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EDITORIAL
Selected Student and Faculty Research
in BioEngineering
Nenad Filipović, Guest editor
Faculty of Engineering, University of Kragujevac, Serbia

The current medicine treatment relies exclusively on diagnostic imaging data to define
the present state of the patient, biomarkers and experience of the medical doctors to
evaluate the efficacy of prior treatments for similar patients. Computational methods may
give opportunity for a patient-specific model in order to improve the prediction for the disease
progression. The Special issue - "Advances in BioEngineering" includes computational
methods for cardiovascular disease prediction with emphasize on biomechanics, biomedical
decision support system, data mining, personalized diagnostics, bio-signal processing, stent
deployment, fluid flow through semi-circular canals and cupula deformation, android
application, biomedical image processing, analysis and visualization, high performance
computing, nanomedicine, cancer medicine, aerosol simulation, protein binding etc. Authors
present with advanced research support tools for disease characterization, and the
discovery of new knowledge; associations among heterogeneous data, that can improve the
predictive power of the patient-model. There are mostly research studies from several EU
and NIH projects within group for Bioengineering Research and Development Center BioIRC
in Kragujevac.
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Computer Simulation of Flow through
the True and False Lumen
of Aortic Dissection
Saveljić, Igor; Velicki, Lazar; and Filipović, Nenad



days, almost 98% of patients die. In addition to
hypertension
[2],
the
development
and
progression of aortic dissection is associated with
several major risk factors such as genetic factors
[3], gender and age.
The development of computer technology
contributes to the growing number of different real
problem solved by mathematical modeling. Finite
element method, used in this paper, has been, for
many years, the dominant numerical method for
solving fields of physical quantities. In our study,
this method was used to determine pressure,
shear stress, and velocity of dissected aorta
geometry. The basic hypotheses in this study
were based on the analysis of the current state of
scientific fields of this scientific research:

Abstract: Aorta is the largest human blood
vessel. This part of the body is continuously
exposed to high blood pressure and shear forces.
Aortic dissection is a very serious pathological
condition where blood intrudes into the layers of
the arterial walls, creating an additional channel
(false lumen). Hemodynamic properties of blood
flow through the newly created false lumen, and its
dominance over the true lumen, have a significant
impact on patient's life. For this reason, FEM
analysis was performed for a typical aortic
dissection in order to study the relationship of
these lumens. Pressure, shear stress and velocity
were analyzed along the dissected aorta geometry.
Index Terms: Aortic dissection, Finite element
method, False lumen, Shear stress

 From the standpoint of fluid mechanics,
the cardiovascular system is regarded as
a system in which flow takes place with
the dominance of viscose or inertial
forces.
 Inertial forces are more dominant in
relation to the viscosity of blood flow in
aorta.
 Reynolds numbers at maximum systole
goes up to Re = 4000.
 Calculation of shear stress on the wall is
performed by the velocity of friction.

1. INTRODUCTION

T

HE modern style of life, irregular diet, alcohol
consumption, stress, and decreased physical
activity are some of the reasons for the
occurrence of hypertension, the most important
risk factor for cardiovascular disease [1].
Hypertension is an acute or chronic disease of
high blood pressure. There are often no
recognizable symptoms, and due to that fact, it is
referred to as "the silent killer". In most patients,
arterial hypertension occurs without any
symptoms. In order to prevent the occurrence of
aneurysms and dissections, it is necessary to
detect and treat it on time.
The aortic dissection is probably the most
common catastrophe of the aorta that begins with
a small crack in the intimal layer causing the
creation of a new false lumen. The mortality rate
increases by 1% with every hour of the
occurrence of dissection and, in the first few

2. LITERATURE REVIEW
Simulations of the dynamic behavior of the
fluid-blood interaction in the aorta with and
without dissection, and then simulations of the
flow and pressure in the obstructed branches of
the aorta in the aortic arch, are of great
importance in medicine. Simulations of this type
can be very helpful because doctors can gain
insight into further development of the disease.
Numerical methods and finite element method
are used to analyze blood flow and other
hemodynamic variables of the aorta and its
branches. There are numerous studies that have
studied changes in the healthy aorta [4], [5], the
dissected aorta [6], [7], and in the aortic
aneurysm [8], [9], [10] in this manner.

Manuscript received May 25, 2017. This research was supported
by the Ministry of Education, Science and Technological
Development through projects III41007, OI 174028 and the
European project HORIZON2020 689068 SMARTool.
Igor Saveljic. Author is with the Faculty of Engineering,
University of Kragujevac, Serbia (e-mail: isaveljic@kg.ac.rs).
Lazar Velicki. Author is with the Faculty of Medicine,
University of Novi Sad, Serbia (e-mail: lvelicki@gmail.com).
Nenad Filipovic. Author is with the Faculty of Engineering,
University of Kragujevac, Serbia (e-mail: fica@kg.ac.rs).
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Studies [11], [12] assume that the flow in the
aorta is laminar, since aorta is a large blood
vessel where the average flow is small, so the
Reynolds number has a relatively small value
[13], [14]. Concerning the characteristics of blood,
most numerical studies assumed that the blood is
Newtonian [15], [16], and because of this they
ignored the effect of particles in large arteries. A
significant number of numerical simulations is
used to predict the progression of aortic
dissection [17], [18], thrombus formation [19],
different treatment strategy, including fenestration
and stent grafts [20], [6]. Great attention is paid to
the entry tears, location, size and influence on
further propagation of the false lumen [21], [22].
Studies have also shown that the form of the gap
may have an impact on the way of propagation of
the false lumen. [13], [20].

flow was assumed to be laminar, Newtonian, and
incompressible. The continuity and Navier–
Stokes equations are as follows:
(1)
 u 0
-   2 u   u   u   p  0

(2)

where u is blood velocity, ρ density, p pressure
and μ is dynamic viscosity of blood. Blood flow is
simulated for average blood properties: ρ=1050
3
kg/m and dynamic viscosity μ=0.0035 Pas. A
parabolic velocity profile was assigned at the inlet
of the ascending aorta. The mean value of the
inlet velocity was derived from experimental
measurements [24]. Physiological velocity
waveform is shown in Figure 2, where velocity in
a systolic peak is 1.06 m/s.

3. MATERIAL AND METHODS
The model of dissected aorta geometry was
imaged with CT (128-slice Philips scanner), in
slices with 0.5 mm of thickness. The CT scans
were read into Mimics v10 visualization software,
where the images were segmented by
thresholding to obtain 3D model (Figure 1).

