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Diabetes Mellitus (DM) or Diabetes is a disease characterized by a high sugar level in the blood. The foot is con-

sidered as a distinct entity where most of the complication arises that often leads to lower extremity amputa-

tion. Recently, the Pulse Magnetic Field (PMF) devices that use magnetic field intensity as stimulants are being

used to improve blood circulation among patients with peripheral vascular diseases (PVD). This study pro-

motes the use of Near-Infrared Spectroscopy (NIRS) devices in diagnosing and monitoring DM after the use of

PMF devices by providing a piece of biomedical evidence through a simulation approach on how to recon-

struct a 3-dimensional biological tissue shape models. The result showed that this simulation approach could be

of use in the actual reconstruction of a diabetic foot showing the absorption coefficient. NIRS device and the

biomedical images could be of use in places where radiographic imaging modalities are not accessible. 
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1. Introduction

Diabetes Mellitus (DM) or Diabetes is a metabolic,

non-infectious, and non-pathogenic disease characterized

by the improper production of insulin by the organ

pancreas which results in the abnormal increase in the

glucose concentration in the body [1]. DM is considered

as a multi-systemic disease that affects individuals of any

age, gender, and whatever ethnicity a person belongs [2].

Based on global statistics, in the year 2015, the number of

adults suffering from DM accounts for 8.8 % [1] and by

the year 2040, there is an estimated projection of 642

million people suffering from this condition which is 10

% of the global population [3]. DM is considered a

substantially large and uncontrollable health issue over

the next few decades [1].

DM as a disease manifest in every part of the human

body. However, it is the musculoskeletal system, in

particular, the foot, that is most commonly affected. It

involves the lower extremities’ skin, soft tissues, muscles,

bones and joints, blood vessels and nerves. As stated, it is

considered as a distinct entity due to clinical complications

detected [2]. Among individuals suffering from DM, 50

% will have diabetic foot infection, 25 % is expected to

develop foot ulceration and 84 % of them will undergo

lower extremity amputation. The progressive character of

the disease demands accurate diagnosis and needs

effective management [1,4]. The inability to diagnose the

disease upon its onset will lead to major morbidity to the

patient including lower extremity amputation. Moreover,

over-diagnosis can post a socioeconomic challenge to its

governance due to the unwise use of healthcare resources.

[4].

Currently, glucometers that invasively measure the

blood glucose concentration are being used for monitoring

[1]. Also, it is undeniably true that the section of nuclear

medicine and radiology addresses the increasing demands

of health care, in particular, the need for diagnosis, disease
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prevention, pathophysiological understanding, and treatment

possibilities [5]. Moreover, in the year 1979, the Pulse

Magnetic Field (PMF) non-invasive devices were approved

by FDA to be used for bone fractures and stimulation of

neurons in the brain to promote depolarization or hyper-

polarization. Lately, PMF gained popularity as a non-

invasive medical treatment for peripheral vascular disease.

Several pieces of research in the year 1900’s reported that

PMF stimulation can increase blood flow. The erythrocytes

which are commonly known as red blood cells (RBCs)

which consist mainly of hemoglobin deliver oxygen to

the body tissues through blood flow in the circulatory

system. The aggregation of RBCs is said to be the reason

for the reduction of blood flow for it causes an increase in

vascular resistance during circulation. In the year 2015,

the effect of magnetic field intensity and PMF simulation

time in an aggregation of red blood cells in the hand and

feet are studied by Hwang, et al concluding the same

results. The study reported that a minimum 10 minutes’

disaggregation was found in 20 minutes of stimulation

time which increases the cell mobility up to 150 seconds.

Also, from 0.07 T to 0.19 T the disaggregation of cells

was maintained which showed the improvement of the

blood flow in vascularity [6]. 

Looking back, 2 years before the approval of Pulse

Magnetic devices, in 1977, a non-invasive and non-

ionizing technique known as Near-Infrared Spectroscopy

(NIRS) was being utilized in which the major events were

initiated by Frans Jöbsis who is considered as the founder

of Vivo NIRS. During his post-doctoral degree at the

University of Pennsylvania, he focused on monitoring of

intact tissues with the use of non-invasive optical properties.

Specifically, he demonstrated that during hyperventilation,

the changes in cortical oxygenation among adults can be

detected using NIRS. From this major event, this led to

other human functional NIRS application and development

up to the present [7].

