Computer Science and Information Systems 18(3):619-640 https://doi.org/ 10.2298/CS1S200224015S

FPGA Implementation of Fuzzy Medical Decision
Support System for Disc Hernia Diagnosis

Tijana Sustersi¢!, Miodrag Peuli¢?, and Aleksandar Peuli¢®*

! Faculty of Engineering, University of Kragujevac, Sestre Janji¢ 6,
34000 Kragujevac, Serbia
tijanas@kg.ac.rs
2 Clinical Centre Kragujevac, Zmaj Jovina 30, 34000 Kragujevac, Serbia
miodrag.peulic@gmail.com
3 Faculty of Geography, University of Belgrade, Studentski trg 3,
11000 Belgrade, Serbia
aleksandar.peulic@gef.bg.ac.rs

Abstract. The aim of this study was to create a decision support system for disc
hernia diagnostics based on real measurements of foot force values from sensors
and fuzzy logic, as well as to implement the system on Field Programmable Gate
Array (FPGA). The results show that the created fuzzy logic system had the
92.8% accuracy for pre-operational diagnosis and very high match between the
Matlab and FPGA output (94.2% match for pre-operational condition, and 100%
match for the post-operational and after physical therapy conditions). Interestingly
enough, our system is also able to detect improvements in patient condition after
the surgery and physical therapy. The main benefit of using FPGAs in this study is
to create an inexpensive, portable expert system for real time acquisition,
processing and providing the objective recommendation for disc hernia diagnosis
and tracking the condition improvement.

Keywords: disc hernia diagnosis, fuzzy inference systems, FPGA, medical
decision support system, hardware.

1. Introduction

In diagnosing discus hernia, magnetic resonance imaging (MRI) represents the gold
standard. However, MR scans alone are not as accurate as initially believed and should
not be used as the only diagnostic tool [1, 2]. While MRI and CT scanning are more or
less invasive and not appealing to the examined subject, both of these procedures are
time-consuming screening methods, and the queue time is substantial. Therefore, in
addition to surgical screening, using one of the appropriate imaging modalities to
diagnose lumbar discus hernia, the patient's medical history and physical examination
are necessary [3]. Such tests involve a set of measures (neurological evaluation of
motor, sensory, deep tendon reflex functions etc.) that will help assess the likely cause of
pain and the potential existence of a spinal nerve deficit [4].
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Neurological examination takes into account dermatomes. Dermatomes are described
as areas of skin innervated by specific nerves that originate from the spine [5, 6]. The
innervation of the muscles and the skin region on toes originate from the nerves between
the discs L5 and S1 in the spine, while the innervation of the heels arises from the nerves
that arise between the discs L4 and L5 in the spine [7, 8]. This means that when disc
herniation is present at either L4-L5 or L5-S1 level, the nerves experience pressure at
that level on either left or right side, causing muscle weakness on the corresponding left
or right foot. The main medical clausula, used in this paper is that innervation of the
muscles and the area of the skin on the forefeet originates from the pressured nerve
located between the L5 and S1 vertebrae, while the roots of the nerves innervating the
heels are located between the spine disks of L4 and L5 [7, 8]. As a result, if disk
herniation is located at the L4-L5 level, the subject would suffer muscle weakness on
heels, whilst subjects with disc hernia on level L5-S1, would suffer muscle weakness on
forefeet. Therefore, the clinical evaluation of the level of discus hernia includes pushing
the patient's forefeet and heels against doctors’ hand and attempting to determine
whether there is a muscle weakness on the forefoot/heel. Despite the fact that the
neurological examination has been identified as a reliable procedure for diagnosing disk
herniation [9, 10], the reliability depends on standardization [10] and the tests for
muscle weakness are subjective and could be affected by many factors, including disease
severity, doctor’s experience, etc. It can be concluded that there is a need for an accurate
evaluation of the motor function / weakness of the toes, which is non-invasive and can
be used as part of the decision support system in the diagnosis of disk hernia. We
present the novel methodology for measuring feet forces using the platform with
sensors. Such sensors, along with the custom design chip (i.e. programed FPGA chip),
would create an independent system for disc hernia diagnostics that can replace the
subjective neurological test.

