliability of our results.

With impedance results, we cannot conclude that any structural damage is present in
the feet of patients with diabetes, but we can say that the electrical impedances of diabetics
and healthy subjects are significantly different for frequencies from 5 kHz to 22 kHz and
the impedances in diabetic patients are higher than in healthy subjects. The study of this
work agrees with our results by finding the frequency range from 10 kHz to 80 kHz where
the impedance is different in diabetic patients [9]. The author agrees that impedances in
healthy subjects are lower than those in diabetic patients [8]. The results shown in Figure 7b
are new to the research; since the behavior of the measured voltage between the injected
voltage in diabetic foot has not been studied, we found that there are significant results
of p < 0.0001 for most frequencies.

An algorithm for image processing of skin macules is proposed with a classification
network, resulting in an accuracy of 97.5% for the four types of macules studied in this
work. Vascular, petechiae, trophic changes and traumacutaneous manifestations are not
taken into account in diabetic patients; however, Lasschuit et al., says that they can be some
of the first indicators of diabetes and diabetic foot in patients [10], and other authors says
that 60% of diabetic patients suffer from this affectation [29].

The infrared temperature measurement system provides images that identify the
characteristics of diabetic foot complications; the results of this work indicate that there
is an average difference of 1 to 2 °C in the temperature of healthy tissue with respect to
the diabetic foot, and given the study of Torreblanca Gonzalez et al., we could say that
there is a relationship between the areas with greater temperature changes and the risk of
ulceration in diabetic patients [3].

The smartphone-based diabetic foot sole risk zone identifier system in uncontrolled
environments can detect risk zones for ulcers and necrosis by analyzing temperature
increases and decreases in uncontrolled environments, with an accuracy of 90.09%. A
system for remote monitoring of diabetic patients’ feet has been developed with the purpose
of being implemented as an assistance and follow-up tool for them.

Evidence of the use of a smartphone to follow the evolution of temperature changes in
the plantar region was presented, and results of the use of an IR thermometry system in
the medical consultation of diabetic patients are shown. A platform for diabetic patients
capable of recording the patient’s history with graphic material is presented and, finally,
the concept of an information concentrator system capable of distributing the information
to specialized medical personnel is described.

The results presented in this work are the first indicators that show the possibility
of using the characteristics of the physical changes in the tissues of the foot produced
by diabetes in medical services, in addition to being unique in its class up to now, at an
accessible cost that facilitates the reading of results for both patients and doctors and can
have an easy implementation since they are portable.

5. Conclusions

The present work shows the first technological approaches specialized in diabetic
foot in order to provide more information on the state of the diabetic patient’s plantar
tissues and thus help the specialist physician to provide a correct follow-up of the patients,
studying the characteristics and changes of the tissues and registering them in specialized
databases on diabetic foot. We can conclude from the results shown that it is possible to
differentiate the changes in the plantar tissues between the study groups (healthy subjects
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and diabetic patients), this being an opening to the study of the behavior of the tissues of
the feet in patients with diabetes mellitus. It is intended that in the future the group of
these technologies will help the physician for the early detection of diabetic foot and to
give an adequate treatment and follow-up to each patient with this condition.

Author Contributions: Conceptualization, I.A.T.; methodology, .A.T., L.L., A.V. and A.R,; Software,
LA.T., HM,; formal analysis, .A.T., HM. and D.A.; resources, LL., AV, ].G., M.C.; writing—original
draft preparation, I.A.T. and D.A; writing—review and editing, .A.T,, L.L., A.V,, M.1.G.; supervision,
L.L. and M.I.G,; project administration, LA.T., L.L. and J.G.; funding acquisition, L.L. All authors
have read and agreed to the published version of the manuscript.

Funding: The research was funded by CYTED-Network DITECROD-218RT0545 (2018-2022).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Institute National of Rehabilitation, Luis
Guillermo Ibarra Ibarra (INR-LGII), Mexico City, Mexico (protocol code: F01-PR-DI-08, date of
approval: 02-04-14).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. IIDF. IDF Diabetes Atlas 2019; IDF Publisher: Brussels, Belgium, 2019; ISBN 978-2-930229-87-4.

