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Abstract. Diabetic Foot (DF) is a medical condition resulting from
Diabetes, a disease with large social and economic incidence in most hu-
man societies. Monitoring the evolution of DF is essential to control the
evolution of the disease, adjust therapeutics, and minimize the distur-
bances in the quality of life of people. The paper presents a low-cost,
fully novel, system that implements standard DF medical tests, aiming
at wide spreading DF testing, hence accounting for the increase in the
incidence of Diabetes in general population.

DF test consists of a set of independent tests, including analysis of images
of feet, sensitivity to temperature, touch and vibration, pedal pulse detec-
tion, and contact pressure of feet with the ground. The implementation
of the independent devices is discussed, together with their integration
in compact devices that can be used by people with minimal training
and with minimal assistance from healthcare professionals.

Keywords: Diabetic Foot - Machine Learning - Deep Neural Networks
- Healthcare Robotics

1 Introduction

Diabetes is a widespread disease with strong social and economic impact in most
of the human societies. Monitoring its evolution is thus crucial for the definition
and later adjustments of therapeutics and, most importantly, to preserve the
quality of life of patients.

The novel implementation proposed in this paper relies on simple/cheap tech-
nologies, with the cost argument being a key motivation. The increase of people
with Diabetes (currently 10.5% of the population has Diabetes and an estimated
11.3% will develop the condition by 2030 and 12.2% by 2045, [7], reaching 853
million to 1.31 billion by 2050, [1]) represents a relevant effort to the economies.
These figures reflect a mounting burden, with the prevalence nearly doubling
since 1990 [20, 8]. Monitoring and preventive assessment is thus increasingly im-
portant and automated strategies can save a significant amount of labour hence
leading to economy savings.

DF testing is composed by a collection of independent tests which are applied
by a healthcare technician (HT). The average time necessary for a thorough
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administration of the test can be in the order of 20 minutes per patient. Given
the current increasing trend in the incidence of the disease, this amounts to a
significant requirement of human resources. Automating the test will therefore
reduce the amount of effort of healthcare professionals, which can then be used
in other relevant tasks. Furthermore, it is likely to contribute to increase the DF
monitoring, i.e., massifying the monitoring, by installing automated devices in
social spaces such as pharmacies, nursing homes, and other healthcare spaces.

This work is part of project DFAA! and aims at developing completely novel
automated procedures to test DF that reduce the need for constant assistance by
healthcare personnel during the application of the tests. The devices were tested
in colaboration with ULS-LOD?2, a partner of the DFAA project, and the entity
responsible for Ethics clearances. The standard DF tests are reviewed in section
2. Preliminary results obtained with the independent devices under development
are discussed. Section 3 discusses the integration of the tests in compact devices.
Section 4 concludes with an assessment of the current status of the project and
points to future developments.

2 Diabetic Foot Tests

Among the most serious complications are diabetic foot ulcers (DFU). Approx-
imately 34% of people with diabetes will develop a foot ulcer during their life-
time [2]. Moreover, an estimated 80% of diabetes-related lower-leg amputations
are preceded by DFUs [3,9]. In addition, approximately 40% of patients develop-
ing a new DFU within one year of healing, with over 75% experiencing recurrence
within five years [11], and the 5-year mortality rate for individuals who develop
a DFU is approximately 30%, with rates exceeding 70% among those undergoing
major amputations [3].

DF tests are a collection of independent tests applied to the feet of Diabetes
patients to monitor the evolution of the disease and predict future events. Vi-
sual inspection of the feet assesses active ulcerations or the skin condition to
predict the possibility and/or evolution of ulcerations, temperature sensitivity
(not considered in this paper), touch sensitivity, vibration sensitivity, pedal pulse
detection, and contact pressure of feet with the ground, form the group of tests
often designated, collectively, as DF test.

Vibration and monofilament tests have been assessed in the medical litera-
ture, namely as for the frequencies used (see [13]) and foot locations where to
apply them (see [24]). Similarly for the pedal pulse, which is commonly applied
to assess trauma, deficit complaints (e.g., numbness, or tingling), or problems to
move, and even coronary disease detection [19].

Visual inspection of the feet by healthcare professionals is prone to subjective
analysis (e.g., depending on the experience of the technician performing the

! Diabetic Foot Automate Assessment, https://sites.google.com/view/dfaa-
pex/home, an exploratory project from the Portuguese Science Foundation.

2 Unidade Local de Satde Loures-Odivelas, Lisbon, Portugal, a unit of the Portuguese
healthcare system.
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analysis). Current image analysis techniques, namely those resorting to machine
learning (ML) techniques, promise to reduce this subjective component, [23].