1.1. Related work

Although fuzzy logic is a long-studied topic, and there is a tremendous number of papers
that deal with FPGA-based fuzzy logic controllers [11-15], there are not so many studies
that deal with implementation of fuzzy systems on FPGAs that are related to medicals
diagnostics. Several attempts have been made to resolve fuzzy inference issues using
parallel processing and reconfigurable architecture available through Field
Programmable Gate Array (FPGA) [16]. Chowdhury et al. have published several
papers on the topics of FPGA-based fuzzy architectures for the purposes of medical
diagnosis [16-18]. It could be said that their designs focus on defining a processor
architecture that would exploit the parallelism fully used in fuzzy inferences and then
further use the implemented design in processors like FPGAs, in order to predict
possible critical condition of a patient at an early stage [18]. For that purposes, they
mainly investigate the coupling between the neuro-fuzzy systems. Their papers
theoretically investigate fuzzy neural networks for the purposes of medical diagnosis
systems and then apply it on the problem of early detection of the upcoming critical
renal condition [17]. In that sense, only rules that have a positive degree of validation
are exploited. Developed system is tested with the data from real patients to compare the
results from the implemented fuzzy neural network and the “gold standard” which was
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the actual pathophysiological state of the patient [17, 18]. Accuracy of the predicted
critical state was 95.2% using the implemented FPGA based medical diagnostic
decision-making system [16]. Similar to their previous work, another research focuses
on the development of FPGA based smart processing system that can predict the
physiological state of a patient, given the past physiological data of the patient.
Developed system can trigger an alarm in advance, before the critical state of a patient
and notify the doctor remotely [16]. The main conclusion from their systems is that
physiological measures from patients are subjected to noise and uncertainty, and single
patient data cannot be enough to derive conclusions due to the sensors’ quality and
accuracy issues. This is even more true for the cases when decision about the future
physiological state of the patient has to be made. Therefore, it is necessary to collect a
sequence of patient pathophysiological state data in different time steps [17]. Cintra et
al. [19] investigated the method that is capable of detecting cardiopathies in
electrocardiograms and implemented that system in FPGA. In order to reduce the
amount of data sampling, they adopted the logic of fuzzy clustering. Through a
correlation method on the samples, they proved that it is possible to set an initial
diagnosis of indication of a cardiopathy and their main contribution is clustering process
that improves the hardware implementation without the loss in accuracy (achieved
accuracy for correct diagnosis was 91%) [19]. Other authors have also investigated the
implementation of VLSI fuzzy classifiers in biomedical applications. For example, Jothi
et al. investigated diabetic epilepsy risk level classification and compared it with FPGA
output [20]. The results are reported to be a good match between the FPGA and Matlab,
however the authors do not specify how the implementation is achieved, nor report any
details of implementation. With similar purpose to the previous research, Balamurugan
et al. have built a simple and robust SIRM fuzzy processor to classify the epilepsy risk
level of diabetic patients and report similar conclusions [21].

Fuzzy logic is often combined with neural networks in order to improve the accuracy.
Nilosey et al. employed FPGA based fuzzy interface system cascaded with a feed-
forward neural network in order to obtain an optimum decision regarding the future
pathology physiological state of a patient. With this methodology, they claim that the
chance of predicting the critical diabetic condition of a patient can be achieved
accurately, more precisely 30 days ahead of actually attaining the critical condition. The
method itself represents an expert system of its kind [22]. Another approach to
modelling fuzzy systems is taken by Bariga et al. who adopted a fuzzy logic modeling
style using two strategies: behavioral modeling using VHDL and a structural VHDL
based on a specific architecture of fuzzy processor. In order to take advantage of the
FPGA resources of the devices, they discuss different approaches and employ
environment Xfuzzy for the fuzzy system development. This environment is based on
the XFL3 specification language, which is a high-level description language, outlining
the advantage of focusing on the structure of the system and the behavioral
specifications in such way and not on the programming itself, therefore reducing the
time for implementing the system [23].



622 Sustersic et al.
1.2. Advances in FPGA-based processing systems in medical diagnosis

On one side, the main advantage of FPGA-based processing systems is the achieved
shorter time span in comparison to the other current processors. High speed simulation
of neuron models is becoming the necessity [24]. Intelligent system, which is embedded
in one single chip and contains all necessary functionality, gives the FPGAs the
advantage over some microcontrollers as it combines high-speed processing and
hardware performance with the possibility of software-based changes in the description
of the circuits [25]. It has been shown in previous work by Orsila et al. that
multiprocessor system-on-chip architecture has the potential to improve the performance
of the whole system and reduce the costs [26]. Other researchers like Raychev et al.
have outlined the advantages of implementing a processor in hardware [27], such as
improved implementation flexibility and design [18]. Chowdhury et al. obtained their
results explained in the aforementioned text within an interval of 1.92ms, which
guarantees the real-time behavior [18]. Chowdhury et al. also justify the necessity of
using FPGAs by explaining that in third world countries like India, doctors are scarcely
available in rural areas (only 2% of doctors reside in rural areas). Therefore, these
problems necessitate the use of an inexpensive, portable, low power battery operated
high-speed equipment that can have the intelligence to predict an imminent health
hazard and red alert the patients in rural sectors to contact the doctors for necessary care
[17].

On the other side, real time response and controlled accuracy are the biggest outlined
issues when it comes to hardware implementation. A delay of a few milliseconds in
delivery of results is not something that can be considered a big difference in medical
diagnosis. It could be said that software approach could give satisfactory results,
especially in more complex systems, as it would be very hard to implement such systems
in hardware, without much gain in speed up [16]. The main motivation for a hardware-
based implementation in medical diagnostics is the necessity for an inexpensive and
non-invasive portable system. Here, it could be said that the main disadvantage one
ASIC based hardware are high development costs and low reconfigurability it offers
[16]. Contrary, FPGA solution allows new changes in the proposed diagnostic algorithm
to be mapped onto the hardware without costly adjustments [16].