Figure 2. Boundary settings of the model
In the human aortic system, approximately 5%
of the flow volume is diverted to each of the three
aortic arch branches [25]. Based on the crosssection of the branches, the following peak
velocities have been calculated for these three
branches: 0.32 m/s through the brachiocephalic
artery of the false lumen, 1.65 m/s through the left
common carotid artery of the false lumen, 0.52
m/s through the left subclavian artery of the true
lumen, and 0.16 m/s through the left subclavian
artery of the false lumen. Zero-pressure boundary
conditions were assigned at all other outlets of
the model.
In this paper geometry was used from a patient
aged 65, smoker, who was diagnosed with
hypotension (low blood pressure), and acute
aortic dissection (De Bakey type I). The size of
2
the entry tear was 14.02 cm at a distance of 71
mm from the top of the aortic arch. The volume of
3
the true lumen was 192.24 cm , while the volume

Figure 1. The process of segmentation and
visualization of 3D model
After that, the geometry was converted into
stereo lithography file, using Mimics and its STL+
module. The next step was the elimination of
noise and sharp triangles in the model with
computer manipulation using Geomagic software.
Then, FEMAP was used for creation of 3D mesh.
Tetrahedral elements were used as the final
element. PAKF software [23] was used for
numerical solution of fluid flow problems.
The Navier-Stokes equations describe the
motion of viscous fluid substances. They are
mathematical description of all fluid motions. The
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of the false lumen was 132.65 cm . There was no
return entry. Figure 3 shows the anatomy of the
aorta and the individual segments, in which
cross-sections the analysis of the aortic
dissection is performed.

a)

Figure 3. Anatomy of the aorta and
the observed cross-sections
Before the numerical analysis, the ratios of the
true and false lumen were determined, and are
displayed in Table 1.
Cross-sectional area
[cm2]
Seg.
1
2
3
4
5
6
7
8
9

Total
area
19.05
13.19
9.74
6.23
5.38
6.08
5.44
2.71
2.79

True
lumen
19.05
3.25
4.50
3.82
2.91
2.88
2.48
1.45
1.64

False
lumen
0.00
9.94
5.24
2.41
2.47
3.20
2.95
1.26
1.15

Cross-sectional
area
[%]
True
False
lumen
lumen
100.00
0.00
24.64
75.36
46.23
53.77
61.37
38.63
54.11
45.89
47.40
52.60
45.69
54.31
53.52
46.48
58.75
41.25

b)

4. RESULTS
Numerical analysis of the behavior of the blood
vessel during one cardiac cycle was conducted
using PAKF Solver. The results of the pressure,
shear stress, and velocity are shown in Figure 4.

c)
Figure 4. Results of the numerical analysis of
the dissected aorta model. (a) pressure, (b) shear
stress, (c) velocity streamlines
Figure 4 show that the false lumen dominates
the true lumen. The false lumen has greater value
of pressure along the aorta. The shear stress in
the zone of the ascending aorta of the false
lumen reaches a value of 9.73 Pa. The largest
recorded value of the shear stress observed in
the branches of the aortic arch reaches 31 Pa.
3
Brachiocephalic trunk (flow rate 12.14 cm /s, or
16.82 % of the total flow rate), the left common
3
carotid (flow rate 7.41 cm /s, 8.82 % of the total
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flow rate) and the part of the left subclavian artery
3
(flow rate 5.61 cm /s, 6.69 %) belong to the flow
of the false lumen, taking 44.11 % of the flow.
The second part of the flow through the
subclavian artery goes through the true lumen
3
and has flow of 4.01 cm /s (4.76 %). Celiac tree
3
with a flow of 9.79 cm /s (11.66 %), and upper
3
mesenteric artery (with flow of 5.27 cm /s, 6.28
%) belong to the true lumen. Right renal artery is
also supplied from the true lumen flow of 6.29
3
cm /s (7.49 %). Left renal artery belongs to the
3
false lumen and a flow rate of 7.88 cm /s (9.39
%) is recorded through this branch. Iliac branches
belong to the true lumen (flow through the right
3
branch is 4.03 cm /s, 4.81 %, and through the left
3
3.34 cm /s, 3.99 %).
The diagram in Figure 5 shows the ratio of the
true and false lumen on the basis of the analysis
results.

from these diseases. Aortic dissection is one of
the most serious diseases that start splitting
intimal layer of the aortic wall. The aim of this
simulation was to numerically determine the
relationship between the true and false lumen of
acute aortic dissection. It is very important to
predict the behavior of the false lumen and its
propagation in the further course of the
development of the disease. Further research will
be in the direction of determining the destiny of
the false lumen after the surgery, as well as
determining the Von misses stress on the wall of
the aorta and prediction of potential sites for aorta
rupture.
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Safe Operation Assessment
of the Cardiovascular Stent
Jovčić, Gordana; Vukičević M., Arso; and Filipović, Nenad



approach. Therefore, FtF is the process that can
be developed in structures subjected to cyclic
loading. The main objective is to achieve fatigue
resistance of cardiovascular stent in the period of
10-15 years with no damage failure. Following the
ASTM F2477-06 standard, it is defined that
cardiovascular device has to endure at least
8
4*10 cycles.
The structural analysis of the stent is based on
Finite Element Method (FEM). This method is
powerful and efficient tool to test-proof
cardiovascular implants on reliability and
durability. FEM has already been used for: a)
mechanical behaviour modelling of stent
(Miglivacca et al., 2002; Garvaso et al., 2008); b)
stent design and shape optimization (Lally et al.,
2005; De Blue et al., 2008; Masoumi et al., 2012;
Abad et al., 2012); c) flexibility of coronary stent
(Petrini et al., 2004); d) fatigue failure assessment
(Marey et al., 2006; Santos et al., 2012) d)
fracture of the stent (Schievano et al., 2006;
Pelton et al., 2008; Schievano et al., 2010).
Fatigue-failure methodology has wide spectrum
of applications in biomedical engineering (Nalla et
al., 2004; Ritchie et al., 2006; Marrey et al., 2006,
Kruzic and Ritchie, 2008). This procedure gives
measure of biomedical structures durability and it
is based on: experimental determination of
material fatigue parameters, fatigue estimation
and fatigue lifetime prediction. In biomedical
devices with dimensions measured in terms of
fractions of millimeters, i.e., microscopic size
scale, the crack sizes larger than are highly
unlikely. Accordingly, Linear Elastic Fracture
Mechanics (LEFM) and small-scale yielding
condition are conducted commonly.
The transition stress-based on fatigue-tofatigue crack growth is determined by KitagawaTakahashi (KT) diagram (Kruzic and Ritchie,
2008). Also, in paper (El Haddad et al., 1979)
stresses ranges prediction for non-propagation
cracks is proposed. The safe-operation
assessment is based on the prediction of critical
stress range in operation for structure with preexisting flaws. Aim of this paper is to develop
numerical procedure for assessment of coronary
stent durability based on continuum mechanics. It
is conducted within three phases: a) Initial stress
fatigue analysis i.e., S-N approach based on

Abstract: The principal aim of this study was to
define and apply numerical procedure for
analyzing highly responsible biomedical devices,
such as coronary stents, in order to ensure safety,
durability and reliability. Numerical durability
assessment of the coronary stent is based on
estimating safety from fatigue to fracture.
Numerical durability assessment of the stent is
carried out within three phases: a) initial fatigue
analysis based on S-N approach; b) fatigue lifetime
assessment based on fatigue crack growth
simulation and c) safe-operation i.e., no-fatigue
failure (based on forming of Kitagawa-Takahashi
diagram) as well as immediate fracture event
predictions of the stent. The results indicated that
presented numerical algorithm gave estimation of
structure survival/durability on the side of safety
and it can be combined efficiently with
experimental procedure in the process of stent
design, validation and optimization.
Index Terms: Fatigue Safety Factor, Lifetime
prediction, Stress Intensity Factor

1. INTRODUCTION

S

TRUCTURAL
assessment
of
high
responsibility devices is important to ensure
their safety, durability and reliability. Structural
assessment includes tasks in many areas, such
as structural and failure analysis, non-destructive
testing, structural monitoring and instrumentation,
fatigue analysis, fatigue life assessment, safeoperation assessment, etc. Fatigue endurance
assessment is carried out to predict the possibility
of premature failure caused by fatigue loads, i.e.,
to determine resistance on fatigue failure.
In order to achieve appropriate and acceptable
reliability in the framework of high responsibility
structure and to prevent fatigue to fracture (FtF),
stent as the typical biomedical device has to be
analyzed within the design safety from failure