2. Niyitegeka, ].M.V,; Bastidas, A.C.; Newman, R.H.; Taylor, S.S.; Ongeri, E.M. Isoform-specific interactions between meprin
metalloproteases and the catalytic subunit of protein kinase a: Significance in acute and chronic kidney injury. Am. J. Physiol. Ren.
Physiol. 2015, 308, F56-F68. [CrossRef] [PubMed]

3. Care, D.; Suppl, S.S. 11. Microvascular complications and foot care: Standards of Medical Care in Diabete-2020. Diabetes Care
2020, 43, S135-5151. [CrossRef]

4. Gonzalez, ].T.; Gomez-Martin, B.; Encinas, A.H.; Martin-Vaquero, J.; Queiruga-Dios, A.; Martinez-Nova, A. The use of infrared
thermography to develop and assess a wearable sock and monitor foot temperature in diabetic subjects. Sensors 2021, 21, 1821.
[CrossRef]

5. Mostafalu, P; Tamayol, A.; Rahimi, R.; Ochoa, M.; Khalilpour, A.; Kiaee, G.; Yazdi, I.K,; Bagherifard, S.; Dokmeci, M.R.; Ziaie, B.;
et al. Smart Bandage for Monitoring and Treatment of Chronic Wounds. Small 2018, 14. [CrossRef] [PubMed]

6. Gonzdlez, ].T.; Nova, A.M.; Encinas, A.H.; Martin-Vaquero, J.; Queiruga-Dios, A. Statistical Analysis to Control Foot Temperature
for Diabetic People. In Trends and Innovations in Information Systems and Technologies; Springer: Berlin/Heidelberg, Germany, 2020;
pp- 295-306.

7. Sangam, V.G.; Hema Priyadarshini, S.; Anand, N.; Prathibha, P.; Purohit, P; Nalamitha, R. Early Detection of Diabetic Foot Ulcer.
J. Phys. Conf. Ser. 2021, 1937, 012049. [CrossRef]

8. Gonzalez-Correa, C.A.; Rivera-Garzén, R.A.; Martinez-Tattiva, S. Electric impedance and the healing of diabetic foot ulcers.
J. Phys. Conf. Ser. 2019, 1272, 12009. [CrossRef]

9.  Rodriguez Timana, L.C.; Castillo Garcia, J.F. Characterization of People with Type II Diabetes Using Electrical Bioimpedance.
In AETA 2019-Recent Advances in Electrical Engineering and Related Sciences: Theory and Application; Springer: Berlin/Heidelberg,
Germany, 2020; pp. 303-318.

10. Lasschuit, J.R.; Snaith, JJW.E. The Skin and Diabetes. In Skin and the Heart; Springer: Cham, Switzerland, 2021; pp. 283-298.
ISBN 978-3-030-54778-3.

11.  Van Doremalen, R EM.; van Netten, ].J.; van Baal, ].G.; Vollenbroek-Hutten, M.M.R.; van der Heijden, F. Validation of low-cost
smartphone-based thermal camera for diabetic foot assessment. Diabetes Res. Clin. Pract. 2019, 149, 132-139. [CrossRef] [PubMed]

12.  Fraiwan, L.; Ninan, J.; Al-Khodari, M. Mobile Application for Ulcer Detection. Open Biomed. Eng. ]. 2018, 12, 16-26. [CrossRef]
[PubMed]

13.  Marques, A.D.B.; Moreira, TM.M.; de Carvalho, RE.FL.; Chaves, EM.C.; de Oliveira, S.K.P; Felipe, G.F; Silveira, ].A.N. da
PEDCARE: Validation of a mobile application on diabetic foot self-care. Rev. Bras. Enferm. 2021, 74, €20200856. [CrossRef]
[PubMed]

14. Colodetti, R.; Do Prado, T.N.; De Oliveira Bringuente, M.E.; Silveira Bicudo, S.D. Mobile application for the management of
diabetic foot ulcers. ACTA Paul. Enferm. 2021, 34. [CrossRef]

15.  American College of Foot and Ankle Surgeons; Neuropatia Diabética Periférica; 2019, 1-2. Available online: http://affc.com/wp-
content/uploads/2019/06/Diabetic_Per_Neu_S.pdf (accessed on 1 January 2023).

