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Suresh K S, Vijaya kumar. N, Sukesh Kumar A

Abstract: Peripheral arterial diseaseisone of the key indicators
of diabetic foot, which can be easily identified by ultrasound
diagnostic techniques. The work aims to detect diabetic foot in
early stages by classifying the blood flow signals of lower
extremity arteries being captured by ultrasound doppler methods.
Samples are collected from diabetic patients with and without
having probable symptoms of arterial diseases. Doppler
examination has been conducted on posterior tibial artery for 354
subjects with a transducer of 8 MHz frequency. The auscultation,
method of listening sounds of internal organs, is employed as
medical diagnostic tool for identifying pathological conditions.
Each artery in the human body has a unique profile of Doppler
flow. This fixed profile may be changed with the presence of a
particular disease. The received signal has a spectrum of
Doppler-shifted signals with respect to the existence of a velocity
profile across the vessel lumen. Changes to the shape of this
profile is an indicator of the severity of disease. Various features
are extracted by using various statistical and signal processing
functions. The feature analysis was accomplished with machine
learning algorithms. Naive Bayes, Tree and SVM algorithms are
employed with MATLAB Toolboxes. Comparing the performance
of these algorithms, the Tree method is found superior than the
others. So, the proposed classification methodology can be
employed as a key factor for the early stage detection of diabetic
foot. As diabetic foot is correlated with many other parameters
which effects the pressure and flow velocity of lower extremities,
an integrated disease prediction mode is proposed by
incorporating the ultrasound doppler technique.

Keywords: Diabetic foot, doppler ultrasound, machinelearning,
lower extremity artery.

I. INTRODUCTION

Diabetic foot ulcer is one of the major complications of

diabetes mellitus. This is a pathological condition results
from peripheral arterial disease and neuropathy affecting the
feet. The rate of amputations is being increased in diabetic
patients globally. This is due to the late diagnosis and
unsuccessful managing the overwhelming problems [1].
Early stage detection finds difficult because of the loss of
sensation of the interrelated areas of foot. Peripheral arterial
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disease (PAD) and neuropathy are usually co-exists with
diabetic foot ulceration. The recent guidelines of
International Working Group on the Diabetic Foot estimated
that, up to 50% of diabetic foot patients in middle and high
income countries are suffering from PAD whereas the
possibility of neuropathic ulcers are more dominant in
low-income countries [2]. The pathological indicators of
diabetic foot are normally visible in very later stages only.
There are a series of combinational methods for the
identification of diabetic foot. The preliminary analysis of
PAD can be accomplished by measuring the ankle-brachial
pressure index (ABPI) [3]. Ultrasound scanning techniques
are also widely used for analysing the blood flow of lower
limb. Diabetic neuropathy, another probable indicator, can
be diagnosed by measuring the insensitivity to monofilament,
motor nerve conduction velocity of the deep peroneal nerve,
sensory nerve conduction velocity of the sura nerve,
vibration perception threshold (VPT), absent or diminished
bilateral vibration sensation, absent Achilles tendon and
patellar reflexes etc. This research work aims to develop an
automated system for mass screening of diabetic foot ulcer in
thevery early stages. Auscultation, the method of listening to
the sounds of internal organs, is a vauable medical
diagnostic tool of many pathological conditions. Machine
learning algorithms are used to classify the doppler sound of
normal individua and diabetic foot prompt patients of lower
limb arteries and an attempt is made to capture the
pathological indications of diabetic foot. The proposed
method of classification of doppler ultrasound signal can be
integrated with other probable causes of diabetic foot ulcer
for developing a disease prediction model.

II. PERIPHERAL ARTERIAL DISEASES

The circulation disorders of lower limb preceded to
peripheral arterial diseases (PAD). PAD hasamajor clinica
significance in diabetic patients. Some of them have high
risk of subsequent myocardia infarction or stroke,
irrespective of the presence or absence of symptoms of PAD.
Regular screening and proper treatment are very essential to
avoid functional disabilities and limb loss. The
ankle-brachial pressure index (ABPI) is one of the highly
specific standards of diagnosing PAD. Thisis aratio of the
highest pressure at the ankle to the highest brachia pressure
[4]. The severity of PAD can aso be identified with ABPI
measurements. A threshold value of 0.90 or less to indicate
an abnormal result.
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Compared with angiographic methods ABPI has a
sensitivity of 95% and specificity approaching 100% for the
identification of PAD. An ABPI in the range of 0.71 to 0.90
indicates the mild PAD, the range of 0.41 to 0.70 indicates
moderate PAD, and a value of 0.40 or less indicates severe
PAD [5]. The hemodynamic properties blood will also act as
an indicator of diabetic foot ulcer. The regular
microcirculation will be inversely affected by diabetes. The
popliteal and femora arteries undergo atherosclerotic
occluson. The blood flow in foot skin aso falls while
standing 80% in non diabetes and 50-70% in diabetes [6].