NIRS an optical method uses near-infrared (NIR) light

ranging from 650-1000 nm that enables imaging of the

soft tissues of the body that maps the optical properties’

spatial and temporal distribution that corresponds to the

oxygenated and deoxygenated hemoglobin concentration

[8]. Several studies also showed that NIRS allows the

determination of the compression and expansion of blood

vessels and identification of wound healing potential

while maintaining its characteristics as being non-invasive,

non-ionizing and easy to use for it does not require

manual calibration, no need for additional medical supplies,

no need for specifically trained personnel and it is

portable. It’s mentioned characteristics and usage, allows

NIRS to be used as a clinical translational tool in

diagnosing and monitoring foot diabetes [9]. Over the

years, medical images have a very important role among

clinicians in terms of diagnosis and treatment. One of the

oldest is the use of X-ray were other tomographic modalities

were developed such as Computed Tomography (CT),

Magnetic Resonance Imaging (MRI), SPECT, PET or

ultrasound [10]. In this paper, the researchers would like

to promote the use of NIRS as a non-invasive tool in

diagnosing and monitoring the disaggregation of red

blood cells after the use of the PMF device by showing a

piece of evidence in diagnosing and monitoring this

condition after the magnetic field stimulation, a simulation

approach on how to reconstruct the 3 Dimensional (3D)

biological tissue such as rectangular and realistic shape

models will be demonstrated. These biomedical images

are oxygenated dynamic images that are reconstructed

using the contact-based NIRS. The NIRS device could be

of use in remote areas where diagnostic and monitoring

devices and radiographic imaging modalities are inaccessible

like the PET-CT scan due to its high cost. Moreover, the

3D reconstructed biomedical images could be of use by

the clinician for the exploration of the medical condition.

2. Materials and Methods

The Toast++ and MATLAB R2018b software applications

are used in this study to show the differences between the

assumed 3D biological tissue rectangular and realistic

models. Toast++ is an open-source toolbox developed

primarily for optical modeling of light transport in tissue

and image reconstruction in Diffuse Optical Tomography

(DOT). This allows the measurement and visualization of

an organ based on the optical properties. The absorption

and scattering properties are related to the hemoglobin

concentration and metabolism of the tissues that make it a

functional imaging tool [11]. The reconstruction of images

in DOT involves the forward and inverse problem. In

forward problem, the diffusion equation is used to predict

the distribution or propagation of NIR light in biological

tissue based on the presumed parameters of the source

and object while the inverse solver uses the forward

problem. The inverse solver reconstructs the distribution

of optical properties in the area of interest within the

boundaries of light transmission measurement [12]. The

MATLAB software application permits the access of

Toast++ software through a set of functions that allowed

the researchers to manipulate the mesh functions, matrix

assembly, and solution without comprising the performance

of the toolbox [11].

On this reconstruction approach, the researchers decided

to make two biological tissues shape models which are
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the rectangular and realistic models to show comparison

and to consider variances in the foot shape especially

when there is a presence of wound ulcer for this affects

photon absorption per unit path length. 

The following are the steps employed to reconstruct 3D

biological tissue shape models. 

a. Created an assumed biological tissue in a 2D form

showing two different absorption targets or nodal coefficients

as shown on the color map values (Fig. 1). The absorption

targets will serve as the region of interests. The general

parameters set were the refractive index having a value of

1.4, speed of light in a vacuum which is 3 × 108 m/

second, and the speed of light in a medium which is the

Fig. 1. (Color online) It is the assumed 2D Biological Tissue

Model with two targets to show the different absorption coef-

ficients when NIR propagates through a medium. The general

parameters set were the refractive index having a value of 1.4,

speed of light in a vacuum which is 3 × 108 m/second, and the

speed of light in a medium which is the value of the resultant

quotient of the speed of light in a vacuum over the refractive

index.

Fig. 2. (Color online) From the 2D Biological Tissue Model

created, a 3D biological tissue (a) rectangular and (b) realistic

shape models were reconstructed. The 3D biological tissue

rectangular shape model was transformed into a realistic shape

model by adding an equation changing the z-axis.

Fig. 3. (Color online) In the created 3D biological tissue (a)

rectangular and (b) realistic shape models, two circular targets

or nodal coefficients were inserted in the 3D biological tissue

rectangular and realistic shape models in which the size of the

radius is 25 having different absorption coefficients.

Fig. 4. (Color online) After the 3D reconstruction, Placed 13

sources (red) and 12 detectors (yellow-green) in the 3D bio-

logical tissue rectangular and realistic shape models. 
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value of the resultant quotient of the speed of light in a

vacuum over the refractive index. 

b. Reconstructed the assumed 2D biological tissue

model into 3D biological tissue rectangular and realistic

shape models with equal axis measuring 20 × 20. The 3D

biological tissue rectangular shape model was transformed

into a realistic shape model by adding an equation

changing the z-axis (Fig. 2). 

c. Inserted two circular targets or nodal coefficients in

the 3D biological tissue rectangular and realistic shape

models in which the size of the radius is 25 having

different absorption coefficients (Fig. 3).

d. Placed 13 sources (red) and 12 detectors (yellow-

green) in the 3D biological tissue rectangular and realistic

shape models (Fig. 4). DOT system works by illuminating

the NIR light on biological tissue surface at different

points and measuring the transmitted light on the tissue

and emitted from the boundary through the detectors [11].

3. Results

To illustrate the differences on the result of the simulation

approach, 4 layers for each model are exhibited on this

paper and named as the top (1st) layer, 2nd layer, 3rd

layer, and bottom (4th) layer (Fig. 5, 6, 7, and 8). Note

that in MATLAB software application, these reconstructed

images are in live-action showing the actual propagation

of NIR light. To show a sample of NIR absorption

coefficient values, a set of reconstructed images without

changing the color map limit was included (Fig. 5 and 6).