16. Garcia De La Pefia, R.; Benhamu Benhamd, S.; Jiménez Cristino, M.D.; Grande del Arco, J.; Gijon Noguerdn, G. La temperatura del

pie como factor predictivo de aparicién de tlceras en la Diabetes Mellitus. Rev. Int. Ciencias Podol. 2019, 13, 115-129. [CrossRef]


http://doi.org/10.1152/ajprenal.00167.2014
http://www.ncbi.nlm.nih.gov/pubmed/25354939
http://doi.org/10.2337/dc20-S011
http://doi.org/10.3390/s21051821
http://doi.org/10.1002/smll.201703509
http://www.ncbi.nlm.nih.gov/pubmed/29978547
http://doi.org/10.1088/1742-6596/1937/1/012049
http://doi.org/10.1088/1742-6596/1272/1/012009
http://doi.org/10.1016/j.diabres.2019.01.032
http://www.ncbi.nlm.nih.gov/pubmed/30738090
http://doi.org/10.2174/1874120701812010016
http://www.ncbi.nlm.nih.gov/pubmed/30069252
http://doi.org/10.1590/0034-7167-2020-0856
http://www.ncbi.nlm.nih.gov/pubmed/34037135
http://doi.org/10.37689/ACTA-APE/2021AO00702
http://affc.com/wp-content/uploads/2019/06/Diabetic_Per_Neu_S.pdf
http://affc.com/wp-content/uploads/2019/06/Diabetic_Per_Neu_S.pdf
http://doi.org/10.5209/ricp.64726

Appl. Sci. 2023,13, 2026 16 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Loépez Murillo, EE. Propuesta de un equipo electrénico no invasivo de ayuda médica para la deteccion temprana por temperatura
de las complicaciones del pie en pacientes diabéticos. In Tesis (MC)—Centro de Investigacion y de Estudios Avanzados del IPN
Departamento de Ingenieria Eléctrica/Seccion de Bioelectronica; Cinvestav: Mexico City, Mexico, 2014.

Garcia Vidal, U.O. Propuesta de disefio de un sistema para la deteccién temprana del pie diabético con el uso de termografia in-
frarroja y espectroscopia de impedancia eléctrica. In Tesis (MC)—-Centro de Investigacion y de Estudios Avanzados del IPN Departamento
de Ingenieria Eléctrica/Seccion de Bioelectronica; Cinvestav: México City, Mexico, 2015.

Bragos, R.; Rosell, J.; Riu, P. A wide-band AC-coupled current source for electrical impedance tomography. Physiol. Meas. 1994,
15, A91-A99. [CrossRef] [PubMed]

Toledo Peral, C.L.; Ramos Becerril, FJ.; Vega Martinez, G.; Vera Hernandez, A.; Leija Salas, L.; Gutiérrez Martinez, J. An
Application for Skin Macules Characterization Based on a 3-Stage Image-Processing Algorithm for Patients with Diabetes.
J. Healthc. Eng. 2018, 2018, 9397105. [CrossRef] [PubMed]

Bayareh, R.; Vera, A.; Leija, L.; Gutierrez-Martinez, J. Development of a thermographic image instrument using the raspberry Pi
embedded system for the study of the diabetic foot. In Proceedings of the IEEE International Instrumentation and Measurement
Technology Conference, 2MTC, Houston, TX, USA, 14-17 May 2018; pp. 1-6. [CrossRef]