2.1 Analysis of feet images

A visible condition of DF is the existence and severity of ulcerations of the feet.
Figure 1 shows images of typical DFU. The size and color depend on the stage
and severity of the ulcerations and are relevant for medical assessment. Also
relevant to assess the evolution of the DF and estimate a probability /risk of
evolution is the condition of the skin surrounding the ulceration.

Fig. 1. Sample images of typical ulcerations caused by Diabetes, Source: Kaggle dataset
(public access).

Pre-conditions that can lead to the development of ulcerations include skin
textures differing from the normal and situations where ulcerations have been
removed, e.g., due to amputations, and the feet present mostly clean skin (see
Figure 2).

(a) Medium risk (b) High risk

Fig. 2. Sample images with medium/high risk prognostic and no visible sign of ulcer-
ations, Source: DFAA dataset (public access upon request, under CC-BY or ODC-BY
licencing).

The analysis of images of feet uses two machine learning parallel pipelines
(see the architecture in Figure 3). One of the pipelines aims at estimating the
severity of ulcerations while the other estimates a risk of developing ulcerations
given (this being a novel aspect of the project).

The training of the deep neural networks in the first pipeline used the Kaggle
public dataset, for images with ulcerations. For the second pipeline training
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will resort to a purposefully built dataset (ongoing work), with images without
ulcerations. Most datasets consist of single-view images with limited clinical
diversity and lack graded risk annotations. This new, clinically validated dataset,
is formed by four images of each foot.

The classification block in Figure 3, is implemented with an EfficientNetB2
net with MAP=0.8777, F1=0.9078, and AUC=0.96 (see [16]).

Risk assessment is tightly connected to explainability, i.e., information about
how an ulceration is detected and what are the features that contribute the most
to the result. The Grad-CAM procedure (Gradient-weighted Class Activation
Mapping, [21]) has been used to interpret results of deep-learning systems by
identifying the image regions that contribute the most to the final result (the
sensitivity of each class to changes in the features). By overlaying the Grad-CAM
heatmap on the original image, it is possible to visualize which regions the model
is focusing on to make its predictions. High-intensity regions in the heat map
indicate that those specific areas strongly contribute to the model’s prediction.

Figure 4 shows a sample of the Kaggle dataset and the corresponding heatmap,
obtained at block 20 of the EfficientNetB2. The yellow marked area (heatmap)
illustrates the size of the area contributing to the ulceration, i.e., the regions in
the input image that strongly influence the network’s decision.

Input data

Background
removal

Data
augmentation

ResNet50 / DenseNet121 / CNN ‘
EfficientNet / AlexNet /

» Output labels «

Fig.4. Grad-CAM procedure applied
to an image with an ulceration (source:
DFAA project).

Fig. 3. Two-pipeline architecture used
for image analysis

Examples of risk metrics can be based on (i) the area of the heatmap above a
selected threshold, or (ii) the area/value of maximal gradient. The use of Grad-
CAM for risk assessment has undergone a first approval screening by the MDs
in project DFAA. Nevertheless, further analysis, namely on the correlation with
heatmap area and MD classification, is necessary.

2.2 Touch sensitivity

The touch sensitivity is assessed by the Semmes-Weinstein 5.07 (also known as
monofilament) test. The test uses a nylon filament calibrated to bend when a 10g
force is applied. The healthcare technician presses the filament against specific
points of the foot plantar surface (big toe and 1st, 3rd, and 5th metatarsal
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heads), [5], and checks if the patient is able to feel the touch as the filament
bends.

The device considered in this project is shown in Figure 5. It is a rigid rod,
made of plastic or wood (similar to a toothpick), connected to a micro-switch
which can be connected to a computing device. The micro-switch closes when a
10g force presses the rod (an internal mechanical calibration system is used to
control the closing) and a LED lights on when the calibrated force is reached.
The rod can be replaced between tests to comply with hygiene recommenda-
tions. Furthermore, all the rigid components are 3D printed and hence easily
replaceable.

(a) External (b) Internal view

view

Fig. 5. Monofilament test device. The internal view shows the lever action used to
calibrate for the 10g force. An array of these devices is mounted on a linear rail allowing
them to move until contact with the foot.

The test is applied for 1s at each foot location, with visual input prevented to
minimize bias. The automated test application involves verifying the viability of
the target areas, ensuring the skin can support the test using image processing
analysis.