Manuscript received June 30, 2017. This work was supported in
part by the grants III41007 and OI 174028 from the Ministry of
Science, Education and Technological Development in Serbia, and
grants HORIZON2020 689068 SMARTOOL, SCOPES JRP/IP
IZ73Z0_152454.
G. Jovicic, A. Vukicevic and N. Filipovic are with the Faculty of
Engineering, University of Kragujevac, 6 Sestre Janjic Street,
34000 Kragujevac, Serbia (e-mail: gjovicic.kg.ac.rs@gmail.com).
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Goodman’s and Soderberg’s criterion, for the
case of hyper-physiological pulsatile loading; b)
Fatigue lifetime assessment based on the fatigue
crack growth simulation; c)The Safe-operation
assessment, and prediction of events with
immediate fracture.
The first step is performed in order to define
Fatigue Safety Factor (FSF) for projected fatigue
constant life with assumption of non-pre-existing
flaw. The parameter FSF could be defined by
using stress-based constant life approach
(Marrey et al., 2006; Schievano et al., 2010) or
strain-based constant life approach (Pelton, et al.,
2008). We conducted the assessment of FSF in
stress-based fatigue analysis by using principal
and effective stress field. Structural analyses of
the stent were carried out by the developed inhouse software (PAK, 2013). In this phase,
numerical prediction of the worst cases scenarios
(Gong et al., 2009) was obtained for Goodman’s
(or Soderberg’s) constant life diagram of 400
million cycles (see Fig. 1).

stent is performed by applying S-N method, with
assumption of no pre-existing flaw. One can say
that fatigue failure does not occur if amplitude
and mean stress satisfy the following criteria:
Goodman:  a /  e   m /  u  1 ,
(1)
Soderberg:  /    /   1 ,
a

e

m

y

where  a ,  m ,  e ,  u represent stress
amplitude, mean stress, endurance fatigue
strength and ultimate tensile stress. Relations in
Eq. (1) define stress-based constant life criterion.
If inequality is satisfied, then the structure is
fatigue safe during the period of constant life (in
this case it is 400 million load cycles). Left-hand
side of the Eq. (1) represents reciprocal value of
FSF. Numerical reliability proof on fatigue of the
stent is FSF bigger than 1.
For estimation of FSF, it is necessary to define
values of amplitude and mean stress for
prescribed radially oriented pulsatile loading.
Stress range during a loading cycle is defined as
  ( sys   dis ) , while the stress amplitude and
mean stress were defined as:

 a   / 2 ,
 m  ( sys   dis ) / 2 . Stress values,  sys and  dis ,

correspond to stresses for systolic and diastolic
loading in cycle, respectively. In this research, for
the numerical calculation of  sys and  dis two
approaches are implemented, based on: a)
principal stresses (Schievano et al., 2010) and b)
effective stresses. In the second approach,
EQuivalent Stress Amplitude (SEQA) formulation
(Li and Freitas, 2002) is used as follows:



SEQA  {  xx   yy
Figure 1. Worst Case Prediction (scenario I, II, III)
using Goodman and Soderberg constant life diagram
(Gong et al., 2009).

   zz   xx 



2

   

yy

  zz



2

(2)

2



 6  xy2   yz2   zx2 }1/ 2 / 2

The safe-operation of the stent based on
forming of KT diagram is performed. This
diagram describes the critical stresses ranges in
operation for structure with flaws. In this study,
the numerical values of the stress value - crack
size are set in KT diagram, in order to analyze
and discuss the conditions for non-propagation
and steady propagation pre-existing flaws.

Amplitude for each stress component was
calculated analogously to  xx   xx , sys   xx , dis / 2 .
Expression of SEQA (Eq. 2) was used to
calculate
mean
stress  m ,
where
each
component in Eq. (2) was calculated
as  xx  ( xx , sys   xx , dis ) / 2 .
2.2. Safe-Operation Assessment
KT diagram combines data from fracture
mechanics (fatigue threshold and fracture
toughness) and data from stress-based fatigue
approach (fatigue endurance strength). This
diagram defines the limiting cyclic stress range as
a function of “small” and “large” cracks.
Fatigue failure starts with crack initiation i.e.,
with forming of small crack. Fatigue threshold for
initial small crack is defined for crack growth rate
-10
of 10
m/cycles (Robertson et al., 2008). It
depends on fatigue parameters C and m ,

2. METHODS AND MATERIAL
2.1. Stress-Based Fatigue Estimation
The safe-life prediction is often represented in
terms of constant-life diagram. Empirical models
of Goodman or Soderberg are commonly used
for determination of constant life diagram for
metals (Stephens et al., 2000). Goodman’s line
usually matches data for many brittle metallic
alloys exposed to high cycle fatigue, while
Soderberg’s approach is the most conservative
one.
High cycle fatigue assessment of the coronary
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following

relation



K thsc  1010 / C

1/ m



.

The

transient crack size represents the upper limit of
crack size where small crack effects become
significant. This initial flaw size for a small crack



region is a0sc   1 K thsc / Y  e



2

, where Y  1 .

In the case of large cracks, fatigue threshold
range K th is specified experimentally as
asymptotic value on curve crack growth rate vs.
stress intensity range. The maximal value fatigue
threshold K th represents intrinsic material
threshold K th0 for a given material/environment
system. The K th0 is independent of crack size;
long or small (Sadamanda et al., 2009).
In the case of maximal value for fatigue
threshold range K th0 , transient crack size is
considered as maximal value of small crack size,
and it can be defined as:

Figure 2. K-T diagram of the safe zone under
a fatigue loading.

2.3. Material and Geometry of the Stent
In this paper the generic balloon expandable
coronary stent is analysed. The geometry of the
3D model was obtained with permission from
University of Gent, Stent Research Unit
(http://www.stent-ibitech.ugent.be) (Fig. 3). The
material of the stent was L-605 Co-Cr (Marrey RV
et al., 2006). The length of stent was 7mm,
internal diameter before the installation was
1.5mm, while outer diameter was ~1.65mm.

2

1  K th0 
(3)

 .
  Y e 
The safe operation zone i.e., no-fatigue failure
zone in KT-diagram is represented (see Fig. 2)
as:
K th0
   e , if a0sc  a  a0 and  
if (4)
Y a
a0 

a  a0 .
The second region represents steady/state
crack growth i.e., fatigue failure zone if the
following conditions are valid:
K C
   Y , if a0sc  a  a0 and  
, if (3)
Y a
a  a0

where K C is fracture toughness. The intrinsic
small crack is defined by length scale a  [a0sc , a0 ] .
At a small-crack size load-stress limit for nofatigue failure is endurance stress, while, for a
fatigue failure, the yield stress is load-stress limit.
In the case of large-crack size the stress limit for
fatigue failure is defined by fracture toughness.
Therefore, the overload failure occurrs when
conditions (7) are not satisfied.
Figure 2 shows the schematic preview of the
safe zone to fatigue failure, defined with the KT
diagram. Safe zone is defined with the line A-B-C.
Where bellow the line A-B may be considered as
region where flaw is not yet achieved initial value
of a0 , at which we could apply laws of fracture
mechanics. A point B, the flaw reaches initial
lenght that corresponds to K TH . Starting from

Figure 3. 3D model of coronary stent before
and after expanding.