However, in the succeeding figures, the limit was set to 0

as the minimum and 0.6 for the maximum value to better

visualize and differentiate the absorption of NIR among

the layers (Fig. 7 and 8).

3.1. Biological Tissue Rectangular and Realistic Shape

Models NIR Absorption Coefficient Values

As shown in Fig. 5 in the rectangular model, the targets

on the top (1st layer) has the highest NIR coefficient

ranging from 0.01 to 0.06, followed by the second layer

which absorbs 0.01 to 0.04, next is 3rd layer having 0.01

to 0.02 and the bottom (4th layer) with 0.01 to 0.013

values. Since the shape in all layers is the same, as the

NIR propagates through the biological tissue it is continu-

ously attenuated. As NIR light interacts in biological

tissues which is a highly scattering medium, the light

photons have undergone multiple events of scattering

before it is measured by the detectors [11]. However, in

the realistic shape model, 2nd layer has the highest value

of 0 to 0.6, followed by the 3rd layer having 0 to 0.03,

next is the bottom (4th layer) with 0.01 to 0.013 and

lastly, the top (1st layer) that absorbs 0 to 0.1 NIR

Fig. 5. (Color online) The reconstructed layers of the 3D Biological Tissue Rectangular Shape Model with NIR absorption coef-

ficient values (top view). In the rectangular model, the targets on the top (1st layer) have the highest NIR coefficient ranging from

0.01 to 0.06, followed by the second layer which absorbs 0.01 to 0.04, next is 3rd layer having 0.01 to 0.02 and the bottom (4th

layer) with 0.01 to 0.013 values.

Fig. 6. (Color online) The reconstructed layers of the 3D Biological Tissue Realistic Model with NIR absorption coefficient values

(top view). In the realistic shape model, 2nd layer has the highest value of 0 to 0.6, followed by the 3rd layer having 0 to 0.03, next

is the bottom (4th layer) with 0.01 to 0.013 and lastly, the top (1st layer) that absorbs 0 to 0.1 NIR absorption coefficient value.
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absorption coefficient value (Fig. 6). The curvature shape

of the model affects the thickness consistency of the

biological tissues as well as the propagation of NIR light.

Moreover, the smaller the size of the target per

reconstructed layers the lesser the chromophores present,

therefore the lesser amount of absorber of NIR light.

3.2. Correlation of Biological Tissue Shape Models

NIR Absorption Coefficient Values to Reconstructed

Layers Visualization

On the assumed 3D biological tissue rectangular model

(Fig. 7), the consistency can be noted that the targets are

mostly visualized on the top (1st) layers appearing as a

yellow circular image and continue to disappear on the

succeeding layers almost having the appearance of water-

mark on the bottom (4th) layers. Moreover, the target

areas on the last row are mostly seen than the other rows.

Biological tissue NIR absorption coefficient values are

directly proportional to target areas visualization. As

mentioned, the principle is based on the capability of

chromophores to absorb diffusive light at a specific

wavelength. The 1st (top) layers have the highest absorp-

tion coefficient for it is located in superficial areas while

4th (bottom) layers have the lowest absorption coefficient

since it is located in deep-seated areas.

In a realistic model (Fig. 8), it’s shape is thick at the

center and gradually decreasing towards its periphery.

The target areas are mostly visualized on the 2nd,

followed by the 3rd, then the bottom (4th), and the top

(1st) layer had the least visualized target areas. Also,

comparing the rows, it is the last where targets are seen.

As the shape of the model changes, the presence of the

Fig. 7. (Color online) The reconstructed layers of the 3D Biological Tissue Regular Shape Model (top view). The consistency can

be noted that the targets are mostly visualized on the top (1st) layers appearing as a yellow circular image and continue to disappear

on the succeeding layers almost having the appearance of watermark on the bottom (4th) layers.
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chromophores and the scattering properties changes as

well and this affects the NIR coefficient values and the

reconstructed layers visualization for these two are

directly proportional with each other. 

4. Conclusion

The NIRS device and the 3D biomedical images re-

constructed using Toast++ and MATLAB 2018b software

applications could be of use in diagnosing and monitoring

the aggregation and disaggregation of RBCs after the

stimulation of magnetic field intensity using the PMF

devices. Moreover, from the reconstructed images, different

NIR absorption coefficient values can also be obtained on

each reconstructed layers. These values are affected by

several factors and one of those is the shape of the model

considering that biological tissues are highly scattering

medium. NIR coefficient values are also directly pro-

portional to the visualization of target areas. From an

approach to produce 3D reconstructed images, this could

be of use in providing the actual 3D reconstructed

oxygenated dynamic imaging model of the diabetic foot

while segmenting the skin, the soft tissues, the bones, and

the vessels to better illustrate the propagation of NIR light

in a diabetic foot.
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