It should be also said that medical diagnosis, as a complex and judgmental process, is
based not only on the literature data and data obtained from medical tests, but also on
the experience of the doctor. However, as already mentioned, subjective decisions made
by doctors are affected by many factors including environment and emotional state of a
person (being tired or not, influence of private life etc.) [17, 28]. Additionally, there is
also inter-physician variability in the decision process [17]. Because of that, the authors
of this paper in their previous work [29] have already established the development of a
smart system that employs fuzzy logic to predict the level of disc hernia based on
objective force values from four sensors placed on two panels designed for feet. This
paper aims at implementing that system on FPGA chip to satisfy real time analysis and
development of inexpensive portable on-site platform. Main contributions of the
proposed system are:

. implementation of the fuzzy logic for the purposes of objective disc hernia

diagnostics on FPGA
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. fuzzy inference system was realized in the form of look up table (LUT), to meet
the demand for effective resource utilization

. the system is able to connect to the portable platform for foot force
measurements, achieving the demand for inexpensive portable on-site platform
for objective diagnostic, independent of any computer/laptop.

. the fuzzy system was adapted and is using Sugeno method in comparison to the
fuzzy system that used Mamdani method described in [29] to be more suitable
for hardware implementation

. the portable device is user-friendly with fast analysis in real time, thus reducing
the time and queue for patient diagnostics

. the system is able to detect the improvement in muscle strength after the
surgery and physical therapy in comparison to the pre-operational condition,
which has not been investigated in any other papers before.

2. Materials and Methods

Complex processes that are usually controlled by human experts should be described
using uncertainty models [30]. Although an adequate level of precision can be achieved
by quantification of uncertainty, for the most of the processes, a better solution is
accepting a certain level of imprecision by using fuzzy logic. This logic describes the
imprecision and uncertainty using expert knowledge base as the fundament in
controlling a complex process control system [30]. Fuzzy inference system (FIS), if
organized in the form of addition and subtraction operations, would benefit from
implementation on FPGA, in terms of resource utilization and speed-up. To implement
division using FPGA is a challenging task and leads to losing some benefits of using
hardware, as division occupies a lot of FPGA resources. Therefore, Bhole et al.
proposed a novel algorithm that uses fixed to floating point conversion and used it in
implementing floating point division in FIS. Their main conclusion was that proposed
dignified methodology for fixed to floating point conversion reduces time requirements
and improves resource utilization [30].

2.1. FPGA Implementation of Fuzzy Logic for Disc Hernia Diagnostics

As already mentioned, the main challenges in implementation of fuzzy logic are the
dimensionality, real time response and accuracy. These objections can be overcome by
using reconfigurable architecture, parallel processing and floating-point operations that
are available through Field Programmable Gate Array (FPGA). Proposed block diagram
for the FPGA implementation of signal processing for Disc Hernia Diagnostics, coupled
with the foot force platform measurement system is shown in Fig 1.
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Fig. 1. Block diagram of the proposed coupled FPGA signal processing and foot force platform
measurement system

In this figure, on the measurement level, the patient is subjected to the measuring
system. The measurement hardware includes two identical platforms with designated
surface area for patient’s feet. These areas have four sensors per foot placed on specific
points of each foot: L1-3 sensors for the left foot placed on the forefeet, L4 sensor
placed on the heel of the left foot, R1-3 sensors for the right foot placed on the forefeet,
R4 sensor placed on the heel of the right foot. Position of sensors could be adjusted to
the patient foot size; therefore, the position is patient specific. Standard Flexi Force
A201 [31] sensors are used, with force range from 0 to 440N. The placement choice of
four characteristic points of the foot are based on the neurological exam of the doctor.
The exam is the standard procedure done by a neurologist and includes pressing each
foot of admitted patient against the doctor’s hand and examining the pressure that heel
and toes are making on the hand. In such a way, the doctor is looking into any
differences in pressures between heels and toes of the left and right foot (called muscle
weakness in toes/heels). The system is tested with a larger number of sensors (up to 8
sensors per foot - 16 sensors overall), in order to cover greater surface on the platform
with sensors. Obtained results were the same, which indicates that at least 4 sensors per
foot were enough to capture the phenomena. As a result, the smallest number of sensors
that would achieve the highest accuracy was adopted. If another set of sensors (from
another producer) would be used, as long as the typical performance of the sensors is not
changed (primarily sensor sensitivity and repeatability), the system is able to correctly
classify the output diagnosis. Depending on the producer of the sensor, if the operating
range is different than the used FlexiForce A201 sensors, the fuzzy system has to be
recalibrated to cover the operating range of the sensors. A more detailed explanation of
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the constructed platform, as well as the place of the sensors L1-L4 and R1-R4 with
respect to the platform could be found in [29, 32].
The measurement procedure included three segments which are performed one after
another in one continuous recording:
1. patient is standing on both feet normally
2. patient is standing on both feet, but only on the forefeet/toes (term forefoot/toes
is used here for standing on the metatarsal heads)
3. patient is standing only on heels

Based on these measurements, average values are calculated directly on the
microprocessor:

1. average measurement value from the L1-L3 sensors during the left forefoot
standing (further denoted as toes_left, also in Fig 1)

2. average measurement value from the R1-R3 sensors during the right forefoot
standing (further denoted as toes_right, also in Fig 1)

3. average measurement value from the L4 sensor during the left heel standing
(further denoted as heel_left, also in Fig 1)

4. average measurement value from the R4 sensor during the right heel standing
(further denoted as heel_right, also in Fig 1)

These values are further sent to FPGA for the fuzzification. The process consists of
the usual steps in Fuzzy Logic System (FLS) — fuzzification, inference mechanism that
includes knowledge base and defuzzification. Defuzified value is returned to the doctor
in the form of indicator whether disc herniation is diagnosed at all, and if it is, at which
level it is detected:

1. disc hernia on the left side at the L4/L5 disc level
2. disc hernia on the right side at the L4/L5 disc level
3. disc hernia on the left side at the L5/S1 disc level
4. disc hernia on the right side at the L5/S1 disc level.

