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The GVF is a dense vector field v(x,y) = [u(x,y),v(x,y)] derived from the original image, and it
is the result of minimizing the energy term defined in Equation (17) [17].

e= //'y(u§+u§+v§+v§)+ VY2 v — VY[ dxdy (17)

where 1, and vy are the partial derivatives of u and v with respect to the variable x, respectively, u, and
vy are the partial derivatives of # and v with respect to the variable y, respectively, and Y (x,y) is the
edge map of the original image. The parameter y is a constant that serves as regularization: it adjusts
the balance between the first and the second term of the integral, and it should be adjusted based
on the noise. The higher the noise, the higher the value of y. Interpreting the energy term presented
in (17), it is possible to see that if the gradient of the edge map is too small, the energy term depends
only on the partial derivatives of # and v. On the other hand, if this gradient is large, the integral is
dominated by it, and the value of the GVF that minimizes the energy is v =Y, i.e., the gradient vector
flow is equal to the gradient of the edge map on those cases. It can be demonstrated that the vector field
v = (u,v) that minimizes (17) is the result of the decoupled pair of differential Equations (18) and (19).

uVu— (u—Y) (Y2 +Y]) =0 (18)
uV20 — (v —Y,) (Y2 + sz) =0 (19)

where V2 is the Laplacian operator. Similarly as in Equation (17), it is possible to see that in the
regions where the gradient of the edge map is small, the solution of the differential equations for
the GVF are the solution of Laplace’s equations. Furthermore, this solution is interpolated from the
boundaries of the object, and that’s the reason why the resulting field, even far away from the object,
points to the edges of it. The gradient vector flow of the same image as in Figure 6, is shown in Figure 7.
Now, the solution to the Equations (18) and (19) provides vectors in the areas where the gradient is
zero, and the vectors in the concavity contains downwards components too.

Figure 7. Example of normalized Gradient Vector Flow. (Left) GVF vector field for the same image
used before. (Right) Zoom in the concavity.

Once the GVF has been computed, it is fixed for the entire the image, and what remains is the
optimization equation that will guide the deformation of the active contour to the edges of the object,
based on this new force. Several researchers have been working on adding gradient vector flow to
the traditional snake equations. For the implementation made in Section 2.3, only GACs algorithms
can be adapted to be added as an external force to the energy functional defined in the Equation (15),
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as it has been done in [18,19]. A simplified version of the GVF optimization equation from [19] is used,
and defined as:

7%—(5 = [mcfv Vo } Vo (20)

The parameter 7 regularizes the step size, ¢ is the level-set function, x = div <%> is the

curvature, v is the Gradient Vector Flow vector field, and the parameter a regulates the balance between
the two forces. The right hand factor of (20) is added directly to Equation (15), giving Equation (21):

W= [t =) 9P 0 = Pt p (fox =0 T8 | 1901) [ tpe) @)

This new segmentation algorithm has been included in the list of options to segment the different
prostate zones. After having implemented the Basic ACS in Python, the extension with a GVF
component is trivial: all the components of this new force are already available in the code except for the
vector field v. Since this vector field is fixed for a given image, a new class has been created that solves
the optimization problem for the GVF. This new piece of code is executed before the main loop of the
segmentation algorithm. Since there are no rule for setting both « and -y, we arbitrarily decided to set
them to 1. In order to adjust the contribution of this new force, the f factor has been introduced. For the
following experiments, this factor has been also set to 1. In the coming sections, the graphical user
interface result of the integration of all the modules will be showed. Then, the described algorithms
will be tested to show their performance.

3. Experimental Case of Use for Demonstration

In this section a case of use for demonstration is presented. Previously, the proposed GUI has
been explained in Section 2.2. A detailed definition of this algorithm and the introduced improvements
have been explained in Sections 2.3 and 2.4. The following study case demonstrates how an user can
use the proposed tool to manage and segment a real prostate image.

First, the user must load an image in DICOM format. For this application, the snake initialization
is required; an example of the initial contours for a study is shown in Figure 8. In the area of the GUI
that corresponds to the initialization of the snake, the three first buttons are used for selecting the
different zones of the prostate, whereas the fourth one gives the possibility of selecting a tumor.

Located below these buttons, there are two radio buttons, enabling to choose the shape of the
initial contour, which can be circular or manual. The first option corresponds to an initial contour
with a shape of a circle whose radius can be specified with the spin box located at the end of this area.
The possible values are between 1 and 30 pixels. The manual input enables the user to enter a random
polygon as initial contour. If selected, the user just has to make a click with the mouse in the vertices of
the desired polygon. There are no limits for the amount of points, or the shape of the polygon.

The steps required to initialize the snake for any of the prostate areas are the following:

1. Select the type of contour to enter, circular or manual. In case of circular, enter also the radious.

Select an area: TZ, PZ, CZ or Tumour.

3. Create the initial contour for the snake in the left image. If it is a circle, the mouse cursor must be
placed in the center of the area of interest, and click with the left button of the mouse. If manual
contour has been chosen, the mouse must be placed in the point where the user wishes to start the

N

contour and make click with the left button. Then move the cursor until the next point, make a
left click and go to the next point. More than 2 points are required.

4. In manual mode, once the contour is finished, press the “Ok” button. If not, go to step 5.

5. A message box will appear informing if the contour has been correctly added or not.
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Snake Inmianzation

Snake Initialization

Zone PZ

Zone CZ

Tumeur

Initial contour

o Circular

Manual

istian Mata
Patient birth date |01/01/1 bogne.fr

b0

Studv ID 410037097058

Figure 8. Example of snake initialization for the four zones.

The user can repeat the same procedure for all the zones, or just some of them. In order to
differentiate the various selected areas, each initial contour will be drawn with a different color.
There are no constraints about the type of contours to use. All the contours can be manual, all of them
can be circles or they can be a combination of them.

The following area of the control panel is used for triggering the segmentation. This section is
depicted in Figure 9. After an image has been loaded, at least one initial contour has been entered,
then the segmentation process will start after pressing the Run button. The segmentation method will
be triggered as many times as initial contours have been entered, and they will be executed sequentially.
During this process, the user can cancel the segmentation at any moment, pressing the Cancel button.
Once the algorithm had finished, the results will be shown in the right image. Additionally, the color
code of the contours is the same for both, left and right images. For instance, the resulting contour of
color blue in the right image has as initial contour the blue snake from the left image.

If some results have been produced, then a 3D representation of them can be visualized if the
user presses the button Show 3D model. This representation consists only of the resulting contours,
replicated several times along the Z axis. It is an extra option for users to visualize the main structure
of the segmentation in a 3D model. In fact, this option should be improved using better visualization
techniques, but it is out of scope of this work for the moment. The amount of repetitions has been
set to 50. The axis are represented in real scale, in mm, if the DICOM file contains the information
about slice thickness and spatial resolution. If they are not provided, a pop up message will appear
reporting the situation, and the X and Y axis will be presented in pixels, and the Z axis will have a size
of 10 units. An example of this 3D representation of a result is shown in Figure 10.