Cross section of the stent is rectangle with
lengths in the radial and circular directions of
0.08x 0.11mm. Timmins et al., (2008) used the
geometrically similar stent model within research
on effects of the stent design. Due to lower stress
distribution in the radial direction, Bedoya et al.,
(2006) classified this model as stent with lower
radial stiffness. Material properties of high quality
alloy L-605 Co-Cr are shown in Table 1. First
three characteristics are standard material
properties defined by monotonic (static) tests.
However, fatigue endurance strength limit is
determined by carrying out completely reversed
axial strain-controlled fatigue test.

point B, the flaw of initial size a0 if formed and it
further propagates over the safe zone (bellow the
line B-C). Therefore, the safe zone lasts unitl the
fatigue loading is within the region bellow the B-C
line.
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Table 1. Material properties for L-605 Co-Cr.
Young’s modulus

Endurance strength

Threshold range

E  243GPa

 e  207 MPa

K th0  2,58MPa m

Fatigue parameters
C  4, 74  1013 ;

Ultimate tensile strength

Fracture toughness

m  10,39

 u  1449 MPa

K C  60 MPa m

Yield strength

 y  547 MPa

Ratio of fatigue endurance strength and tensile
strength of material represents the fatigue ratio.
Depending on the material, the fatigue ratio is in
the range 0,25 - 0,6. In the case of alloy L-605
Co-Cr the fatigue ratio is 0.286.

3.1. Stress-Based Fatigue Assessment
Numerical results of amplitude and mean
stress for physiological blood pressure are shown
in Figure 5. Also, amplitude stress field based on
SEQA formulation is shown in Figure 5. These
results indicate that periodical joints of stent
bridge and stent strut i.e., T-zones of the stent,
are locations where extreme values of stresses
occurred. The results for reciprocal FSF obtained
by applying a) Goodman’s, and b) Soderberg’s
criterion are shown in Figure 6. Numerical
calculation for FSF was based on the principal
stresses. The results for reciprocal FSF are
shown in Figure 7, where calculation was
performed with values of the effective stress.

3. RESULTS
Numerical simulation of structural durability
assessment for the coronary stent was performed
by 3D FEM modeling using in-house PAKsoftware (PAK, 2013). 3D geometrical model of
the stent was discretized with structural mesh
consisting of 38400 nodes and 59625
hexahedron finite elements.
In order to obtain numerical results within finite
element approach reliably, it was necessary to
incorporate appropriate loading and boundary
condition. Hence, for the purpose of fatigue
assessment pressure range (difference) between
systolic and diastolic pressure in artery was set
on 100mmHg (13.3kPa) following (Lally et al.,
2005). Specified physiological load range belongs
to the group of hyper-physiological cases
manifesting as extreme hypertension. In addition,
it is worth mentioning that upon pressure of 1.8
MPa on the internal surfaces, stent was
expanded from initial 1.5mm to the final diameter
of 3mm.

Figure 6. Contours of reciprocal FSF obtained with
principal stresses by using a) Goodman’s
and b) Soderberg’s criterion.

As it mentioned above, critical locations on the
fatigue are indicated in T-zone (Figs. 6 and 7). In
T-zone, there is a minimal value for FSF following
Soderberg’s criterion. This criterion is more
conservative compared to the Goodman’s
because the measure of fatigue failure for mean
stress takes yield strength. Further, using
effective stresses in the fatigue failure
assessment, lower values for FSF are obtained.
This leads to conclusion that using effective
stress there are more conservative compared to
principal stresses.
Soderbeg’s criterion defines fatigue failure as
limit of linear-elastic behaviour (residual stresses
are appeared during the deployment of the stent).
The critical value of FSF is 0.96, and following
Soderberg, it corresponds to 96% of 400 million
cycles that is projected fatigue life of the stent. It
should be noticed that stress field in stent
obtained by numerical simulation is below the
level of stress field achieved through calculation
of Goodman’s constant life during 400 million

Figure 4. Effective and principal stress for physiology
state of increased blood preassure.
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cycles.
Table 2. Nodes with maximum FFI (lowest FSF) according to the Goodman and Soderberg fatigue failure criterion.
*

*

*

**

**

ID node

Goodman

39297

0.28

3.57

17455

0.40

2.50

Sodeberg

19569

0.75

1.34

17455

1.03

0.97

FFI

FSF

ID node

**

Fatigue criteria

FFI

FSF

*principal stresses; **effective stresses

section of the stent, with crack width from 80 m .
In the case of the stent made from alloy L-605
Co-Cr initial intrinsic small crack size is
a0sc  18 m , while the transition from small to
large crack fatigue behaviour is defined with
a0  49 m . Numerical crack growth was
simulated through eight steps from 16, 6  m to
83 m flaw depth, in terms of small and large size
scale of crack. The effective stress for systolic
blood loading in the eighth simulation step when
crack depth was 83 m has been shown in Figure
8.

Figure 8. Crack growth simulation in 2nd, 5th,
and 10th step.

Figure 7. Contours of reciprocal FSF obtained with
effective stresses by using a Soderberg’s
and Goodman’s criterion.

The Soderberg criterion is more conservative
(Table 2), because it uses yeald strength as
measure for estimating fatigue failure by
analysing mean stress. By using effective stress
during the assessment of fatiguve failure, we
obtained increased values of FFI compared to the
case when we used principal stresses (Table 2).
Therefore, it may be concluded that procedure
based on using effective stress is more
conservative.

Figure 9. KT-diagram and numerical values
of pre-existing flaw propagation in the stent.

3.2. Safe-Operation Assessment
S-N approach does not consider influence of
the crack growth on the lifetime of structure.
Fracture mechanics based approach enables
fatigue life assessment for an existing flaw to
grow from initial to a critical size. The pre-existing
flaw is set in the area of the stent with the lowest
value of the FSF. Initial pre-existing flaw
configuration is assumed to be through-cross

Due to the fact that process of fatigue life-times

prediction does not give assessment of safeoperation in terms of steady/unsteady crack
growth, KT diagram is designed. The critical
stresses for stent, made from alloy L-605 Co-Cr,
with flaws in terms of small and large scale of
crack size is described in Figure 9. The values of
the stress-flaw size which are obtained in the
numerical simulation of crack propagation are
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shown in Figure 9.
The structure has safe operation if values of
stress - crack size are within the no-fatigue failure
region (see Fig. 2). The flaws in size scale
18  49 m are analysed in terms of endurance
strength in fatigue failure zone and in terms of
yield strength in single event overload zone. In
this case, the safe operation was obtained at preexisting flaw depth less than the 25m .

KT-diagram. The crack growth in the numerical
simulation is stable for both small and large scale
size of the crack. This numerical estimation was
obtained without prediction of premature fracture
for a peak dimension of the flaw.
The results indicated that the presented
numerical algorithm gave estimation of structure
survival/durability on the side of safety and it can
be combined efficiently with the experimental
procedure in the process of stent design.
Further improvements of numerical durability
assessment should be directed in involving of
multiaxial physiological loading conditions. We
are aware that in in vivo condition, the coronary
stent is exposed to twisting, bending, torsion and
axial loading. Consequently, due to the fact that
physiological states of coronary stent are high
varied, it is necessary to include the influence of
cyclic block loadings and cumulative damage
model, as well (Fatemi and Yung, 1998; Santos et
al., 2012). The continuum mechanics approaches
are commonly used in the fatigue failure
estimation of the stent structure. On the other
hand, dimensions of stent cross-section are
comparable with characteristic scale of the
microstructure i.e., grain size. In the further
research
we
will
implement
multiscale
methodology, where macro scales are linked with
micromechanically computational model which on
the micro scale uses crystal plasticity theory.