2.2. Fuzzy Theory - Fuzzy Inference System Design Steps

Generally, FLS represents a nonlinear mapping of input features into the scalar output
based on several steps. The attractiveness of fuzzy logic is the number of possibilities
that can be achieved with different mappings [30]. We will further only briefly present
the FIS system and describe how it is used to suit the purposes of automatic disc
herniation diagnostics. Every FIS should have the following steps:

1. Definition of objectives: Our FIS system should be able to determine the level
of disc hernia, based on foot force measurements obtained using the hardware
described previously by the same authors [29].

2. Determination of the antecedents, consequents, and fuzzy rules: Fuzzy logic
means reasoning using fuzzy sets, and description of linguistic variables,
whereas triangular or trapezoidal membership functions are most commonly
used. Disc Hernia is a nonlinear process, which can be mapped using
trapezoidal membership functions as it was shown in [29]. Normally, since the
accuracy of definition is directly dependent on fuzzy patches, it is logical that if
the number of fuzzy patches increases, resolution and accuracy increase.
However, the complexity of FIS also increases. In order to obtain the balance
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between complexity and accuracy, three linguistic variables are selected for
each input — very low, low and normal (Fig 2).

low normal

very_low

3 749 10 11 12 14 15 21

Fig. 2. Linguistic variables used in fuzzification process for disc hernia diagnostics

Formulation of the knowledge base: Decision is made based on the expert
knowledge, which in our case is defined by the medical doctor. We have
defined 42 fuzzy rules implemented as LUT that describe the process of
diagnosing the level of disc hernia. Examples of some rules are:
a. |If toes_left is VERY_LOW and toes_right is NORMAL and heel_left
is NORMAL and heel_right is NORMAL, then diagnosis will be
L5/S1 ON THE LEFT SIDE
b. If toes_left is NORMAL and toes_right is VERY_LOW and heel_left
is NORMAL and heel_right is NORMAL, then diagnosis will be
L5/S1 ON THE RIGHT SIDE
c. If toes_left is NORMAL and toes_right is NORMAL and heel_left is
LOW and heel_right is NORMAL, then diagnosis will be L4/L5 ON
THE LEFT SIDE
d. If toes_left is NORMAL and toes_right is NORMAL and heel_left is
NORMAL and heel_right is LOW, then diagnosis will be L4/L5 ON
THE RIGHT SIDE
Determination of conjunction and disjunction operators: conjunction and
disjunction operators are defined in consultation with the medical doctor-
expert. For the operators, MAX(x1,x2,x3,x4) was used.
Defuzzification: In order to determine the crisp output and final decision from
the FIS, several methods can be applied. In Mamdany FIS, crisp conversion is
most commonly centre of gravity method where the centroid represents the
crisp consequence. However, Mamdani style is not suitable for this project. The
reason for this is that Mamdani method requires finding the centroid of a two-
dimensional shape by integrating across a continuously varying function [33].
This method is not computationally efficient nor the output in the form of
triangle or trapezoidal membership functions is easy to implement. Moreover,
defuzzification calculation is very complicated to be achieved in VHDL.
Sagaria (2008) proved that with the Mamdani method results are not
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necessarily effective or better, and that Sugeno style is much more suitable for
hardware implementation [13]. This is due to the fact that the output of this
method uses spikes called singletons, meaning there is a unity at single
particular point and it is zero elsewhere. This leads to the output of each fuzzy
rule being constant [13]. Because of this, Sugeno method has the advantage of
being simple as a method, which leads to fast calculations and is relatively easy
to implement on hardware. According to [34], fuzzy processor based on the
Sugeno method is a good trade-off between the hardware simplicity and
efficiency, without the loss in accuracy. Therefore, we have also used Sugeno
method to suit the hardware purposes, which is different from the Maamdani
method used in [29].

6. Testing and validation: Testing the system and tuning the rules has been
achieved through several iterations, until satisfactory results are obtained. The
proposed fuzzy inference system has already been proved to be adequate for
disc hernia diagnostics in [29].