2.3 Vibration sensitivity

Vibration test (also called Rydel-Seiffer) is normally performed with a standard
diapason (tuning fork), resonating at 128 Hz, which is set to vibrate and then a
healthcare technician touches the foot of the patient and checks whether or not
he/she acknowledge the vibration.

The selection of the vibration frequency to detect neuropathy depends on the
region of the foot where the test is applied. For example, [10] used a 128Hz diapa-
son on the both great toes. Similarly, [24] also use 128Hz on the first metatarsal
in both feet. [12] used a 64Hz frequency and concluded that better results can
be obtained by combining the vibration and the monofilament tests. Other fre-
quencies include the ranges 4-8 Hz and 250-550 Hz, though the range 100-130
Hz is the most common one and biothesiometers/neurothesiometer devices tend
to use a single frequency [13].

The current implementation (Figure 6) employs a vibration motor, commonly
used in gaming interfaces, tuned to 128 Hz. It is driven by a Raspberry Pi via
PWM control, allowing adjustment of the vibration frequency as needed.
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Fig. 6. Device to assess vibration sensitivity (a) and sample of the signal obtained, in
the range 129-130 Hz after an initial transient (b).

Similarly to the monofilament test, the vibration test must be performed
with visual input prevented to minimize bias.

2.4 Pedal pulse

The measurement of pedal pulse is one of the most challenging tests to automate.
Its goal is to detect blood circulation in foot arteries. Clinically, a healthcare
technician locates the artery manually and, if needed, uses a Doppler ultrasound
sensor [25]. Guidance documents (e.g., [14]) indicate typical probing sites: the
posterior tibial and dorsalis pedis pulses. However, fine-tuning of the position-
ing of the sensor on the foot surface is often required, making the procedure
dependent on professional expertise and difficult to automate.

Figure 7 shows two sensing devices tested to measure the pedal pulse. The
Doppler ultrasound sensor (lefthand image) is commonly used in the medical
area to measure blood flow. It works by detecting frequency shifts imposed by
the bounding in the blood red cells [18]. The beam frequency influences the pene-
tration and resolution of the measurement. The higher the orientation alignment
between the probe and the blood flow, the higher the variation of the probe fre-
quency. Having the ability to interpret the output (sound) of the sensor depends
on listening training and personal skills [18]. An alternative principle measures
the transit time of the beam that crosses the vessel (see [22]).

The infrared heart rate detector produces a signal (see Figure 8) which is a
function of the pumping power /pressure of the heart, measured locally (in the
pedal region). A pressure signal is proportional to the corresponding flow (as the
arteries may be of small/large caliber, allowing small /large flow under the same
pressure).

Using the Darcy-Weisbach equation (see [6]),

AP =k (), Q=Av (1)
where f is a friction factor, L and D the length and internal diameter, respec-
tively, of the pipe (artery in this case), v is the velocity of the fluid (blood), p
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(a) Doppler ultra- (b) Infrared heart

sound rate detector

Fig. 7. Pedal pulse measurement devices

is the density of the fluid, g the acceleration of gravity, A is the area of a cross-
section of the artery, (Q the flow, and AP the pressure difference between two
extremities of the artery®. It is clear that the pressure difference, AP is directly
related to the flow, i.e., the amount of blood moving on the vessel, through its
velocity.

AP is a spatial pressure differential, i.e., related to a spatial displacement
(the endpoints of the artery), one can relate it to a time differential using the
following approximation,

Ap AP _1dP

L T wAt T v dt
where a constant velocity is implicitly assumed in the artery. Replacement in
(1), yields

1de_ f (o0
vdt D\ 2

i.e., by computing a time derivative of the heartbeat signal one gets an estimate
of the velocity of the flow. This amounts to a cheap form (no real Doppler
involved) of getting information about blood flow.

Applying the aforementioned principles of mapping pressure into velocity it
is possible to construct multiple variants of a Doppler sensor, i.e., by treating
the pressure signal from a heartbeat sensor to sound like the signal from a
real Doppler sensor. Figure 9 shows measured signals using simulated Doppler
sensors based on (i) frequency shift as a function of the pedal pulse, to emulate

the typical Doppler breath sound, and (ii) direct time derivative of the pedal
pulfBotly MhGidptte@uibYbesound signals with similarities to the typical breath

sound from medical Doppler sensors. Though for an empirical evaluation it may
be important to have a sensor with expected behaviour similar to existing de-
vices, for an automated assessment this similarity may not be relevant.