Therefore, if pre-existing flaw is less than 25m
a non-fatigue failure occurs For a crack
depth a  49 m , the loading-stress limit is defined
in terms of fracture toughness. Therefore, the
steady-state crack growth is achieved in both
regions: a) zone with small size scale
( 18  a  49 m ) and b) zone with large size scale
of crack ( a  49  m ).
Finally, immediate fracture event prediction
was conducted by comparing K factor (for peak
flaw depth from 83 m ) with fracture toughness.
The K factor for mode I, for peak flaw depth, is
18, 08MPa m which is 3,3 times smaller than
fracture toughness of the alloy (see Tab. 1). This
fact indicates that immediate fracture of the stent
with pre-existing flaw depth of 83 m , for
physiological loading condition, is not likely event.

4. CONCLUSION
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direction of the head rotation. Actually, it does so
by vectorial summation of all the inputs, of all six
SCCs (left and right ear), producing, as a result,
the perception of angular motion.
Besides, there is canalithiasis. It presents
unwanted condition where small calcite particles
(otoconias, i.e. otoliths) [5] disturb the fluid flow
[6, 7] inside SCCs thus leading to the benign
paroxysmal positional vertigo disorder.
Obrist and Hegemann [1] proposed the
following equation for the cupula deformation:

Abstract: Semicircular canals (SCCs) and
cupulas, as part of them, are structures of the
inner ear involved in detecting the angular motion.
First, we briefly recall on the mechanical model for
determining cupula deformation with analytical
solution. After that, we present procedures for
numerical solving of the domain problem and
compare obtained solutions with the analytical
one. Finally, we present a “mobile client – server”
application for visualising the finite element (FE)
solutions in a way that is convenient for the
clinical praxis usage. In contrast to analytical and
plain numerical solution, FE model also
incorporates the influence of otoconias - a small
carbide particles that disturb the fluid flow inside
semicircular canals. FE model solutions bundle
contains fifty solutions for a predefined cupula
rotation angles in a range from 0 to 120.

−∫

( )=
̇( −

∙ ( ̇( )
)∙

)

(1)

( )
where
the
is
cupula
volumetric
displacement,
is a constant ( = −1.07 ∙
10
) and integral part denotes the error of
displacement velocity.
For this observation, we will be considering the
case of head rotation from 0° to 120° in a period
of time that lasts 3 seconds. After that, the head
stays in that position long enough to let the
cupula relax fully. During such head maneuver,
the angle of the cupula, rotation, can be
presented as a polynomial of the seventh order
[2].

Index Terms: cupula, finite element, mobile,
otoconia, semicircular canal

1. INTRODUCTION
Angular motion is being detected by humans
due to excitation occurring inside the inner ear, or
more precisely, due to excitation of the afferent
hair cells found at the ends of the three mutually
orthogonal semicircular canals (SCCs). Those
ends are a bit widened and are called ampulas.
Inside them, a sensory hair cell receptors are
being embedded into a gelatinous object called
the cupula. Sensory hear cells are able to detect
even small changes of the SCCs axial fluid
(endolymph) flow as the fluid flow deflects cupula
all the time. All those hair movements give
enough input data to the brain to determine the

()
0,
=

2
3 ∙ 2187

(2187 − 20 7 − 210 6 − 756 5 − 945 4 )
120,
(2)
< −3
−3 ≤ ≤ 0
>0
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At the beginning of the relaxing phase, there is
a conspicuous overshot in the diagram (Figure 1)
of the cupula deformation whereupon real
relation occurs. Just in order to make a distinction
between rotation and relaxing phases on a timeline, we assume that those phases have
happened in the intervals [-3s, 0s] and [0s, ∞],
respectively.
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Derivation of angle by time denotes the angular
velocity of the cupula:

the new borders of the previous integral will be
[0,
], for ≤ 0 and [ ,
], for > 0 .

̇( )

Now, analytical solving of the integral can go
into two phases. The solution for the ≤ 0 must
be obtained first and then for the > 0 . Both
procedures are quite similar and straightforward.

0,
2
(−140
3 ∙ 2187

=

− 1260

− 3780
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2. METHODOLOGY

2
(−140( − ) − 1260( −
3 ∙ 2187
− 3780( − )
− 3780( − ) ) ∙
2
( − ) ∙
=
−140
3 ∙ 2187

=

− 1260

( −

) ∙

− 3780

( −

) ∙

− 3780

( −

) ∙

1
=− ( −
−
−

≥

≤

The same inequalities apply to the

1

=
1
− ( −

/

) ∙

(−3)

=

−

( −

−

) ∙

)

|
1

+3

[0, ∞] so

16

6

=
−

5

(−3)

( −

−
⋮

)

=

|

( −

=−

Previous integral has a value when the
argument of the angular velocity is in the range
[-3s, 0s] (equation 3); otherwise it is equal to
zero. So, the following inequalities apply to the
argument of the angular velocity:
≤0→

6

)

) ∙

/

) ∙ (− )
1
∙
=
−

6( −

2
[−140 − 1260 − 3780 − 3780 ]
3 ∙ 2187

−3 ≤ −

) =
=

Now, we present solving of the equation 1
analytically and numerically.
Integral part of equation 1, i.e. velocity error,
can easily be resolved numerically by presenting
the integrand as a series of small portions and
summing them up at the end. This can easily be
done in some of the specialized numerical
software packages, e.g. MatLab.
Analytical solution is much trickier to obtain.
Actually, it is necessary to apply partial
integration of the mentioned integral six times to
get the analytical solution of the velocity error
function. Essentially, it is easy to apply partial
integration as the integrand function is a product
of two other functions: a) angular velocity of the
delayed input signals, and b) exponential
function. Besides, there are two constants: a)
= 0.0256 , and b)
≈ 0.0061. Integration of
equation 2 gives:
=

( −

=

−

) ∙
5

∙ =

2
3 ∙ 2187

22680

+

151200

+ −

100800

+

+ −140

840

+

4200

90720

+

+

− 1260

6300

− 3780
16800

+
+

15120

+ −
−

−

50400
+

100800
90720

+ −

25200

Figure 1. Cupula displacement – numerical, analytical
and FE results.

− 3780

45360

+
+

−

+

+

151200

22680

100800

90720

Cupula deformation is a reaction of the
endolymph’s pressure changes during its
movements in the semicircular canals. Interaction
between endolymph and cupula can be
considered a typical fluid-structure interaction.
So, it is natural to model the cupula as an elastic
membrane and to model the endolymph using 2D
4-nodes finite elements.

11340
−

−

3. DETERMING CUPULA DISPLACEMENT USING
FINITE ELEMENTS METHOD

75600

+

151200

22680

4. NUMERICAL REPRESENTATION OF THE FLUID
DOMAIN
Navier-Stokes and continuity equations were
employed to model the fluid domain inside
semicircular canals. In order to avoid calculation
of the pressure in the velocity-pressure
formulation, Penalty method was used [3]. In
essence, that means that the continuity equation
had to be simplified, i.e. approximated by using
the so-called penalty parameter - selected big
number . Approximated continuity equation now
has the form:

The procedure for integral solving for > 0 is
quite the same, only the lower border is different:
=

( −

) ∙

( −

) ∙

=

,

The final solution for velocity error integral has
the form:
2
∙ =
3 ∙ 2187

22680
+
+
+

151200

+

22680
151200

−

+

+

=0

After solving the previous equation by the
pressure
and substituting it in the NavierStokes equations, we get:

90720

100800
+
−

90720

,

−

,

−

−

,

=0

so the FE equation of balance now takes the
form of:

100800

̇+
Analytical and numerical solutions for the
cupula displacement are given in Figure 1. As
can be seen, they are practically identical.