2.3. FPGA signal analysis

The real time logic (RTL) design of the overall created system is presented in Fig 3. The
input to the fuzzy inference system are four values of the foot force measurements as
previously mentioned: average measurement value from the L1-L3 sensors during the
left forefoot standing (further denoted as toes_left), average measurement value from the
R1-R3 sensors during the right forefoot standing (further denoted as toes_right), average
measurement value from the L4 sensor during the left heel standing (further denoted as
heel_left), and average measurement value from the R4 sensor during the right heel
standing (further denoted as heel_right). They are all represented as 8 bit
std_logic_vector(7:0). Of course, inputs to the top_module are also clear (clr) and
master clock (mclk) of 50MHz. The reason for using 50MHz is that the master clock on
the Nexys 2 board (only available board in our case used for real time implementation)
is of that frequency, but the frequency of the mclk can be easily changed depending on
the available board. Output of the system is the diagnosis in the form of the 4 bit vector
(led(3:0)), where four 0000 represent the healthy person and each 1 in the four bit vector
represents one diagnosis (1000 — L4/L5 on the left side, 0100 — L4/L5 on the right side,
0010 — L5/S1 on the left side; 0001 — L5/S1 on the right side). Another output of the
system is the maximum(7:0), which represents the certainty value of the calculated
diagnosis.
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Fig. 3. RTL schematic of the top_module for the fuzzy disc hernia diagnosis system

Inside the top_module, the first subsystem is Ul that represents the fuzzification
subsystem (Fig 4). The system takes four input values and fuzzifies them according to
the defined three linguistic variables - very low, low and normal, indicating muscle
weakness. After this, based on the LUT table, for each input, an array of three values is
created indicating the membership degree to each linguistic variable. This is done in
such a way to avoid floating point format, so membership degree is scaled to be in range
of 0-100 (instead of O - 1). Membership degree is calculated in advance based on the
equation for linear function through two points and implemented as LUT table. In the
LUT table, the y value with membership degree was calculated for the points on the x
axis with the discretization of 0.2. The values are multiplied then with 10, same as for
the y axis value, to avoid floating point format and work with integer values. The same
logic was applied in [16] and [25]. This means that y value was calculated in advance
for 0 (0), 0.2 (20), 0.4 (40) etc. and forwarded to LUT. The input values have to be
rounded to the even number, and they are all in the range of 0 — 21 (210), which is
covered by 8-bit vector. The system has been tested with both finer and coarser
discretization and the adopted described discretization has been shown to have the best
tradeoff between the complexity and accuracy. For example, for input toes_left(7:0), an
array fuzzy t |is created, where fuzzy t I(0)(7:0) indicates the degree of membership to
the linguistic variable very low, fuzzy t I(1)(7:0) indicates the degree of membership to
the linguistic variable low and fuzzy t 1(2)(7:0) indicates the degree of membership to
the linguistic variable normal. The same output values are further transferred both to U2
and U3.
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Fig. 4. RTL schematic of U1 subsystem for fuzzification of input data

These variables fuzzy t_|, fuzzy t_r, fuzzy_h_l, fuzzy_h_r are forwarded to the U2
system (Fig 5) to combine the maximal values for the mentioned variables and
determine one overall maximum membership degree and one maximum across three
linguistic variables per input. The output of the system is the red colored maximum
value (maximal membership value).

A |
combination

fuzzy h O)(7.0) | _mgimum(7.0) maximum(7.0)
fuzzy h (1H7.0)
fuzzy h (2)(7.0)
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fuzzy t (0)(7,0) — 7.9
fuzzy t f(1){7.0)
fuzzy 1 {2)(7,0)

melk RS 4(7:0)

u2

Fig. 5. RTL schematic of U2 subsystem for combination of input fuzzified data

These same variables fuzzy t |, fuzzy t r, fuzzy_h_I, fuzzy h_r are forwarded to the
U3 system (Fig 6), along with the calculated maximum max_1(7:0) to max_4(7:0) to
determine which linguistic variables are active. This is organized in such a way that
max_1(7:0) to max_4(7:0) is compared with the fuzzy t I(7:0), fuzzy_ t r(7:0),



630 Sustersic et al.

fuzzy_h_I(7:0), fuzzy_h_r(7:0), and 001 is shifted to the left a number of times that
corresponds to the index of the fuzzy x_x that matches the value of max_x. This means
that only one linguistic variable will be active per fuzzified input bit equals 1 in the
place corresponding to the activated linguistic variable. As follows, four outputs
r_toes_left(2:0), r_toes right(2:0), r_heel left(2:0), r_heel right(2:0) are created,
where only one bit will be 1, and the remaining two bits will be 0.

coding
F— N\

fuzzy h 1(0)(7.0) _heel left(2:0)
fuzzy h 1(1)(7:0)
fuzzy_h_1(2)(7.0)
fuzzy h_r(0)(7:0)
fuzzy h r(1)(7;0)

fuzy b r(2)(7.0) — | ¢ heel right(2:0)
fuzzy t 1(0)(7.0)
fuzzy t 1(1)(7:0)
fuzzy t 1(2)(7:0)
fuzzy t r(0)(7:0)
fuzzy t r(1)(7,0)

Lt 085 _1€ft(2:0)
fuzzy t r(2)(7:0)
max_1(7:0)
max 2(7.0)
max 3(7:0)
max_4(7:0)

mdk ———rt0€S_right(2:0)

A 4

u3
Fig. 6. RTL schematic of U3 subsystem for coding of input data

Calculated  variables  r_toes left(2:0), r_toes_right(2:0), r_heel left(2:0),
r_heel_right(2:0) serve as the input to the final block U4 shown in Fig 7. This block is
responsible for rule activation. Overall, 42 rules were written based on expert
knowledge. Final output is a four bit vector output(3:0), where position of the bit with
the value 1 indicates the diagnosis (1000 — L4/L5 on the left side, 0100 — L4/L5 on the
right side, 0010 — L5/S1 on the left side; 0001 — L5/S1 on the right side). The output
diagnosis can be shown as led light on FPGA hardware board, where the position of the
led indicates the diagnosis, so no knowledge of the hardware is necessary to understand
the final output on the board.
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decision
r_heel left(20) output(3:0) led(3:0)
r_heel_right(2.0)
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Fig. 7. RTL schematic of U4 subsystem for final decision (defuzzification)