1. DOPPLER ULTRASOUND

Doppler ultrasound is a non-invasive technique for
estimating velocity measurements of blood flow. The high
frequency sound waves transmitted into a vessel and the
reflected echoes from the blood particles are detected. The
transmitted sound waves undergo a shift in frequency which
helps to identify the parameters of blood flow.

The ultrasound waves propagate in blood as longitudinal
waves and the particles vibrate to and fro along the direction
of propagation. The velocity of sound depends on the
compressibility and density and of the medium. Ultrasound
propagates as longitudinal waves in soft tissue with an
average velocity of around 1540 m/s. According to the
principle of doppler effect, thereceived frequency is higher if
the object is moving towards the observer and lower if it is
moving away. The frequency difference ([f) is caled
Doppler shift, which can be defined as

Af =f/cV Cosa )

Where f - transmitted frequency

V- velacity of the object (blood)

a - angle between the direction of movement of
the moving object and the ultrasound beam.

¢ - velocity of sound in the tissue.

Doppler techniques are preliminarily used for blood flow
analysis. The blood velocity can be caculated from the
observed Doppler frequency and the angle of the vessels to
the beam direction. The velocity of the ultrasound in the
medium is also a known quantity.

When we apply ultrasound frequenciesin the range of 2-10
MHz, physiological blood flow causes a Doppler shift of
audible frequencies in the range of 50-16000 Hz. The
outcome of the examination can be monitored with the help
of thissound [7,8].

IV. ARTERIAL BLOOF FLOW ANALYSIS

Doppler ultrasonography of the lower extremity arteriesis
a vauable technique for screening and diagnosis of
peripheral arterial diseases. Doppler ultrasound identifies
patients with peripheral vascular disease and normally the
first-line investigation of lower limb arterial disease. The
commonly assessed in the lower extremity arteries are
femoral, superficial femoral, popliteal, posterior tibial, and
dorsalis pedis. While analysing arteries, each artery in the
human body has a unique Doppler flow profile. The presence
of disease will make changes in the fixed profile of Doppler
ultrasound. The received signal has a spectrum of
Doppler-shifted signals with respect to the existence of a
velocity profile acrossthe vessel lumen. Changesto the shape
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of this profileis an indicator of the severity of disease[9].

Research works have been aready accomplished to find
the correlation with arterial blood flow and diabetic foot. The
extent of vasculopathy was checked with Doppler scanning
of posterior tibial artery, popliteal artery, dorsalis pedis
artery, and veins [10]. It is found that the vasculopathy is
strong independent risk factor in the development of diabetic
foot lesions. Studies were also accomplished for estimating
the hemodynamic and morphological parameters in foot
arteries in diabetes patients. It isidentified that overall artery
diameters larger than and flow lumina comparable to the
healthy group vessel wall thickening occurring in the early
stage of diabetes[11]. The duplex sonography isidentified as
an effective non-invasive investigation for assessment of
peripheral vascular system for presence of atherosclerotic
disease. The location of disease can also be easily identified
by this method [12]. Subjective visua examination of the
arterial waveform profile has probable inter and intra
observer variability. Several computational methods have
been explored to overcometheseissues. Doppler auscultation
of peripheral leg pulsesis used in the diagnosis of periphera
arterial disease. This can be attained by assessing the quality
of periphera pulses. The audio recording includes Doppler
auscultation recordings of the posterior tibial artery in a
healthy individual and those having peripheral arteria
disease. The regular arterial pulse produces three sounds.
Even without peripheral arterial disease, only the first two
sounds may be audible in some individuals. The third sound
can be heard by concentrating on the interval immediately
following the second sound. While the periphera arteria
disease get progressed the auscultated pulse becomes one
continuous sound until complete obstruction blocks all flow,
and no sound is heard. The number of sounds produced by the
posterior tibial artery pulse audible by Doppler auscultation
is also related with the severity of the peripheral arterial
disease scoring system.