Regarding to file management tasks provided to this tool, users can open a DICOM formatted
file or a folder that contains several DICOM formatted files. When the Open file button is pressed,
a pop up window will appear, and it will only allow the user to select a file, not folders. If a file
is not in DICOM format, then the program will reject it, and it will not do further actions. If the
user wants to open a folder, it should click the Open folder button, navigate until the folder it wants,
and go into that folder. Without touching any file, users should click the Choose button and the
system will automatically search for files, and open only the DICOM formatted files. It is important to
emphasize that the search system is not recursive. That means, if there are folders inside the selected
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one, and those folders contain DICOM files, the program will not open them. It will only open the files
that are in the current directory.

Snake Initialization
Zone 7z
Zone Pz
Zone cz

Tumeur

Radious:

‘Segmentation

RUN
Show 3D model

Cancel

Anonymize

Segmentation method

Basic ACS

simplified ACS
© GVFACS

Instance number o

Patient name  (missing) slice location |(missing)

Patient ID |(missing)
Instance number |0

Figure 9. Example of snake results after the snake segmentation.

|
%

b

Figure 10. Example of 3D representation of the segmented prostate zones.

As it can be seen in the graphical user interface, there are three types of algorithms: Basic ACS,
Simplified ACS and GVF ACS. The first and the second algorithms are based on [12], but the second
one does not follow the mathematical approach described in this previous work. On the other hand,
Basic ACS implements exactly what the paper states, as explained in Section 2.3. Both algorithms have
been included so that there is an example in the code of how to add a new algorithm to this code-base.
Additionally, the Simplified ACS performs a faster than Basic ACS but with less accuracy. Nonetheless,
in order to produce improvements to the original paper, the Basic ACS was required.

Finally, considering that this application is focused on DICOM format and it can be used for
radiologists and/or medical experts, it is important to maintain the private information of the patient.
For this reason, an anonymization module is integrated in this tool. If the user wants to anonymize
the opened file or files, it should click into the Anonymize button. If there is a file/files opened, a pop
up window will be shown where the user must specify the destination folder of the anonymized
files. The name of the output files will be the same as the source files, but the string _anonymized
will be appended to it. For instance, if the original file is called Image00001, the output file will be
called Image00001_anonymized. The fields that are anonymized are: Patient Name, Patient ID and the
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Patient Date of Birth. Those fields are not cleared, but changed by some default data: Patient Name
is changed by NN, Patient ID is transformed to A00000000000, and the date of birth is changed
to 01/01/1970.

We believe that the proposed tool can be beneficial for the research community as it enables
to integrate various image management tools thoroughly discussed in previous sections, as well as
the capability to segment prostate cancer lesions and other areas as mentioned in the introduction.
Even though the application includes the option of segmenting four zones only (CZ, TZ, PZ and
Tumor), nothing stops the users of trying to segment other areas of their interest (additional buttons
can be appended into the GUI in order to select more areas, or the already existing buttons can be
used to segment those areas). These features, as well as the capability to integrate new segmentation
models seamlessly make it very appealing for research and teaching purposes in clinical settings.
In the former case, it can help in speeding up the creation of datasets for machine learning applications.
However, in our experience, doctors are reluctant to use fully automated annotation tools and prefer
to use interactive semi-automated tools that enable them to verify and contrast the results with other
specialists. In order to test the performance of the proposed tool, we performed one experiment to
assess the quality of the segmentation algorithm implemented in this work, which will be detailed in
the following section.

4. Discussion of the Segmentation Method Results

In this section, we present a deep analysis of the results of a single segmentation experiment
performed using the implemented algorithms, namely the Basic ACS, Simplified ACS and GVF ACS
versions of the snake-based models. For all the cases, the initial contours used for all the zones are
shown in Figure 11.

Figure 11. Initialization used for the testing of all the algorithms.

The results for all the algorithms and the ground truth for the selected image are shown in the
Figure 12.

From this experiment, it is possible to confirm what it has been said in previous sections.
The Basic ACS algorithm performs relatively well when there is some gradient information between
different areas. In this image, the cyan and the blue contours (corresponding to the PZ and CZ,
respectively) are practically attached to the borders; the contour corresponding to the TZ (yellow
contour) is almost perfect. Nonetheless, the tumour area invades the TZ area, since the intensities
contrast between them is not enough in order to define a good edge.

For the case of Simplified ACS, the results are not so satisfactory. This algorithm is uses
simplifications of the formulas described in [12]. It has been tested for heart’s left ventricle segmentation
and it has a good performance in both, quality and speed, but for prostate segmentation, this is not
true. Except for the TZ, all the results take part of the other zones, and only when the edge is too
strong, the snake seems to be perfectly attached to it.
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simplified ACS basic ACS GVF ACS

Figure 12. Segmentation results and ground truth for all the algorithms implemented.

Finally, as it is expected, the Gradient Vector Flow implementation overcomes all the problems,
and the curves are strongly attached to the borders of each zone. There is only a little overlapping
between the tumour and the TZ.

Another point to observe is the smoothness of the results from Basic ACS and GVF ACS. None of
them include either a shape prior or the smoothing factor. This allows the snake to evolve in any
shape, which is desired in this case, since there is not a single prior that work for all the prostate
zones. Additionally, for the same reason, a generic post-processing that increases the smoothness
of the curves is not trivial to implement. This problem is visible mainly in the result given by the
Basic ACS, where all the contours do not present smooth borders. Nonetheless, the GVF ACS generates
a result that even without these factors, the outcomes are not so jagged. Once again, the addition of
the Gradient Vector Flow component surpasses the results given by the Basic ACS.

It is worth mentioning that the initialization (in all the cases) requires to be inside of the object to
produce valid results. Since a lot of objects are present in an MR image, a larger contour than the object
will produce poor segmentation results. In order to reduce this effect, the image to be segmented is
cropped to an square of 150x150 pixels around the center of the initialization contour before starting
the segmentation process. As a consequence, not only the influence of other objects over the snake is
reduced, but also it reduces the execution time, since less operations are required at each iteration of
the algorithm.

In order to measure quantitatively the efficiency of the three model implementations, a contour
evaluation of this test was performed. For this evaluation, the Hausdorff distance (HD) and Dice index
(DI) metrics for the various segmentation results were compared with a ground truth provided by a
specialist. The Hausdorff distance between two finite set of points A and B is defined as follows:

HD(A, B) = max(h(A, B),h(B, A)) 22)
where h(A, B) is the directed Hausdorff distance defined by:
h(A,B) = i —b 23
(4,B) = maxmin |2 - b| (23)
where ||.|| is the Euclidean distance and A and B are the resulting contours of the segmentation.