2.4. Dataset

The dataset used in this study included force measurements of 56 adult subjects pre-
operationally diagnosed with L4/L5 or L5/S1 discus hernia and 33 adult subjects after
surgery and physical therapy. Their medical condition was assessed before operation,
after the surgery and after physical therapy using both the designed system and doctor
expert. Dataset was collected during the period from 2015 to 2020, in Clinical Centre
Kragujevac, Serbia. Demographic details of subjects - gender, age, height and weight
were assessed and noted. Information about demographic data is given in Table | in the
form of mean + standard deviation. Inclusion criteria for the study was that patients had
only disc herniation at the level of L4/L5 and L5/S1 and were without any other spinal
problems. This means that patients with spinal stenosis, spondylolisthesis, cauda equina
syndrome, neurogenic claudication or previous spinal surgery, or diseases affecting
multiple discs were excluded from the dataset. Patients with pathologies of the lumbar
spine, including tumors, infections, inflammatory spondyloarthropathies, fractures,
Paget disease, severe osteoporosis, diabetes and pregnancy were excluded from the
dataset as well.

Table 1. Demographic details of the tested patients — preoperational, post operational and after
physical therapy

Pre-operational Number Age (years)  Weight (kg) Height (cm)
Male with disc hernia 28 43.78+13.41 96.33+14.9 181.33+5.55
Female with disc hernia 28 41.80+9.96  75.5+9.42 172.83+4.96
Post operational and
after physical therapy

Male with disc hernia 17 42+13.37 90+13.30 182+5.66
Female with disc hernia 16 42+13 6619 169+7

Number Age (years)  Weight (kg) Height (cm)
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Distribution of the patients with disc herniation pre-operationally, belonging to four

different categories was as follows:
1. disc hernia on left side at the L4/L5 disc level (12 patients)
2. disc hernia on right side at the L4/L5 disc level (12 patients)
3. disc hernia on left side at the L5/S1 disc level (13 patients)
4. disc hernia on right side at the L5/S1 disc level (19 patients)
Distribution of the patients with disc herniation post-operationally and after physical
therapy, belonging to four different categories was as follows:
1. disc hernia on left side at the L4/L5 disc level (9 patients)
2. disc hernia on right side at the L4/L5 disc level (5 patients)
3. disc hernia on left side at the L5/S1 disc level (7 patients)
4. disc hernia on right side at the L5/S1 disc level (12 patients)

Patients with disc hernia L3/L4 were not included in this study as there is no proven
relationship between the muscle weakness and this diagnosis. Additionally, it is not so
common diagnosis, and only one patient was admitted during dataset collection with this
diagnosis. This distribution is logical as previous investigation on distribution of disc
hernia diagnosis showed that 75% of herniated discs occur at the lumbosacral junction
(L5/S1), 20 % at L4/L5 level and the remaining 5% of the upper lumbar levels (L3/L4
etc.) [35].

3. Results and Discussion

The results showed that the designed system is accurate enough to be used as a
transportable system with the measurement platforms. Also, the system is able to detect
the improvement in muscle strength after the surgery and physical therapy. As it was
previously reported, the results show that smaller forefoot force is recorded on the
corresponding foot in the case of the patient diagnosed with L5/S1 disc hernia, whilst
weaker heel force was recorded on the corresponding foot in the case of the patient
diagnosed with L4/L5 disc hernia. For example, in the case of the patient diagnosed with
L4/L5 disc hernia on the left side, weaker heel force was detected on the left foot; if the
patient is diagnosed with L5/S1 disc hernia on the right side, weaker forefoot force was
detected on the right foot etc. The results are in accordance with previously published
results by authors and with diagnostic logic used by the doctor. The medical background
that supports this logic lies in the fact that innervation of the muscles and skin area that
are present on the toes originate from the nerves between L5 and S1 discs in the spine,
while innervation of the heels is done via nerves that originate between L4 and L5 discs
in the spine [36, 37].

An example of the diagnosed L5/S1 disc hernia on the right side is given in Fig 8.
The most important signals were already explained in the section Materials and
Methods. Inputs to the system are four recorded values toes_left(7:0), toes_right(7:0),
heel_left(7:0), heel_right(7:0). Additional variables r_toes_left(2:0), r_toes_right(2:0),
r_heel_left(2:0), r_heel _right(2:0) show membership functions activated by each input
variable after fuzzification. Variables max_1(7:0), max_2(7:0), max_3(7:0), max_4(7:0)
show the membership degrees of the previously explained activated membership
functions. The output is led(3:0) where the position of 1 indicates the diagnosis, in this
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case, number one in the last position indicates the detected diagnosis L5/S1 on the right
side.

Fig. 8. Simulation results in the case of L5/S1 disc hernia on the right side

The results for the pre-operational state show that out of 56 patients preoperationally,
52 patients were diagnosed with the correct diagnosis by Matlab that matches the gold
standard (Table 2). Out of the three wrongly classified diagnosis, two were L4/L5 on the
left side and two were L5/S1 on the right side. This means that the overall accuracy was
92.85%.