+

=

+

where
=

( )
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5. FE SOLVER WITH AN IMPLEMENTATION OF LOOSE
COUPLING NUMERICAL PROCEDURE

practically behave as a solid. That approach
enabled us to model the solid-fluid interaction
successfully. Also, consider that the solution for
the fluid flow is not dependable on the motion of
the FE mesh [3].

This approach assumes that the systems of
balance equations have to be created separately
for the domains of fluid and solid. This also
means that the solutions for both domains have
to be obtained with different FE solvers, causing
the parameters from one solution to affect the
solution parameters of the other structure. They
are being transferred successively for each
iteration step of the calculation [4].
For the movements of the nodes of the finite
element mesh, “Arbitrary Lagrangian Eulerian”
formulation was used and because of time
linearization procedure, known values had to be
used at the very beginning of the each step
during incremental analysis. Finally, the
approximation for the quantity of F takes the
following form:
|

=

+

∗

6. SOFTWARE IMPLEMENTATION
We developed a client-software software for
visualising the FE analysis results of cupula
displacement. The governing idea was to enable
clinical doctors to have an insight into cupula’s
deformation and dispersion of otoconias during
rotation of the cupula, i.e. during head rotation
about vertical axis. For the best results on the
client side, a phone carrier device for the head
and a cell phone with Android 4.1 or greater and
wireless Internet connection need to be available.
As said, the software solution consists of two
parts: 1) client-side application for visualising
results of the FE analysis, running on the Android
4.1 or greater smart phone [9, 10], and 2) serverside application for performing FE calculations
and sending results to the client. There are few
reasons for this architectural style. Some of them
are related to hardware issues, some of them are
related to software issues and some of them are
related to practical reasons from the viewpoint of
end users. The main reasons are the following: 1)
for performance reasons, FE solver had been
written in Fortran programming language thus
discriminating itself for running on the Android
platform, 2) FE calculation solvers are usually
very demanding to the processing power as all
they do are the complex arithmetic computations,
so running them on the cell phone would certainly
prolong calculation time considerably compared
to the time needed to get the same job done on
the server, 3) in connection with the previous
one, running FE solver on cell phone would
certainly drain its battery very quickly, whre such
problem does not exist on the server side, and 4)
end users will not be obligated to update the
application very often as the most frequent
updates will be related to FE solver and only
rarely to the mobile user interface.
Server-side application has been implemented
in a Java programming language and exposed to
the users as a bunch of REST [8] web services.
Upon starting a web service for FE analysis, the
service starts a solver in its own thread and
backs the control to client immediately, releasing
the Internet connection, so the client does not
block its user interface. The FE solver works ~20
seconds and during that period, the user
occasionally, in an asynchronous manner,
checks whether the analysis got finished. The
server will readily answer on every user request
with the accurate information about job progress.
In the current stage, the application, i.e. the FE

∆

Previous relation is being applied to the both
sides, i.e. to the left (LHS) and to the right (RHS):
(

)∗ ∆ =

)+(

(

)

In order to calculate mesh-referential time
derivatives, we used the following two relations:
∗

∗

=

−
and

(

)∗ =

After presented linearizations, the governing
equations of fluid motion are [3]:
( )

∗

+

( )

∆ +

∆ =

( )

−

( )

and
( )

∗

+

( )

∆ =

( )

−

( )

We evaluated integrals over the known FE
volumes and surfaces at the beginning of each
time step, although, some terms were calculated
at the last iteration. Note that incremental
algebraic equations were obtained by replacing
∗
∗
referential time derivatives
and
with
∗
∗
= ∆ /∆ and
= ∆ /∆ , respectively.
The previously described formulation of the FE
model is a must for the cases where fluid
boundaries deform in a great range over time and
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solver, receives only two input parameters. The
first one is the predefined geometry of the SCC
and is permanently stored on the server. It is a
finite element mesh with 5540 four-square finite
elements. The second one is the number of
otoconias set by the client and embedded as a
request parameter for starting the FE analysis.
The work-flow of the application is shown in
Figure 2.

there is no such device in the cell phone, but the
angle value can be obtained as a product of
calculation [10] taken from the readings of two
other sensors: magnetometer and accelerometer.
Of course, the resulting value must be filtered
with the low-pass filter in order to obtain
stabilized and usable values.
7. DISCUSSION
Diagram of cupula displacement, the yellow
one, from Figure 2 has been superimposed on
Figure 1 and is in presented in a red color there
thus allowing us to make comparison with the
analytical and numerical solutions obtained
earlier. Stepped look of the red diagram is a
consequence of the distribution of the 50 FE
solutions over the range of 120° of cupula
rotation, which gives us a step of 2.4° per
solutions.
As it can be seen from Figure 1, order of
magnitude between solutions is essentially the
same. The main difference lies in the part that
towards to the relaxing phase of the cupula
movement. That means that the (red) diagram
obtained by the FE analysis, does not follow the
trend of the other two diagrams short after it
reaches the maximum value so it is nowhere
near to the point of crossing the horizontal axis
and making an overshot before relaxing to zero
slowly and monotonically [1]. The main reason for
such behavior is that FE solver didn’t take into
account the integral part of equation 1, thus
partially omitting the relaxing phase from the
model.

Figure 2. Schematic representation of the “mobile
client - server” application for the visualisation of the
inner ear’s cupula deformation and dispersion of
otoconias in the corresponding SCC

A user sends the number of otoconias to the
server and initiates the FE analysis. The server
starts the FE solver forwarding to it the
predefined SCC geometry and given number of
otoconias. Then, it returns control to the client so
it can retain responsivity and overall functionality
of its cell phone in a good condition. Upon end of
the FE calculation, working Java thread parses
produced plain text file that contains solutions
data for 50 various rotation angles, filtering only
the results related to mesh displacements. Then,
in calculates some other values that are not
products of the FE analysis, e.g. total
displacement of the cupula, max. and. min.
cupula displacements and the corresponding
angles etc. After that, the results are packed and
saved in the compact form, waiting for the client
to download them. The client downloads data,
sets the starting zero-angle for vertical-axis
rotation and waits few seconds for the cell phone
to unpack and display the solutions. The user is
able to: visually inspect the solutions, visually: a)
inspect displacements of the SCC and the cupula
in particular, b) inspect the otoconias dispersion
in the endolymph of the SCC and finally, c) plot
the graphs of cupula displacement and angle of
rotation in the same chart. Note that the rotation
angle cannot be read directly from the sensor as

8. CONCLUSION
First, we proposed a comparison of the
analytical, numerical and FE numerical results for
the deformation inner ear’s structure – cupula
membrane. Then, we presented a “mobile client server” application for server calculation of the
cupula deformation and for visualising results on
the mobile (Android) platform. Solver for the FE
calculations were made in Fortran programming
language and is single-threaded so on a server
platform with Intel i7 3.2 GHz processor and 16
GB RAM, it takes approximately 20 seconds to
finish the job. Output file is ~250 MB, and after
parsing and packing (compressing) the relevant
data: mesh geometry, fluid pressure in mesh
nodes, calculated cupula deformation etc., the
ready to download file is just ~5.5 MB. It
wirelessly transfers to the Android cell phone in
just about few seconds. Testing mobile platform,
a cell phone with the following specifications:
processor Quad-core 1.4 GHz Cortex-A9,
Chipset Exynos 4412 Quad, GPU Mali-400MP4
and Android 4.3 (Jelly Bean), takes another ~10
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seconds to decompress downloaded file and
show the graphical solutions.
Rotating the phone about vertical axis displays
to the clinical doctor the graphical solutions
(cupula deformation with the dispersion of the
otoconias in the SCC endolymph) and the
corresponding label denoting rotating angle, all
that in real time. It can be said that the salient
feature of this “mobile client - server” approach
are the speed and the accessibility to the
otherwise complicated and demanding to get FE
results.
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DPD Model of the Semicircular Canal
Containing Cupula
Nikolić, Milica and Filipović, Nenad



and which detect linear acceleration. So, balance
is secured with the semicircular canals –
rotational movement and with utricle and saccule
– translational movement.