In computer vision and image processing applications, the largest segmentation errors quantified
using the Hausdorff Distance can be a good measure of the usefulness of the segmentation for the
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intended task. Intuitively, HD is the longest distance one has to travel from a point in one of the two sets
to its closest point in the other set. In image segmentation, this metric is computed between boundaries
of the estimated and the ground-truth segmentation, which consist of curves in 2D. We computed the
Hausdorff distance between the generated segmentation and the ground truth. The methods with the
lowest distance are considered to have yielded the best segmentation results.

Another popular metric for image segmentation tasks is based on the Dice coefficient, which is
essentially a measure of overlapping between two samples and it is equivalent to the F1 score.
This measure ranges from 0 to 1, where a Dice coefficient of 1 denotes perfect and complete overlap.
This metric is calculated as:

_2|ANB|

Dice(A,B) = TAUB

(24)

In Table 1, we summarize the results obtained from the performance analysis for the three
segmentation methods, using the two above-mentioned metrics. This procedure has been done for
each of the prostate’s gland zones, which corresponds to the examples of the annotations depicted
on Figure 12. The ground truth is used as a reference image to calculate all the measurements.
First, according to the initialization image, a comparison of the results between Simplified ACS,
Basic ACS and GVF ACS is performed. It can easily be inferred from the table that the Basic ACS yields
more accurate segmentation results in all the prostate zones than the Simplified ACS. Moreover, it can
be seen that the GVF ACS implementation improves the results in all the cases.

Table 1. Analyses of Hausdorff distance (in mm) and Dice index for the CZ, PZ, TZ and tumour area (TUM).

Hausdorff Distance Dice Index
Simplified ACS BasicACS GVFACS Simplified ACS BasicACS GVFACS
Cz 11+3 8+1 7+1 0.69 + 0.20 0.79 +0.10 0.79 +0.10
PZ 442 3+2 2+£2 0.88 + 0.10 093 +0.10 0.94 +0.10
TZ 9+4 7+3 6+3 0.74 + 0.20 0.73+0.10 0.75+0.10
TUM 5+2 442 3+2 0.81 +0.10 0.92 +£0.10 0.93 £0.10

The geometry of the CZ zone is considered the most difficult part of the prostate MR image
because it is difficult sometimes to demarcate the edges of this area, given that it is surrounded by the
other zones; for this reason, it is important to do a good initialization. The results for the PZ are good
in all the cases, especially when GVF is used. Moreover, the results on the TZ area are good for all
the algorithms considered in this study. Finally, the results for the tumor area indicate that the best
segmentation is obtained using GVF ACS methods.

Finally, in order to assess the performance of the various studied segmentation methods, a time
analysis has been performed. As in Table 1, the analysis has been divided by zones and by algorithm.
Then, the execution time of the segmentation algorithm has been assessed for each zone, using the
same initialization as in Figure 11. For this test, a computer with a microprocessor i7-8650U @ 1.90 GHz,
16 gb of RAM and running Linux 4.15.0-64 has been used. The execution times are depicted in Table 2.
All the measurements has been done in milliseconds. Both Simplified ACS and Basic ACS run at
maximum 200 iterations, and the GVF ACS runs at maximum 80 iterations. Both Tables 1 and 2 confirm
what it has been said about the Simplified ACS algorithm. It is the least accurate, but it runs faster than
the other ones. On the other hand, even though the GVF ACS runs less iterations than the Basic ACS,
their running time are similar. This is due to the GVF ACS algorithm computes the same code, plus
the additional ones in order to get the Gradient Vector Flow contribution. Nonetheless, for this
work, this execution time could have been reduced if the equations related to the shape prior and
the smoothness would have been removed. Only the weights have been set to zero for those priors.
This code has not been erased so that other developers can prove other parameters values, and try
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to find other combination of weights to make this program work with either, other image modalities,
or other organs to be studied.

Table 2. Execution time (in ms) for each segmentation algorithm, and for each prostate zone.

Ccz Pz TZ TUM
Simplified ACS 60579 231.69 317.19 616.93
Basic ACS 1054.97 57430 819.18 1108.16
GVF ACS 641.66 64495 72572 1058.67

These results show that a good segmentation can be obtained in a reasonably time, which is
important for both clinical and machine learning applications. As it is expected, one result is not
representative of the quality of these algorithms. An analysis of a larger population must be done in
order to have a real measure of quantitative error of our implementations. The work we introduced
here is to present the tool, the algorithms implemented and how to use them. As future work, we plan
to perform a more comprehensive study encompassing other methods known to have good results to
contrast results as well as other regions of interest within the prostate. This will enable us to assess the
validity of the proposed segmentation approach in other setting, and to get feedback from a larger
pool of specialists. Other avenues of research pertain the validation of the proposed tool, as well as of
the segmentation algorithm in a larger pool o prostate MRI images, as well as with a wider number of
clinicians. We also plan to integrate other segmentation methods into the proposed GUI tool to carry
out a more comprehensive quantitative comparison and to investigate its diagnostic differentiation
with other prostate diseases such as BPH, chronic or acute prostatitis.

5. Conclusions

In this paper we described the implementation of a snake-based segmentation algorithm,
based on an Active Contours Models (ACM), which has been integrated into a GUI based application.
We focused our research in a method originally conceived for segmenting the shape of the heart’s left
ventricle. A modification of this specific prior has yielded very good results in the context of prostate
cancer segmentation: the snake models tries to evolve and to adjust to the boundaries of the proposed
zones. The problem with this implementation is that the performance of this previous model highly
depends on the quality of the input image, as it uses the pixel intensities and the edges of the object in
order to determine the correct curve evolution. As it can be expected, if the boundaries are not well
defined, or if the intensities of different sections have similar values, then either the model will not be
able to assess the difference, preventing the algorithm of evolving, or it will cause the snake to overlap
with other elements in the image. This scenario can be observed in Figure 12, where the red contour
overlaps with the area that corresponds to the TZ.

Furthermore, in order to get that segmentation, several shapes for the initial contours had been
tested to obtain the best results, which might be very different from one run of the algorithm to another.
This entails that the implemented snake-based algorithms are very sensitive to the initialization
conditions. This type of problems have fostered researches in image analysis and computer vision to
find novel ways of constraining the shape of the force that pushes the objects” boundaries in the right
direction. Doing so, the segmentation algorithm becomes robust against to initialization conditions
and less sensitive to the quality of the image.