Table 2. Comparison of the gold standard, Matlab and FPGA results for pre-operational
diagnosis

Gold Standard ~ Number of patients correctly

Diagnosis (medical diagnosed
doctor) Matlab FPGA
L4/L5 left 12 10 9
L4/L5 right 12 12 12
L5/S1 left 13 13 13
L5/S1 right 19 17 15

For the mentioned four patients with wrong diagnosis in comparison to the gold
standard, three patients were classified as healthy, meaning the system was not able to
detect disc herniation on any level, due to small differences in recorded forces, that were
not big enough to diagnose herniated disc. One patient was diagnosed with L4/L5 on the
right side (instead of L5/S1 on the right side), because the recorded value of the force on
the right heel was close to zero. It is understandable that the system gave such output,
both using the Matlab and FPGA, however, the recorded value may not represent the
real case, as it could have happened that the sensors were not adjusted well to match the
patient’s foot size adequately, and the force was not well recorded.

Additionally, we compared the results of the fuzzy system implemented in Matlab,
which uses floating point format in order to compare it with the results obtained with the
implemented logic in FPGA (Table 2 second and third column). Three patients showed
mismatch between the Matlab and FPGA output. The reason for this was the
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discretization logic that was not detailed enough for these three cases to capture the
phenomena. However, if a more detailed discretization is adopted, these cases could
have been included. As a result, the patients were misclassified by FPGA, in comparison
to the Matlab output (one diagnosis was L4/L5 on the left side and two were diagnoses
L5/S1 on the right side). This means that sensitivity, specificity and accuracy
respectively, using FPGA in comparison to the Matlab, were:

e L4/L5 on the left side — 0.818, 0.977, 0.945

e L4/L5 on the right side — 1, 0.977, 0.982

e L5/S1 on the left side — 1, 0.976, 0.982

e L5/S1 on the right side — 0.882, 0.975, 0.947

The promising results when comparing the pre-operational diagnosis between the

FPGA and Matlab were confirmed also for the post-operational and after physical
therapy results. For the case of post-operational state, Matlab and FPGA results matched
100%, where the improvement was detected in 18 cases (54.5% of patients) (Table 3).

Table 3. Comparison of the gold standard, Matlab and FPGA results for improved post-
operational condition

Pre-operational Number of patients with improved condition
diagnosis Gold_ Standard Matlab EPGA
(medical doctor)

L4/L5 left 4 4 4
L4/L5 right 3 3 3
L5/S1 left 4 4 4
L5/S1 right 7 7 7

Out of these, 4 of the 9 patients with L4/L5 on the left side showed improvement, 3 of
the 5 patients with L4/L5 on the right side showed improvement, 4 of the 7 patients with
L5/S1 on the left side showed improvement and 7 of 12 patients with L5/S1 on the right
side showed improvement. The doctor’s diagnosis confirmed these improvements,
meaning that gold standard matched the results obtained by either Matlab/FPGA. One
patient was wrongly diagnosed with L5/S1 disc hernia on the left side after operation,
while before operation the diagnosis was L5/S1 disc hernia on the right side. There was
a problem with decision regarding two patients, which had very low values on some
sensors — one patient was the same patient as described above, with the force on the
right heel that was close to zero. Since the same situation was noticed again after
physical therapy, we can conclude that this patient (female) could have had very small
feet size that were not placed well on the platform and the sensors were not adjusted
well to fit the feet of this patient. Because we had only 33 patients, we did not want to
exclude this patient from the dataset, but instead we give this very plausible explanation
for the result, which will serve as a reminder for a doctor/physician that will use this
decision support system to pay attention when adjusting the placement of sensors. A
recommendation for the future upgrades of the system would be to create several fixed
positions according to the size of the feet of the tested subjects, which could be changed
similarly to the moving rack, so only some positions are available, and not the infinite
number of positions.

For the after physical therapy condition, even more patients showed muscle strength
improvements (23 patients) - 7 of the 9 patients with L4/L5 on the left side, 5 of 5
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patients with L4/L5 on the right side, 5 of the 7 patients with L5/S1 on the left side and
6 of the 12 patients with L5/S1 on the right side (Table 4).

Table 4. Comparison of the gold standard, Matlab and FPGA results for improved after physical
therapy condition

Pre-operational Number of patients with improved condition
diagnosis Gold_ Standard Matlab EPGA
(medical doctor)

L4/L5 left 7 7 7
L4/L5 right 5 5 5
L5/S1 left 5 5 5
L5/S1 right 6 6 6

As already mentioned, one female patient had a recording of values close to zero for
more than one sensor for pre-operational, post-operational and after physical therapy,
leading to false alarms as a result of a systematic error in measurement. Other 5 wrongly
diagnosed L5/S1 on the right side, 2 wrongly diagnosed L5/S1 on the left side and 2
wrongly diagnosed L4/L5 on the left side matched the logic described by the doctor
when diagnosing the level of herniated discs - it was the measurements that mislead to
such conclusions. When it comes to the comparison of the Matlab and FPGA results, the
match was 100%, meaning that the same outputs were given by Matlab and FPGA in all
cases, as well as the same match was achieved when compared with the gold standard.