Hernandez-Contreras, D.; Peregrina-Barreto, H.; Rangel-Magdaleno, J.; Gonzalez-Bernal, J. Narrative review: Diabetic foot and
infrared thermography. Infrared Phys. Technol. 2016, 78, 105-117. [CrossRef]

Maldonado, H.; Bayareh, R.; Torres, I.A.; Vera, A.; Gutiérrez, |J.; Leija, L. Automatic detection of risk zones in diabetic foot soles by
processing thermographic images taken in an uncontrolled environment. Infrared Phys. Technol. 2020, 105, 103187. [CrossRef]
Ilse Anahi, T.; Lorenzo, L.; Arturo Vera, ].G.A.R. Computational Strategy for the Generation of the Clinical Histories of Patients
with Diabetic Foot. In Proceedings of the XV Mediterranean Conference on Medical and Biological Engineering and Computing—
MEDICON 2019, Coimbra, Portugal, 26-28 September 2019; Springer International Publishing: Berlin/Heidelberg, Germany,
2019; pp. 1506-1512.

Torres, L A.; Leija, L.; Vera, A.; Gutierrez, J. Proposal of a hub of information from different instruments aimed at early detection
of diabetic foot complications. In Proceedings of the 2016 Global Medical Engineering Physics Exchanges/Pan American Health
Care Exchanges (GMEPE/PAHCE), Madrid, Spain, 4-9 April 2016; IEEE: Madrid, Spain; pp. 1-60. [CrossRef]

Torres, I.A. Concentrador de informacién y puesta a punto de diferentes instrumentos orientados a la deteccion temprana de las
complicaciones del pie diabético. In Tesis (MC)—Centro de Investigacion y de Estudios Avanzados del IPN Departamento de Ingenieria
Eléctrica/Seccion de Bioelectrénica; Cinvestav: México City, Mexico, 2016.

Loyo, H.M. Propuesta de un sistema de prediagndstico identificador de zonas de riesgo en la planta del pie de pacientes diabéticos
basado en imdgenes térmicas tomadas en un ambiente no controlado. In Tesis (PhD)-Centro de Investigacion y de Estudios Avanzados
del IPN Departamento de Ingenieria Eléctrica/Seccion de Bioelectronica; Cinvestav: Mexico City, Mexico, 2020.

Serrano Rios, M.; Gutiyrrez Fuentes, J.A. Type 2 Diabetes Mellitus; Elsevier: Amsterdam, The Netherlands, 2010;
ISBN 9788480866835.

Diego, P.Z.; Calvo, AM.G,; Lafuente, E.E.; Familiar, M. manifestaciones cutdneas de la diabetes. Med. Integr. 2001, 38, 36—42.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1088/0967-3334/15/2A/013
http://www.ncbi.nlm.nih.gov/pubmed/8087056
http://doi.org/10.1155/2018/9397105
http://www.ncbi.nlm.nih.gov/pubmed/30651950
http://doi.org/10.1109/I2MTC.2018.8409841
http://doi.org/10.1016/j.infrared.2016.07.013
http://doi.org/10.1016/j.infrared.2020.103187
http://doi.org/10.1109/GMEPE-PAHCE.2016.7504622

	Introduction 
	Materials and Methods 
	Sample Inclusion Criteria 
	Statistical Analysis 
	Temperature Measuring System 
	Electrical Impedance Spectroscopy System 
	Skin Macule Characterization System 
	Infrared Emission Thermography System 
	Automatic Detection of Risk Zones by a Smartphone 
	Virtual Platform for the Clinical Diagnosis of the Diabetic Foot Ulcer 
	Hub of Information of Diabetic Patients 

	Results 
	Temperature Measuring System 
	Electrical Impedance Spectroscopy System 
	Skin Macule Characterization System 
	Infrared Emission Thermography System 
	Automatic Detection of Risk Zones by Smartphone 
	Virtual Platform for the Diabetic Foot 
	Hub of Information of Diabetic Patients 

	Discussion 
	Conclusions 
	References