Regarding the performance of both implementations, the Simplified ACS and Basic ACS,
their behaviour are not the same. Since Basic ACS includes all the weights and all the functions
described by the original document, the boundaries of the final segmentation tends to be closer to the
real boundaries of the object to segment than in the case of Simplified ACS. Nonetheless, both of them
fail in the task of finding the boundaries when the image intensities between two contiguous areas are
not noticeably different, like in the case of the tumor and the central zone in Figure 12. This problem
has been partially overcame when using the Gradient Vector Flow external force.
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Further improvements to this algorithm will thus be directed towards implementing other types
of Gradient Vector Flow energy optimization algorithms, or exploring how to include shape priors for
each zone of the prostate separately. These modifications would help to create a segmentation that
does not go too far from where the real object is. Additionally, no pre-processing nor post-processing
functions have been included. Adding pre-processing operations might help to remove the noise that
addresses the snake towards the wrong directions, and post-processing of the resulting contour will
help to make it smoother, and closer to the real boundaries of the object.

Moreover, since the DICOM files can contain different image modalities, and each modality has
its particularities, a profiles section can be added to the program. Each profile will contain a set of
parameters (priors weights, GVF weight, regularization constants, and iterations) specific for each
algorithm. These profiles will be chosen in a way that they will produce the best segmentation results
for the selected image modality, increasing the scope of application of the program.

Other avenues of research pertain the validation of the proposed tool, as well as of the
segmentation algorithm in a larger pool o prostate MRI images, as well as with a wider number
of clinicians. We also plan to integrate other segmentation methods into the proposed GUI tool to carry
out a more comprehensive quantitative comparison and to investigate its diagnostic differentiation
with other prostate diseases such as BPH, chronic or acute prostatitis
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Abbreviations

The following abbreviations are used in this manuscript:

PCa Prostate Cancer

ICD-O International Classification of Diseases for Oncology
ICCC International Classification of Childhood Cancer
EU European Union

MRI Magnetic Resonance Imaging

ROI Region of Interest

T2WI T2-Weighted Imaging

DWI Diffusion Weighted Imaging

DCE Perfusion based on the Dynamic Contrast Enhancement
MRS Magnetic Resonance Spectroscopy

PI-RADS  Prostate Imaging-Reporting and Data System

cz Central Zone

PZ Peripheral Zone

Tz Transition Zone

AFT Anterior Fibromuscular Tissue

Tum Tumor lession

ACM Active Contour Models

GVF Gradient Vector Flow

DICOM  Digital Imaging and Communication On Medicine
HD Hausdorff distance

DI Dice Index
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Featured Application: Mobile application for iterative simulation of a diabetic model.

Abstract: This paper presents an educational mobile assistant application for type 1 diabetes
patients. The proposed application is based on four mathematical models that describe the
glucose-insulin-glucagon dynamics using a compartmental model, with additional equations
to reproduce aerobic exercise, gastric glucose absorption by the gut, and subcutaneous insulin
absorption. The medical assistant was implemented in Java and deployed and validated on several
smartphones with Android OS. Multiple daily doses can be simulated to perform intensive insulin
therapy. As a result, the proposed application shows the influence of exercise periods, food intakes,
and insulin treatments on the glucose concentrations. Four parameter variations are studied, and their
corresponding glucose concentration plots are obtained, which show agreement with simulators of
the state of the art. The developed application is focused on type-1 diabetes, but this can be extended
to consider type-2 diabetes by modifying the current mathematical models.

Keywords: mathematical models; Iterative simulation; compartmental model; diabetes control;
mobile assistant

1. Introduction

In recent years, obesity and overweight have become a severe problem for human health. In 2014
more than 1.9 billion adults aged 18 and older were overweight globally, from which over 600 million
were obese. The data indicated that 39% of these adults were overweight and 13% were obese [1].
Body mass index (BMI) provides the most useful population-level measure of overweight and obesity
as it is the same for both sexes and all ages of adults. Patients with higher BMI are at greater risk
for having diabetes. In 2014, more than 422 million people had diabetes in the world, with a global
prevalence of 8.5% among adults over 18 years old. Diabetes is a leading cause of blindness, kidney
failure, heart attacks, stroke and lower limb amputation. In 2012, an estimated 1.5 million deaths
were directly caused by diabetes, and another 2.2 million deaths were attributable to high blood
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glucose [2]. Diabetes was promoted from 21st place in 1990 to the 14th in 2010 in the list of death
causes worldwide [3], and recently, to the 6th place in 2016 [4].

In Mexico, about 72.5% of adults from 18 years and over, 36.3% of teenagers, and 33.2% of children
were overweight or obese in 2016. Diabetes statistics are not too optimistic; Mexico is in sixth place
in countries with more diabetes, just behind China, India, US, Brazil and Russia [5]. Recent statistics
show that 9.17% of adults from 18 years (about 6.4 million people) have diabetes [6]. Type 2 diabetes
has become the leading cause of death in Mexico. The disease claims nearly 80,000 lives each year, and
forecasters say the health problem is expected to get worse in the decades to come [7].

On the other hand, smartphones have been accessible to more people due to the high worldwide
market growth rate. In 2016, around 1.5 billion smartphones were sold worldwide [8]; by the end
of 2016, more than 3.2 billion individuals worldwide used the Internet regularly, accounting for
nearly 45% of the world’s population; about 2.5 billion people access the web via mobile phone [9],
which represents novel opportunities for designing applications running on smartphones, accessible
to large population groups. Specifically, healthcare and disease management have benefited with
applications such as fitness tracking, drug dose calculators, information apps, tutorials, surveys, diaries,
and other tools created to help empower users to put more emphasis on their health care. Some benefits
of using smartphones with Internet connectivity consists of the possibility of sharing data with family,
friends, classmates, colleges, collaborators but especially with professionals who can guide the user
and give feedback regarding treatment to be followed.

This paper is structured as follows. In Section 2, a concise review of the state of the art is given.
A description of the models used in the developed application is provided in Section 3. In Section 4,
the results and discussion are described. Finally, in Section 5, the conclusion is presented where final
recalls are established, and future work is outlined.

2. State of the Art

2.1. PC or Web Simulators for Glucose Concentration Levels

In recent years, an effort to implement glucose levels simulators has been made. One standard
option for implementing simulators are PCs or Laptops. PCs have as their main advantage the
inherent high computational power for performing simulations. In addition, there has been a trend to
replace PCs with much more compact devices, such as smartphones, but most simulators for glucose
concentration are PC-based. Another implementation option consists of Web systems, allowing for a
broad range of devices to access such simulation systems. Web-based simulators have an advantage:
many platforms can access the simulator compared to a particular PC implementation. Web-based
simulators have as main disadvantage the requirement of Internet connectivity, making the simulator
difficult to access in places with connectivity problems.