Abstract: This paper describes the model of the
semicircular canal and deformation of the cupula
within the canal. Deformation of the cupula is
important in the analysis of the balance disorders,
especially Benign Paroxysmal Positional Vertigo
(BPPV). The model is created and solved with
dissipative particle dynamic (DPD) method, which
is innovative application of the method. The
results are compared to the results from the
literature – numerical and analytical solutions. It is
shown that DPD method can be used with enough
accuracy for calculation of the cupula deformation
during rotational moves.
Index Terms: semicircular canals, cupula, DPD
method, balance disorder, BPPV

Figure 1 – Semicircular canals together with vestibule
and cochlea. Cross – section of ampulla and saccule
(otolith organ).

1. INTRODUCTION

Balance disorder can be unpleasant and it can
also disable normal functioning. Among many
vertigo syndromes, benign paroxysmal positional
vertigo (BPPV) takes a great place. Around 30 %
of the vertigo syndromes belong to BPPV (Baloh
et al. 1989). It occurs when crystal particles,
called otoconia, leave the utricle and end up in
the semicircular canals. Otoconia particles are
heavier than fluid and rapidly reach cupula,
exposing pressure on it. Deflection of the cupula,
caused by otoconia, will activate nerves and
send information about rotational movement to
the brain, information about changing angle
position that doesn’t exist. This will manifest as
vertigo.
BPPV has been investigated by many
researchers and modelled with different
techniques. Parnes et al. (2003) gave wide
picture of BPPV disorder by explaining its
anatomy and physiology, mechanism, causes,
diagnosis and surgical treatment. Brevern et al.
(2015) wrote a detailed paper from the medical
point of view, explaining the BPPV and
determining diagnostic criteria. Rajguru et al.
(2004) presented three-dimensional model of the
BPPV, which was solved with Runge–Kutta–
Fehlberg method numerically and Teixido et al.
(2016) published the paper with complex 3D
model of the semicircular canals and vestibule.
We modelled semicircular canal with DPD
method. There is no similar application of this

E

ACH human ear has three semicircular
canals whch are part of the inner ear. The
main purpose of the semicircular canals is to
provide balance. The canals are filled with fluid
and oriented in the three orthogonal planes and
on that way control rotations around all three
axes, rotation in space. One end of the canals
has extension called ampulla, which is divided by
the membrane called cupula. Cupula has
gelatinous structure and embeds within hair cells.
Head rotation moves fluid inside the canals, fluid
deflects cupula and deflection of the cupula
causes the movement of hair cells, their
polarization and depolarization, resulting in
nerves innervation, placed below the hair cells.
Fluid from the semicircular canals flows to the
vestibule part of the inner ear, more precisely
utricle. Utricle is a chamber filled with fluid and
together with saccule it makes otolith organs,
which contain otolithic membranes and hair cells
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discrete method and, in that regard, this was a
challenge. The obtained results show good
agreement with data found in the literature.
2. METHODS
2.1 Dissipative Particle Dynamics
DPD method is a mesoscale technique, which
can be interpreted as dimensionless analysis.
The basics of DPD concept has been established
by Hoogerbrugge and Koelman (Hoogerbrugge
and
Koelman
(1992),
Koelman
and
Hoogerbrugge (1993)) and shortly after the
concept has been slightly reformulated by
Espanol (Espanol (1995), Espanol and Warren
(1995)). By now, it is shown in many papers that
DPD method can be successfully used for solving
fluid dynamics (Moeendarbary et al. (2009),
Filipovic et al. (2012)).
Domain of the interest is presented by small
particles. Particles have interaction with each
other in specific, determined region. Calculations
are performed for each particle in the domain.
Movement of the particles is obtained from the
second Newtonian law, as it is written in the
equation (1).
mi ai   Fi  ( FijC  FijD  FijR )   Fi ext
(1)
i

j

Figure 2 – DPD model of the semicircular canals
containing cupula.

In Table 1 values are given of the parameters
used in DPD simulation.
Table 1

Designation

F-F
O-O

F-O

F-W
O-W

Coefficient
of repulsion

aij

15

225

450

Cut radius

rc

Friction
coefficient
Boltzmann
constant
Angular
velocity of
the wall

i

Force on the right side of the equation (1) is the
sum of the external and internal forces. Internal
forces are calculated between the selected
particle and neighboring particles, placed in
distance less or equal to cut radius, rc , in relation
to the observed particle. Internal forces include
conservative, dissipative and random force.
Variation of the formulas of the internal forces
can be seen in the literature. Used formulas of
the internal forces and explanation of the
parameters for the semicircular canal model can
be found in Filipovic et al. (2012).

1



4.5

k BT

1

wall

0.015

Table 1 – Parameters used in DPD simulation. F-F:
fluid – fluid; O-O: otoconia – otoconia; F-O: fluid –
otoconia; F-W: fluid – wall; O-W: otoconia – wall.

3. RESULTS
Cupula deformation was calculated with DPD
model. Results obtained from simulation were
compared to data from the literature.
Deformation of the cupula was determined by
Obrist and Hegemann (2008).

2.2 Model
The semicircular canal was modelled as 2D
model, in the regular shape of ring (Figure 2).
Two shades of green represent outer and inner
wall of the canal, blue particles are for fluid inside
the canal, red particles for otoconia and grey
particles stand for cupula. Initial position of the
cupula is horizontal, as it can be seen from Figure
2.
Model from the initial position starts rotation
clockwise to achieve rotation angle of 120
degrees. After that, the movement is stopped.
During the rotational movement cupula is
exposed to fluid pressure and after being stopped
it will relaxes to zero movement. Cupula
deformation obtained with DPD method was
compared to data from literature in order to
validate the results.



V (t )  C  ( (t )    (t  T )  e  d )
0

(2)

Equation (2) can be solved numerically and
analytically. Angle of rotation changes according
to Obrist (2011) and it is presented in the
equation (3).
 (t )  {

0
2
(2187  20t 7  210t 6  756t 5  945t 4 )
3  2187
120

(3)

Angle is equal zero for t<-3s, 120 degrees for
t>0s and polynomial of the seventh order for t
between [-3s, 0s]. First derivation of the equation
(3) by time will give the angular velocity. Change
of the angle of the rotation and angular velocity
are shown in Figure 3.
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Besides analytical solution, numerical solution
of the equation (2) is obtained by presenting
integrand as a series of small portions summed.
Numerical solution was developed and solved in
software package Matlab.
In Figure 5 cupula displacement is presented,
obtained analytically and numerically.

Figure 3 – Angle and angular velocity of the head
rotation.

Improper integral in equation (3) can be
interpreted as velocity error. To obtain analytical
solution, this improper integral needs to be
solved. By substituting polynomial of the sixth
order for the angular velocity, equation (3) has
shape which is suitable for partial integration.