V. METHODOLOGY

The study has been conducted at Jubilee Mission Medical
College and Research Ingtitute, Thrissur, India with the
approval of ingtitutional ethics committee. The entire
samples are collected from diabetic patients, who are
suffering from diabetes for a period of more than 3 years.

The examination has been conducted according to the
guidelines of American Ingtitute of Ultrasound in Medicine
[13]. The study has been performed with the externd
anatomic landmarks to ensure the accuracy of the
examination. Here Continuous wave doppler waveforms are
used in the posterior tibia artery. An ultrasound vascular
doppler of 8 MHz transducer is used for the signal analysis.
The device has audio output through a speaker and analog
signals are recorded in a hard disk.

A. Experimental setup
Specific criteria have been adapted for the signa
capturing.
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Primarily, the analysis has been accomplished only from
those who are suffering from diabetes mellitus for a
minimum period of 3 years. The patient group is categorized
in to two in as per the with the following criteria.

Group 1: Diabetic patients without any probable symptoms
of arteria diseases.

Group 2: Diabetic patients having magjor symptoms of
Peripheral Arterial Diseases.

Group 1 is labelled as ‘Normal’ and Group 2 as ‘Risk’ in
accordance with the possibility of diabetic foot ulceration.
The diabetic history of the person has also been analysed by
monitoring the blood sugar and other physiologica
parameters. The behavioural factors such as age, sex,
smoking habits are not considered in this study. The diabetic
history of the patient has been properly anaysed by
monitoring physiological parameters such as systolic
pressure, diastolic pressure and mean arterial pressure.
Periodical readings of blood sugar data are also verified for
assuring diabetes mellitus. The doppler examination has been
conducted on posterior tibial artery for 354 subjects. The
transducer transmits ultrasound to the arteries and the
received are captured with frequency shift. The subjects are
underwent Doppler systolic blood pressure measurement for
Ankle Brachial Pressure Index. The ABPI and Doppler
auscultation of all persons are verified for significant arterial

disease.
B. Signal processing

The block diagram of ultrasound doppler system, shownin
Fig. 1, depicts the electronic system from the stage of signal
generation to the recoding of doppler sound. An oscillator
generates a frequency of 8 MHz and which is passed to the
ultrasound transducer. The transducer converts the electrical
signals to sound waves and transmits to the corresponding
blood vessel. The transmitted ultrasound waves reflect from
the moving objects of blood vessal and this frequency shift
can be captured by the receiver transducer. The received
signal has an interference of the transmitted frequency and
passes through various signal processing stages such as
Radio Frequency amplifier, demodulator and Doppler Filter
Amplifier. Findlly, it is enhanced by audio amplifier circuits
and passes to audio recorder and Loud speaker. The duration
of each record is limited to 30 seconds.

Oscillator
8 MHz
Ultrasound | —"| Blood vessel
Transducer | |
RF amplifier Doppler Filter Audio
Demodulator Amplifier Amplifier
|
' v
Audio Loudspeaker
Recorder

Fig 1: Ultrasound doppler system- block diagram.
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An angle of 500-600 is maintained between the ultrasound
beam and direction of flow to acquire a consistent
representation of the flow profile. The maximum Doppler
shift frequency encountered is always less than 5 KHz.

C. Featureanalysisand classification

The required features have to be extracted from the
recorded data for the implementation of machine learning
algorithms. The Fig 2 shows the block diagram of feature
extraction and classification. MATLAB toolboxes are
employed for the feature analysis and classification
processes. Proper filters are introduced in the pre-processing
step. The data is refined with an adaptive filter. The error is
minimized between the adaptive output and the desired signa
by quantifying in terms of mean square error. The signal
enhancement is accomplished with Least Mean Square
algorithm [14].

Audio Data

Feature
Detection

Pre-
~ .
processing

Evaluation || Classifcation

Fig 2: Feature extraction- block diagram.