In [10], the AIDA diabetes simulator is presented, and extensive evaluation about this simulator
has been reported in [11]. Recently, new types of rapid-acting insulins have been added to the AIDA
diabetes simulator [12]. AIDA’s mathematical model was created to simulate glucose tolerance;
however, its use is not based on daily periods.

In [13], the REACTION project is presented. This project consists of a set of healthcare services
oriented to diabetic patients and caregivers through a cloud-based application focusing on management
and therapy services. The REACTION project is a management system created for the implementation
of logistics related to medical personnel. The dosage management algorithm is based on basic rules,
and it is not a pharmacological-dynamic behavioral study of insulin. In other words, it is a mathematical
model with experimental parameters.

In [14], GLUCOSIM is proposed as a desktop application designed to do virtual experiments
to show the effects of food intake changes and insulin therapy on glucose levels. A more detailed
version of this system is reported in [15], where a Web-based solution was included. It is important
to mention that GLUCOSIM is a tool designed to study, train and analyze the external effects that
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modify glucose concentration. It uses three mathematical models to consider all the mentioned effects;
however, it does not describe periods of exercise or other modeled effects.

In [16], a system is proposed based on the combination of Compartmental Models (CMs) and
artificial Neural Networks (NNs). Data from a Type 1 diabetes patient, which contains information
about measured blood glucose levels, insulin intake, and food intake description, along with the
corresponding time, were used as input to the model. The proposed strategy was not adequately
validated. Furthermore, no performance criteria were mentioned to assess the results objectively.

The literature review indicates that early studies of compartmental modelling of glucose/insulin
interactions were proposed since the 1980s in [17-19]. On the other hand, recently, different research
groups have reported important works related with the implementations of compartmental models to
develop glucose level simulators, for example, in [20,21] are presented a glucose forecasting algorithm
based on a compartmental composite model of glucose-insulin dynamics. In [22] is developed a
dynamic model for type 1 diabetic patient that focuses on blood glucose regulation. A first model for
insulin adsorption in infusion sets using a minimal lumped two-compartment modelling approach is
reported in [23]. A review of the key role of the UVA/Padova simulator is presented in [24], which has
tested the use of new molecules for better glucose control.

2.2. Mobile Applications for Diabetes Management

The universe of mobile applications for diabetes care is enormous. A first step consists in
determining the utility of apps. One standard classification includes exercise and fitness apps,
med adherence, weight management, blood glucose trackers, support, healthcare professional apps,
and educational simulators. There is extensive availability of applications related to any of the
previously mentioned apps, but few efforts are related to educational simulators for smartphones.

One interesting branch of smartphone applications for health care is the simulators. In this paper,
we are specifically interested in creating a smartphone-based simulator of glucose-insulin metabolism.
In recent years, there have been advances in creating models that can replicate the behavior of parts
(or entire) of human organisms and their corresponding implementation as a computer simulation.
A smartphone-based simulation can be useful for patients with recently diagnosed diabetes to help
them estimate the insulin doses and food intake, but also for patients at risk of developing diabetes
or without diabetes, for contributing to raising awareness of the benefits of changing their food
consumption and exercise habits. In [25], a review of several diabetes simulators is presented, but the
applications reported in that paper is out of the scope of this work, since there is an interest in providing
a realistic simulation of blood glucose levels.

There are several reviews of applications for diabetes management. In [26], a set of critical factors
to be considered when designing diabetes management applications are explored. These factors come
from patient demographics, technology costs, platform varieties, and ease of use. They also categorize
the applications in the following classes: blood glucose logging, nutrition databases, carbohydrate
tracking, tracking physical activity and weight, data-sharing and social support, and short messages and
reminders. An important point to consider is that the FDA does not approve most applications. In [27],
several commercial applications for diabetes management available on the Apple App Store and articles
published in relevant databases are reviewed. The reviewed applications support self-management
tasks such as physical exercise, insulin dosage or medication, blood glucose testing, and diet. Other
support tasks considered include decision support, notification/alert, tagging of input data, and social
media integration. Analysis indicates that application usage is associated with improved attitudes
favorable to diabetes self-management. Limitations of the applications include lack of personalized
feedback; usability issues, particularly the ease of data entry; and integration with patients and
electronic health records. In much more detail, in [28], it is concluded that a critical feature strongly
recommended by clinical guidelines—namely, personalized education is not assimilated in current
diabetes applications. In [29] a critical assessment was reported of several smartphone apps for
calculating insulin dose. The conclusion was that popular apps offering insulin dose calculations
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carry a risk of incorrect dose recommendations ranging from those that might lead to suboptimal
disease control to those with potentially life-threatening consequences. In [30], an analysis of the
benefits of smartphone apps for type 2 diabetes mellitus (T2DM) self-management was presented.
It can be concluded that more research with valid study designs and longer follow-up is needed to
evaluate the impact of health apps for diabetes care and self-management, specifically for T2DM.
In [31], both Heuristic and keystroke level modeling (KLM) are used to measure efficiency for each
analyzed mobile diabetes management application for patients with Type-1 Diabetes Mellitus.

With recent advances in connectivity technologies, there are some efforts to build tools based on
cloud computing [32] or social network support [33,34]. One disadvantage of these tools is that they
always require Internet connectivity at all times, which makes them useless in places with connectivity
problems. Some applications are targeted to a particular segment of the population, such as pregnant
women; one of these applications is reported in [35,36], where a tool to follow patients with gestational
diabetes is described. In [37], an application for insulin dose calculation is reported. The authors
establish that this application’s innovation consists of the incorporation of exercise and alcohol intake
to the calculator in addition to carbohydrates intake. In [38], an application created explicitly for
controlling an insulin pump taking as real-time input data from a continuous glucose monitor is
reported. A closed-loop control system used to automatically manage insulin infusion to maintain the
desire range’s glucose level is proposed. To summarize, there is a strong interest from the scientific
community in developing applications around the problems associated with diabetes. This article
adds to this trend with an emphasis on the exercise model.

3. Models

The idea of creating an artificial model for a glucose-insulin system for several purposes has
been widely explored. In [39], a minimal glucose-insulin system is proposed; the model starts with
the Bergman model [17] and presents modifications to improve, considering the glucose level’s
description in the subcutaneous layer and a meal disturbance term. The developed application uses
four mathematical models related to them, following the different dynamics that they describe:

1.  Glucose-Insulin Model: Sorensen in [40] proposed it. This model comprises 19 nonlinear
differential equations, which include significant metabolic effects related to glucose regulation.
The model was obtained through a compartmental technique, where the pancreas compartment
is omitted to consider a type 1 diabetic patient. Recently, this glucose-insulin model was extended
to consider exercise periods [41].