A challenge in the assessment of pedal pulses is the finding of a good loca-
tion in the foot where to measure it. Multiple locations are referred to in the

3 It is possible to argue that the Darcy-Weisbach equation is not applicable to a
laminar flow. However, blood flow is likely to have regions where it is better described
as a laminar flow and others as a turbulent flow, and hence we chose to keep the
Darcy-Weisbach equation. Furthermore, this does not cause any inconsistency in the
developed argument.
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Fig. 9. Pedal pulse measurements through simulated Doppler ultrasound techniques.

literature, e.g., dorsalis pedis pulse, measured on top of the foot and reported
as difficult to obtain [15], and posterial tibial pulse, measured in the ankle bone
and reported to be more reliable [4]. An automated system must select one of
these options, avoiding any compromised regions of the foot, i.e., areas already
ulcerated. The image analysis of Section 2.1 can be used in a first stage to dis-
criminate among these two alternatives.

The quality of the Doppler ultrasound signal depends on the orientation of
the sensor when in contact with the skin. Moreover, the use of ultrasound gel
to improve the ultrasound transmission, often necessary in the DF exam, is not
adequate to an automated procedure. The simulated Doppler sensors are simpler
to apply, while providing information similar to the real Doppler.

2.5 Contact pressure

Figure 10 shows the device to measure the pressure of the plantar surface on
the ground. The device is formed by a polycarbonate sheet where force sensitive
resistors (FSR) are glued on, at relevant positions, namely following the usual
medical practice (1st, 3rd, 5th metatarso, instep, big toe and heal). Measurement

of thdtprarghréomhrenish B lage 2106 becurabedpiedsheloadriells,7fhe informa-

tion provided is still useful for DF assessment. In this context, only a general,
non-precise estimation of the plantar pressure distribution is required to iden-
tify major foot deformities or abnormal pressure patterns. Figure 10b-d shows
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(a) Pressure User with User with big User with

plate normal feet toe deformed up blg toe de-

formed down

Fig. 10. Measuring of the contact of the foot with the ground (device developed under
DFAA project).

examples of measurements obtained in a graphic representation of the FSRs
with a color scheme to show the pressure values. This test must be applied with
the patient standing vertically, and it is therefore physically decoupled from the
previous tests.

3 Integration

The integration of independent devices described in the previous sections is being
tested following the logic presented in Figure 11, with the rigged structure for
prototyping in Figure 12.

The structure contains four cameras, in fixed positions, and a 2-dof cartesian
manipulator to support the vibration and monofilament devices to the foot.

O
2 i

I
Preparation Part 1- Physical and Sensory Assessment Part 2 - Visual Assessment RFei;;lft

by Healthcare [
. C d >
Professional Foot Deformation MPedal Pulset P> aw:argean =
Measurement bl i ~

Processing

(Standing) Sensory Tests

Fig. 11. Integration diagram.

Currently, the pedal pulse is applied through a passive 1D slider. The foot
pressure device is kept as a separate device, since the patient should be standing,
whenever possible, to ensure that the pressure applied on the device is as similar
as possible to the normal pressure the foot exerts on the floor. The patient
places the heel in contact with a small area, thus minimizing the uncertainty of
positioning.
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Fig. 12. Integration structure developed under the DFAA project.

4 Conclusions

The paper presented the implementations of the tests commonly used for DF
assessment using low-cost technologies, aiming at expanding the application to a
wider population. Massive deployment of DF tests, allowing regular, untrained,
people to apply them (possibly applying the tests to themselves), is not without
dangers, and hence the system proposed in this paper should run under super-
vision of healthcare professionals. However, the automated part of the tests will
save a significant portion of the time and, in simpler cases, will be capable of the
full DF assessment, producing a final report with the data collected that can be
further scrutinized by healthcare professionals.

The vision for this integrated device is to combine (i) visual inspection, us-
ing a multi-camera CNN-based analysis system (the focus of this paper), (ii)
foot pressure distribution, to identify abnormal load patterns, and (iii) sensory
testing, to assess peripheral neuropathy.

The implementation and maintenance of the individual devices proposed in
the paper is accessible to people with medium engineering skills, this also con-
tributing to the cost effectiveness of the system, namely in what concerns mainte-
nance. Moreover, the modular approach simplifies upgrading, e.g., as in software
updates for image analysis or electronics.

This is an ongoing project. On the engineering side, future work involves com-
pleting the integration of the system and probing it under realistic conditions.
On the medical side, testing each of the components and comparing them with
the results obtained by certified medical devices is the main direction. Further-
more, the calibration, and reliability of all the devices will need to be thoroughly
assessed in order to meet the requirements for future medical certification.
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