The simulation time to obtain results was of ns order of magnitudes, while the device
utilization summary is given in Table 5. The available used hardware was Nexys 2
circuit board, which is a complete development platform based on a Xilinx Spartan 3E
FPGA [38]. Beside the 500K-gate Spartan 3E-500 FG320 chip, the platform has 50MHz
oscillator plus socket for second oscillator, 16MB of Micron PSDRAM &16MB of Intel
Strata Flash ROM external memory, and several 1/0 devices and ports that allow user to
perform complex implementation of different algorithms.

Table 5. Device utilization summary

Used Available Utilization

Number of Slices 522 4656 11%
Number of Flip Flops 12 9312 0%
Number of 4 input LUTs 933 9312 10%
Number of I0Bs 44 232 18%

Some authors used the idea of processing only the active rules (meaning the rules that
give a non-null contribution to the final result), instead of all of them [34]. This is done
in order to reduce the utilization of the resources on the board. We have achieved this by
using the LUT, and as it can be seen from the Table, even with a simple development
board, the results are satisfying.

We wanted to prove that discretization logic proposed in this paper, as well as
implementation of the fuzzy logic as LUT table does not lead to the loss in the accuracy
and in return gives the benefits of using FPGAs in signal processing like parallel
processing, speed up etc. Additionally, the main benefit here is that the board platform
could be used to be connected to the measurement platform, achieving the real time
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processing, without the use of different applications, laptops/computers etc. User-
friendly interface is achieved in this study via output result that will be in the form of led
light, where the position of the led light indicates the diagnosis. However, it could be
also easily achieved that the diagnosis is written on the led display or similar, whatever
option the doctor (user) finds more appealing. Standard microcontroller provides
flexibility in the definition of the knowledge base and choosing the inference algorithms.
Nonetheless, the same microcontrollers become inadequate when solving the problems
that demand high inference speeds, small size, and low power consumption. For this
reason, more specific hardware solutions must be chosen, such as FPGAs, which are
more than adequate when the needs for applications related to portable embedded
systems or strong real-time requirements have to be met [22,23].

There are couple of papers such as [6], [37] and [38] that examine the neurological
relationship between the nerve roots and the dermatomes. However, these studies are
conducted mainly from a medical point of view in the form of case studies and describe
the justifications for the use of muscle weakness in the treatment of disk herniation and
related spine problems. Except some papers from our research group [29, 32, 39], there
are no studies that develop the platform for the purposes of disc hernia diagnostics, nor
there are papers concerned with the application of any artificial intelligence algorithms
on foot force signals to diagnose disk hernia at the levels of L4/L5 and/or L5/S1 levels.
Our research group has developed a novel platform with sensor presented in [29], that
would be used to record and detect muscle weakness on toes. Another paper by the same
research group investigated the statistical significance of the sensor values in
comparison to the clinical manual muscle test [39], while an early disk herniation
identification system as a supportive tool for physicians is presented in [32], which will
serve as a supportive tool to send the tested patients for further examination. No other
work has developed such a framework for accurately calculating muscle weakness and
implemented any machine learning algorithms to objectively determine disc hernia level
(L4/L5 or L5/S1) and side (left or right).

Fuzzy logic may not be the best approach in solving this kind of a problem in
comparison to the more advanced artificial intelligence algorithms. This represents the
main limitation of this study. However, fuzzy logic is easily implemented in FPGASs in
comparison to the neural networks, SVM etc. and the presented results show the
accuracy is high enough to be used even without the application of complex algorithms.
The logic behind the disc hernia detection is based on IF-THEN-ELSE rules, and
therefore the fuzzy logic stands as a logical choice in solving such problems. The main
advantage of the system implemented on FPGA is that real time signal acquisition,
processing and decision support system in disc hernia diagnosis and post-surgical
recovery can be implemented. In that sense, FPGA have the precedence over GPU when
it comes to the real time signal acquisition and analysis.

4. Conclusion

Fuzzy Logic provides a different approach to solving a classification problem, which in
this study is the level of disc hernia diagnosis. This method is based on the expert
knowledge for the formulation of the rule base, which is a powerful tool in solving the
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problem. It is very convenient to use when there is no mathematical model to describe
the phenomena, which was adequate in this study, as the process of disc hernia diagnosis
is described with if-then-else rules. We have already used the explained fuzzy logic on
the problem of disc hernia diagnostics as presented in [29]. However, system presented
in [29] had to be connected to the laptop or desktop computer, with adequate application
that the doctor should get familiar with etc. These main drawbacks were addressed in
this paper, which lead to the application of the FPGA in processing the obtained signals.
The results show that the adapted fuzzy logic system achieves satisfying results both for
pre-operational diagnosis, but also detects the improvements after the surgery and
physical therapy. Generally, the system showed 92.8% accuracy and very high match
between the Matlab and FPGA output (94.2% match for pre-operational condition, and
100% match for the post-operational and after physical therapy conditions). Some mis-
classification results were the problem of measurement, possibly due to the bad
adjustments of the sensors to the feet of the patient.

Future research would be focused on employing the described system in real
conditions as a portable expert system for acquisition, processing and giving the
objective recommendation for a final decision of disc hernia diagnosis.
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