2. Subcutaneous Insulin model: Berger and Rodbard [42] obtained it. This model describes the
subcutaneous insulin uptake pattern after an insulin injection. The model considers interactions
between components after subcutaneous injections such as insulin absorption and elimination in
plasma insulin, active insulin, glucose utilization, plasma glucose, and glucose input. The model
is based on a set of differential equations. Variations in plasma insulin concentration (I) can be

estimated by Equation (1).
al Ly
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where I,),; represents the rate of insulin absorption, V; is the volume of insulin distribution, and k.
is the first-order rate constant of insulin elimination. The absorption of insulin can be calculated
as follows: 5
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where s is a parameter associated with the insulin absorption pattern, t represents the time of the
injection, T5y is when the dose (D) is absorbed in an amount of 50%.
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3. To estimate steady-state conditions, insulin profile (Iss) using the superposition principle is
computed assuming three days as follows:

Ls(t) = I(t) + I(t+24) + I(t +48) (3)

Iu,ss(t) = Ia(t) + Ia(t + 24) + Ia(t + 48) 4)

where I, is the build-up and the deactivation of the insulin pump.

4. Meal Intake model: this model was proposed in 1992 by Lehmann and Deutsch [43]. It describes the
gastric glucose absorption into the bloodstream by a meal intake represented by its carbohydrates
content. According to this model, glucose utilization Gy (G) at plasma insulin concentration is:

_ VinaxG
ky +G

Gauf(G) (5)

G represents the glucose concentration, V,,, maximal glucose utilization for reference insulin
concentration, and Ky, is glucose concentration for the half-maximal response. V;,x depends on
insulin; mathematically, this is

Vmax (Iss) = M (6)
X
where I is plasma insulin concentration equivalent to steady-state insulin, and G, is the reference
glucose value. Glucose utilization for any combination of plasma glucose and insulin levels is
given by
G(C'Iss + d) (Km + Gx)

GOth(Gr Iss) - Gx(Km n G) (7)
where ¢ is insulin sensitivity, and d represents insulin-independent glucose utilization. The insulin
absorption dynamics for regular, NPH, lente, ultralente formulations were characterized in [42]
just by changing some specific parameters in the general model. Recently, in [44], the Lispro
insulin formulation was also characterized by the model in [42].

5.  The exercise model was considered from [41]. The liver’s glycogen reservoir (GLY) can be
calculated as shown in Equation (8).

dGLY (¢
T() = —2(PVOy™ (t), GLY(t)) + ¥ (Gass(t) + GLY(t)) ®)
max 3
o(PvOR, GLY) = (pvoy 2] l.f 0 < GLY < GLY yax )
if GLY>0
| Gus if GLY <GLYjux
¥ (Gaps, GLY) = { 0 if GLY > GLY (10)
¢(Pvoye=) = 0.006(on;"”)2 +1.226PVOY™ ~10.1958 mg/min a1

where @ is the net glycogenolysis rate, ¥ represents the absorptive period, C is the glucose uptake
due to exercise intensity, and PVO,™" is the percentage of the maximum oxygen consumption rate.

In Figure 1, the block diagram of the diabetic patient utilized in this work is shown. There are
four subsystems, each one corresponds to a previously described model, and their interactions are
shown as solid arrows. The dotted lines delimit the mathematical models proposed in the literature,
which describe different but comparable physiological phenomena because they have the same scale.
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Figure 1. The diabetic patient model utilized for the implementation of simulations reported in
this work.

4. Results and Discussion
4.1. Mobile Application for Educational Similar

4.1.1. Hardware and Software Tools

The proposed education simulator was developed based on the models described in the last
section. The models were implemented in Java using Android Studio IDE with Android Studio SDK
and Java SE Development Kit; besides, Android MPChart Library is used for showing results of the
glucose level simulation in a plot [45].

The proposed application was validated on devices with several versions of Android. Table 1,
shows the list of devices and its specifications used for testing the proposed application.

Table 1. Devices utilized for testing the proposed application.

Device Processor RAM  Android Version
Galaxy S2 Dual-core 1.2 GHz Cortex-A9 1GB 4.1
Galaxy S4 Dual-core 1.7 GHz Krait 300 1.5GB 5.0.1

Polaroid Tab Dual-core 1.0 GHz Broadcom 21663 1GB 422
Galaxy Tab 10.1 Quad-core 2.3 GHz Krait 400 3GB 5.1.1
LG G3 Stylus Quad-core 1.3 GHz Cortex-A7 1GB 5.0.2

4.1.2. System Architecture

In Figure 2, the architecture of the proposed application is shown. The architecture takes as an
input the following data:

1.  Meal parameters: these parameters are related to carbohydrate intake (in grams) and the day’s
carbohydrate intake schedule.
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10.

11.

12.

Insulin dose parameters: these parameters are related to the type (fast or slow actions) and the
dose of insulin (in units).

Exercise parameters: these parameters are related to the quantity and intensity of exercise.
Simulation configuration: these parameters are related to the simulation’s duration and the type
of plot to be generated.

The architecture contains the following blocks:

Simulation variables container: this block stores data required to be accessed and shared by all
model blocks. It contains three profiles: meal dosing, insulin dosing, and exercise quantification.
Meal model block: this block takes as input the meal profile and generates as output the glucose
obtained according to the carbohydrate intake grams.

Insulin model block: this block takes as input the insulin dosing profile and generates as output
the quantity and duration of insulin in the blood flow.

Exercise model block: this block takes as input the exercise dosing profile and generates as output
the blood redistribution volume according to the quantity of exercise.

Simulation loop block: this block updates each model block with required data from others and
controls the simulation’s start and end.

Plot generation module: this block generates data from the simulation to be used for generating
a plot.

Plot visualization module: this block takes as input the vector generated by the plot generation
module and displays the plot.

Meals Insulin doses Exercise Simulation
parameters parameters parameters Configuration

| | | b

Simulation variable container

l | .

Meal model Insulin model Exercise model

H : ; ‘

Simulation loop

! ! : :

Plot generation module

!

Plot visualization module

-

Qutput plot
Figure 2. The system architecture.