Total number of 27 features are extracted by using various
statistical and signal processing functions. Various time
domain and frequency domain features are captured from
each sample. The main statistical features are mean value,
median value, standard deviation, mean absolute deviation
etc. The features such as dominant frequency value,
dominant frequency magnitude and dominant frequency ratio
are captured from power spectrum. The Fig. 3 shows the
power spectrum of a sample doppler sound signal. Spectra
analysis of the Doppler signas reflects information
concerning to the blood flow of arteries.

With respect to the spectral analysis method, the machine
learning methodologies may provide more specific
information than spectral analysis. Considering a synergy
with the domain of speech analysis, Mel-frequency cepstral
coefficient (MFCC) are aso included as representative
features [15]. Mel-Spectrum is computed by passing the
Fourier transformed signal through a set of band-pass filters
known as mel-filter bank.
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Fig 3: Power spectrum of a doppler sound signal.

The machine learning technology |earns the characteristics
of the diseases and can used to diagnose the early detection of
disease in uncertain states. Our study examine different types
of machine learning algorithms, such as Naive Bayes, Tree
and Support Vector Machine (SVM) algorithms to automate
the process for determining the possibility of periphera
arterial  diseases leading to diabetic foot. Automated
screening methods for various heart diseases are formulated
by analysing the sound of blood flow. The pathological
murmurs can be identified by evaluating energy of heart
sound on specific frequency bands [16]. It is found that the
heart sound of children having congenital heart diseases
indicates energy concentrations over particular frequency
bands and those are different from the bands of the normal
children. Heart murmurs in paediatrics was demonstrated
with Artificial Neural Network approach for detection and
identification of congenital heart disease. Innocent and
pathologica murmurs were classified with 88% sensitivity
and 83% specificity [17]. An automated system for heart
sound classification was also introduced with Melfrequency
cepstral coefficient (MFCC) and hidden Markov model
(HMM) [15]. The feature were extracted using time features,
STFT and MFCC and the system was developed for the
interpretation of the phonocardiogram signals using pattern
recognition techniques.

VI. RESULTS

The analysis has been performed with various machine
learning a gorithms. The features are under two classes; the
Diabetic patients without any probable symptoms of arterial
diseases and diabetic patients having major symptoms of
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Peripheral Arterial Diseases.

Naive Bayes, Tree and Support Vector Machine (SVM)
algorithms are used to classify the sample set. The
performance of algorithms is justified by 10 fold cross
validation method. The accuracy can be cal cul ated-

TP+ TN
TP + TN + FP + FN

Where TPis True positive; FPisFalse positive; TN is True
negative; FN is False Negative.

The performance of various training algorithm have been
compared in terms of accuracy. The accuracy of Naive
Bayes, Tree and SVM are 90.4%, 92.1% and 78.2%
respectively. The Tree model is found superior to other two

Accuracy =

models.
1k
(0.08,0.93)
08
L
06
g Positive class: 0
b7 AUC =091
0
Q
[}
204
|_
02T
s ROC CUMVE
or Area under curve (AUC)
® Current classifier

0 0.2 0.4 06 08 1
False positive rate
Fig. 4 ROC curve- Tree M odel

Fig. 4 shows the Receiver Operating Characteristic (ROC)
of the Tree model. This graphical plot illustrates the
diagnostic ability of abinary classifier system and shows the
performance of a classification model at al classification
thresholds. This curve plots two parameters, False Positive
rate on X- axis and True Positiverateson Y - axis. The Area
Under the Curve (AUC) of this model is 0.91, which shows
the ability of the classifier to distinguish between classes.

The confusion matrix of the Tree model is presented in the
Fig 5. The confusion matrix summarizes the performance of
the classification algorithm. Here, out of 177 positive
samples, 164 samples are True Positive and 13 samples are
False Positive. In the same number of negative samples, 162
samples are True Negative and 15 samples are False
Negative.
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True class

162

Predicted class

Fig 5 Confusion Matrix- Tree Model

VIlI. CONCLUSION

The work provides considerable indications for analysing
the ultrasound blood flow signals of lower extremity arteries
for the early stage diagnosis of periphera arterial diseases
leading to diabetic foot. The ultrasound doppler technic isan
easy and trouble free procedure, so that it can be widely used
for the screening of diabetic foot. As PAD is one of the many
indicators of diabetic foot, this sole mode of examination
may not provide a complete result. Other similar parameters
should also be integrated for the detection of early stages of
diabetic foot in future works. A predictive model has to be

designed by incorporating al other probable parameters.
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