Finally, the architecture generates as the output the plot with the information according to the

user’s input.
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4.1.3. User Interface

In Figure 3a, a welcome screen of the proposed application is shown. The proposed application’s
main objective is the generation of a plot of the blood glucose concentration based on the parameters
defined in the previous section. For user commodity and better distribution application’s controls, a
tabbed document interface (TDI) was conceived as the main container for hosting all the needed user
controls required to set the simulation parameters and show the results. Specifically, for the Android
SDK environment, a tab host container was utilized. This control enables the integration of plenty of
components in a single form. The proposed application contains four tabs: the first three tabs allow
the user to define the parameters of meal, insulin, and exercise models, and the last one is designed to

generate simulation data and show the blood glucose concentration in a plot.

a)

N ¢

AEDMA

(App Educational Diabetes
Management Advisor)

b ) \§ ¢ AEDMA

MEAL MODEL INSULIN MODEL EXERCISE MO
INPUT INPUT INPUT

Meal Time
Breakfast
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1:00PM
Dinner
7:00PM
Manual
® Manual Selection
Breakfast CHO(g)
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Lunch CHO(g)

138.97
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59.32
Automatic

Automatic Selection
Diet

‘JJ = '

C) g AEDMA

EAL MODEL INSULIN MODEL
PUT INPUT

Insulin Type
Rapid Effect
® Lispro
Regular
Prolonged Effect
® NPH
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Ultralente

Insulin Dosification

Manual

Manual Selection
Rapid Effect (U)
Breakfast

2

EXERCISE MODEL
INPUT

Lunch
2
Dinner

2

Prolonged Effect (U)

Breakfast

Figure 3. Screens of the proposed AEDMA app. (a) Main screen of the proposed applications.
(b) Components of the meal model input Table. (c) Components of the insulin model tab.
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In Figure 3b, the tab for the meal model parameters is shown. This tab contains interface
controls where users can define each meal’s time and its estimated carbohydrate contents (in grams).
The estimated carbohydrate contents also can be automatically calculated based on a default estimation
of calories for a day, or user can input the total calories, and the application estimates the carbohydrate
content in grams based on the given calories.

In Figure 3¢, the tab for the insulin model is shown. This tab contains interface controls that define
the type of insulin and the unit to be dosed in each meal, for both the rapid and prolonged effect.

In Figure 4a, the tab for the exercise model is shown. This tab contains interface controls where
the user defines the intensity, duration, start time, and exercise routine.

a) b)

\\‘) AEDMA \\ ‘J AEDMA
;saﬂlfm MODEL Iz'i(sli}_:_:lsz MODEL DIV IN MODEL Iz'i(;ll}rl;lse MODEL SIMULATION
Exercise Weeks
Intensity 1 Week /l
None Days
Light
1 Days
® Moderate “
Heavy Default Values
Duration
10 min 4 Start Simulation
Start Time
Insulin
Routine
Monday Carbohidrate
Tuesday Content
Wednesday
Thursday Glucose
Friday Concentration
Saturday
Sunday
Save

Figure 4. The last two configuration screens. (a) Components of the exercise model Table.
(b) Components of the simulations tab.

In Figure 4b, the tab for simulation is shown. In this tab, the user defines the time of the simulation
in weeks and days. It is also possible to set all variables to their default values, start simulation, shown
insulin, carbohydrate, or glucose concentration plots.

In Table 2, the application’s default values are listed, but the user can syntonize this to get a better
understanding of the model behavior.

Table 2. Default parameter values for the proposed application.

Meal Model
Breakfast time 7:00 AM
Lunch time 1:00 PM
Dinner time 7:00 PM
Breakfast CHO (g) 97.91
Lunch CHO (g) 138.97
Dinner CHO (g) 59.32
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Table 2. Cont.

Insulin Model
Rapid effect insulin type Lispro
Prolonged effect insulin Type NPH
Rapid effect insulin units at breakfast 2
Rapid effect insulin units at lunch 2
Rapid effect insulin units at dinner 2
Prolonged effect insulin units at breakfast 3
Prolonged effect insulin units at dinner 3
Exercise Model
Intensity Light
Duration 10 min
Start time 9:00 AM
Routine Monday checked

4.2. Reported Experiments

In Table 3, the parameters utilized for validating the meal and insulin models are shown.
The abbreviations in the column names are experiment number (Exp), carbohydrate grams in breakfast

Table 3. Selected parameters set of four experiments.

Meal
ca Insulin

Exp Carbohydrate Grams Intake Rapid Effect Prolongated Effect Dossification
B-CHO L-CHO D-CHO Type B-u L-u D-u Type B-u D-u

1 97.91 138.97 59.32 Lispro 2 2 2 NPH 3 3
2 49.85 69.48 29.66 Lispro 2 2 2 NPH 3 3
3 97.91 138.97 59.32 Lispro 4 4 4 NPH 6 6
4 49.85 69.48 29.66 Lispro 4 4 4 NPH 6 6

(B-CHO), carbohydrate grams in lunch (L-CHO), carbohydrate grams in dinner (D-CHO), insulin
units at breakfast (B-u), insulin units at lunch (L-u), insulin units at dinner (D-u). In the first experiment,
the default values for carbohydrate and insulin units are used. In the second experiment, carbohydrate
grams are reduced to half, but the insulin units are left at their default values. In the third experiment,
default values for carbohydrate grams are used, but the insulin dose is doubled, and in the last
experiment, carbohydrate grams are reduced to half, and the insulin dose is doubled.

Figure 5 shows a glucose concentration plot for a 5-day simulation for each experiment reported
in Table 3. In Figure 5a, the maximum glucose peak is close to 195 mg/dL every day of the reported
simulation. In contrast, in Figure 5b, the maximum glucose peak surpasses 175 mg/dL due to the
reduction of carbohydrate intake. In Figure 5c, the same carbohydrate intake is used, but both
prolonged and rapid insulin doses are doubled. It can be shown that glucose levels are lower when
compared with the plot of experiment 1, and in Figure 5d, also the carbohydrate intake is reduced to
half to validate both meal and insulin models. In both experiments (3 and 4), it can be shown for its
corresponding plots that even a risk of hyperglycemia is present due to the high insulin dose.
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Figure 5. Comparison of blood glucose plots generated by AEDMA application for several values
of carbohydrate grams and insulin units. (a) Experiment 1. (b) Experiment 2. (c) Experiment 3.

(d) Experiment 4.

In Figure 6, a validation of the exercise models through the corresponding simulation plots are
shown. In order to obtain the reported plots, the used exercise intensities are light, moderate, and
heavy, and the exercise durations are 10, 30, and 90 min. The default values for grams of carbohydrate
intake and insulin doses are used. In Figure 6a, the simulation using 10 min of light exercise is shown.
The value of the glucose peaks after exercise (at 9:00 AM) is close to 185 mg/dL, but using 30 min of
light exercise, this is under 180 mg/dL (Figure 6b), and when using 90 min of light exercise, the glucose
peaks is close to 175 mg/dL (Figure 6¢). Similar behavior is shown when using the same duration but

with moderate exercise (Figure 6d—f). The value of the glucose peaks after exercise (at 9:00 AM) is close
to 175 mg/dL, and it is low when compared with the same peak obtained when using light exercise
(180 mg/dL). Finally, this behavior remains when using heavy exercise (Figure 6g—i). For comparing
exercise intensities, it can be shown from plots that the glucose peaks after 10 min exercise are: close to
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185 mg/dL for light exercise, over 175 mg/dL for moderate exercise, and below 170 mg/dL for heavy
exercise. Similar results are obtained for 30 and 90 min of exercise duration. In general, there are many
applications, however, long-term prediction of glucose still remains a challenge [20]. In this work,
an app has been developed capable of predicting the behavior of glucose levels for several days (see
Figure 5) or during a day with different exercise regimes (see Figure 6).

a) b) c)

Figure 6. Comparison of blood glucose plots generated by AEDMA application for several exercise
intensities using experiment 1 settings. (a) Light exercise—10 min. (b) Light exercise—30 min. (c) Light
exercise—90 min. (d) Moderate exercise—10 min. (e) Moderate exercise—30 min. (f) Moderate
exercise—90 min. (g) Heavy exercise—10 min. (h) Heavy exercise—30 min. (i) Heavy exercise—90 min.

Until now, the complete software of the presented application has not been compared with other
applications since our priority is to focus on the diet and physical activity of the Mexican population
with diabetes. There are many applications, but with European or United States standards. However,
each submodel has been compared and validated separately by its respective authors. It is important
to point out that the current version of the application presented in this work is an extension of a
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previous compartmental model that takes into account exercise periods. This model was developed by
the main author, who validated and compared its results with experimental data [41]. So far, we have
performed a prototype test on 26 young adults and execution times comparison for different devices.

4.3. Qualitative Study

For validating the AEDMA, we perform a prototype test using a questionnaire to evaluate the
main points of the proposed system. We applied a questionnaire to 26 young adults (age 15-25).
This application is focused mainly on this user group, which is highly familiar with tablet or smartphone
devices, and they are regular users of mobile apps. We restrict the participants of the prototype test
to have an android device because we designed AEDMA specifically for this mobile OS. In Table 4,
relevant information about the distribution of the testing subjects is shown.

Table 4. Relevant data of testing subjects.

Previous Knowledge of Mobiles

Gender Age Apps for Diabetes Treatment
Male Female  15-19  20-25 Yes No
76.9% 23.1% 38.5%  61.5% 15.4% 84.6%

After testing the ADEMA by at least 1 h in the participant’s device, they were asked to answer
a questionnaire that contains 10 questions related to the key aspects of the AEDMA. Each question
has 5 options, rated from NO, Rather NO, Do not know, Rather YES, and YES. The questions and
the percentage of responses for each option are summarized in Table 5. From the obtained responses,
we can summarize the following remarks:

1.  From questions 1, 3, 4, and 5, a preliminary conclusion about important points to be improved
to the AEDMA can be guessed. These points are related to improving the user interface, the
clarity, and legibility of presented glucose level graphs, and the ease of use of the app. Question
8 gives a general panorama showing that the mobile app in its current state can be improved.
From question 9, the variability of glucose levels is adequate from the user’s perspective.

2. In general, from questions 2 and 7, we can conclude that the AEDMA is useful and to give an
appropriate impression to the test user, to reuse the application if a next version is released.
Question 10 allows highlighting the importance of giving users an important role to involve them
in the design of these types of apps.

Table 5. Results of the questionnaire for the test group.

2 (Rather 3 (Do Not 4 (Rather

Question 1 (No)% No)% Know)% Yes)% 5 (Yes)%
(1) Are the user interface 'con’trols adequate to the type of data 15.4% 15.4% 15.4% 38.5% 15.4%
required by the app?
(2) Is the application useful? 23.1% 0% 0% 0% 76.9%
(3) Are the generated graphs easy to understand? 7.7% 0% 23.1% 46.2% 23.1%
(4) Do the application’s user mt'erface controls allow to 0% 77% 77% 16.2% 38.5%
manage the application in an ease way?
(5) How difficult has been the use of the app? 15.4% 38.5% 30.8% 15.4% 0%
(6) Does the application motivate to study more in depth the 0% 0% 15.4% 46.2% 38.5%
phenomena?
(7) Will you reuse the app? 0% 7.7% 7.7% 15.4% 69.2%
(8) Do you consider that current app can be improved? 7.7% 0% 0% 23.1% 69.2%
(9) Do you consider appropriate the functionality of the 0% 0% 779% 38.5% 53.8%

application for learning the glucose levels variability?
(10) Do you consider the mobile application are sufficient to
assess whether in the future you would like to participate in 0% 0% 23.1% 38.5% 38.5%
similar experiences with mobile apps?
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4.4. Execution Time Comparison

We obtain a measurement of the time required to conclude the simulation using several parameters
for each application’s deployment device. Table 6 shows the obtained measurements for each device.
We compute each measurement using only one thread environment because a multithread environment
was not conceived in the original application. We choose the following simulation times: 4 days,
one week, two weeks, and three weeks. A Polaroid tablet device obtained the biggest execution time,
while a Galaxy Tab 10.1 device obtained the shortest one. The rows in Table 6 start from the slower
to the higher simulation time. The mobile devices used for the application’s deployment were not
recent models, because even when some of them were featured as high-end devices when released,
they are old devices and, with recent advances in mobile technology, many of them can be featured
as low or middle-end devices when compared with the existing technology available at the time of
writing this paper.

Table 6. Time to complete computation of glucose concentration plots (in seconds) using several
simulation time durations.

Simulation Time Duration
4Days 1Week 2Weeks 3 Weeks
Polaroid Tab 12.30 13.53 16.24 21.11

Device

Galaxy S2 9.53 10.97 13.16 18.16
Galaxy S4 6.53 7.64 9.17 12.84
LG G3 Stylus 5.53 6.59 7.90 11.30
Galaxy Tab 10.1 5.53 6.70 8.04 11.73

5. Conclusions

In this paper, an application for diabetes education is proposed. The proposed application was
designed to provide a software tool to help support therapy in patients with diabetes, seeking to
improve the quality of life. The simulation is fixed, but an interactive simulation functionality can
be added to provide a richer user experience. The software is based on four mathematical models
originally designed as a desktop computer program. An exercise option in the interface helps patients
to schedule their routines and to estimate in advance its impact on blood glucose. This app could
also be developed for Apples” iOS products. Besides, this app could potentially be implemented as a
smartwatch app. The most important conclusions are:

1.  The App includes glucose regulation associated with metabolism and the application of an
insulin injection.

The App is capable of taking into account the effects of food intake and physical activity.

The developed application can simulate the behavior of glucose levels for long periods.

The App is capable of considering three types of physical activity: light, moderate and heavy.

AR

The developed application is focused on type-1 diabetes, but this can be extended to consider
type-2 diabetes.

6.  Asa future improvement, the application should be modified to split the simulation processing
into smaller operations running on multiple threads. This could be beneficial in devices with
more than one core.
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