2
I
[140  (t  T ) 6  e  d  1260 
0
3  2187


0 (t  T )

5

Figure 5 – Analytical and numerical solution for cupula
displacement.



 e  d  3780  (t  T ) 4  e  d
0



(4)

 3780  (t  T ) 3  e  d ]

As it can be noticed from Figure (5), the
obtained solution are in very good agreement. In
Figure (6), the difference between the obtained
results is presented.

0

2
I
[140 I1  1260 I 2  3780 I 3  3780 I 4 ]
3  2187
Integrals I1 – I4 are suitable, as mentioned, for
partial integration. Before integration, borders of
the integral need to be corrected, since velocity
error integral is improper integral by τ, but
integrand contains angular velocity, which is
defined only for argument values between [-3s,
0s]. Since t has both negative and positive
interval, there will be two groups of different
borders, given in Figure 4.

Figure 6 – Cupula displacement results; difference
between analytical and numerical solution.

From Figure (6) it can be concluded that the
difference between analytical and numerical
solutions is very small. Maximum difference
between the obtained results for cupula
displacement has magnitude order of 10 18 .
In Figure 7, displacement of the cupula is
presented obtained with DPD method and
compared to analytical and numerical results.

Figure 4 – New borders for the velocity error
integral.

After the definition of the new borders, partial
integration can be performed. Polynomial part is
suitable for differentiation and exponential part for
integration. In order to solve equation (4), partial
integration is applied sixth times. Parameters
which are needed for solution of the cupular
displacement are T – time scale with value of
0.0256 s and σ – eigenvalue which is equal to
0.0061.
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Figure 8 – DPD and numerical solution for the force
exerted at the cupula.
Figure 7 – DPD, analytical and numerical solution for
cupula displacement.

Analysing Figure 8, we can conclude that
cupula forces obtained as a numerical solution
and with DPD method are looks like similar. The
force obtained with DPD method has a trend
similar to numerically calculated force from the
literature. Range of the values is less than the
one from the numerical solution, but it can be said
that DPD method can predict way of the exported
force and closely values of the force.

As it can be seen from Figure 7, obtained
results with DPD method follow numerical and
analytical solution. The shape of the cupula
displacement is in good agreement with data from
the literature. DPD solution shows smaller and
shorter overshoot, but has similar trend as
literature data.
Beside cupula deformation, force exerted at the
cupula was calculated and compared to
numerical solution from the literature. According
to Obrist (2008) force exerted at the cupula can
be understood as the sum of the reactive force of
the deflected cupula (equation (4)) and inertial
force of the fluid (equation (5)).
(5)
Fc  a F2 KV

Fi  a F2  F R 2

4. CONCLUSION
In this paper we analysed the semicircular
canal together with the cupula, placed in the
ampula section, which divides fluid in the canal.
Displacement of the cupula is of the interest,
since this deflection, due to fluid movement,
innervates nerves and sends information about
rotational movement to the brain. Cupula can be
also deflected with otoconia particles, gone astray
from the vestibule part of the inner ear and this
will lead to vertigo, balance disorder called benign
paroxysmal positional vertigo or BPPV.
In the paper the existing results from the
literature are presented and, according to the
literature data, numerical and analytical solutions
were obtained.
On the other head, DPD method was used for
the analysis of the BPPV occurrence. The
compared results show that DPD method can be
used successfully for the semicircular canal
model and that displacement of the cupula can be
obtained with appropriate accuracy in relation to
analytical and numerical solution. Also, calculated
and compared forces show certain level of
matching – the diagram trends are similar
although range of the force values is smaller for
DPD solution. The final conclusion is that DPD
method can be further used for modelling of the
new semicircular canal models with more
complex geometry and behaviour.

(6)

In equation (4) a F is duct radius, K is stiffness
of the cupula and V is cupula displacement. In
equation (5)  F is angle spanned by the utricle,
R is major canal radius and  is angular
acceleration, derived from angular velocity.
Values of the needed parameters for force
numerical calculation are given in Table 2.
Table 2

Designation

Unit

Values

Duct radius

aF

m

1.6·10-4

K

GPa m-3

13

F

rad

0.42 π

R

m

3.2·10-3

Cupular
stiffness
Angle
spanned by
the utricle
Major canal
radius

Table 2 – Parameters used for numerical calculation of
the force exerted on the cupula.

Force exerted at the cupula was calculated with
DPD method. The force was averaged by
membrane particles and in time. Compared
cupula forces are presented in Figure 8.
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Computational Modeling of Benign
Paroxysmal Positional Vertigo Disease
Milošević, Žarko; Isailović, Velibor; Saveljić, Igor; Nikolić, Dalibor;
Pavlović, Dušan; and Filipović, Nenad


the biomechanics of the vestibular system can be
found in [1] and [2].

Abstract: Benign paroxysmal positional vertigo
(BPPV) is the most commonly diagnosed vertigo
disease. It affects three semicircular canals (SCC),
located in inner ear, which represents sensors for
head angular velocity, when otoconia particles are
dislocated from origin position and enter at one of
the SCC. The video head impulse test (vHIT) is a
clinical tool for detection of semicircular canal
dysfunction which is diagnosed by tracking the
eye movements or nystagmus. Three-dimensional
biomechanical model of the SCC was developed
for simulating full 3D fluid-structure interaction of
the wall, cupula deformation, and endolymph fluid
flow. The otoconia particles were coupled with
fluid and solid domain. Full Navier-Stokes
equations and continuity equations were used for
the fluid domain with Arbitrary-Lagrangian
Eulerian (ALE) formulation for mesh motion. We
compared results of simulation with real patient
data for right anterior vHIT test. This technology
can be used for prediction and better
understanding of BPPV disease.

Figure 1. Vestibular system

Benign paroxysmal positional vertigo (BPPV) is
the most commonly diagnosed vertigo disease. In
more than 50% of the cases, causes of balance
disorders are related to pathologies of the inner
ear, 15% are psychological; in about 5% of the
cases causes are mainly neurological; 5% are
medical; while in the remaining 25% they are
multifactorial [3]. People with balance disorders
experience falls [4], which is a pervasive but
unclear problem, partly because of the difficulties
in determining the cause of the fall. SCCs are
filled with fluid solution (endolymph) and consist
of three canals positioned in three orthogonal
planes so that rotation around any axis may be
properly sensed [5,6].
BPPV is characterized by sudden attacks of
dizziness and nausea triggered by changes in the
head orientation, and primarily afflicts the
posterior canal.
The most common diagnostic procedure for
BPPV is the Dix-Hallpike head maneuver [7].
The first mathematical model of SCC
investigated the cupula displacement that is
proportional and in phase with the angular
velocity of the head. Several models with different
level of complexity have been proposed in this
direction [8,9]. Van Buskirk et al. [8] used NavierStokes equations. Damiano & Rabbitt [10]
derived an asymptotic form of the Navier-Stokes
equations for the SCC including the ampulla and
obtained the deflected shape of the cupula under
the assumption of an axisymmetric flow profile.
A control volume approach and enforcing the
conservation of fluid mass was used in [11].

Index Terms: FEM, computational modeling,
BPPV, vHIT

1. INTRODUCTION
Vestibular system represents sensory system
which provides leading contribution to the
movements and sense of balance.
It is located in the inner ear and consists of
cochlear
part
and
semicircular
canals.
Movements that the human body can percept are
rotations and translations. Semicircular canals
(SCC) system is employed for indicating
rotational movements. Rotational head movement
induces fluid flow in SCCs, which is detected by
the sensory cells located in every canal (Figure
1). Detailed introductions to the physiology and
Manuscript received May 25, 2017. *Research was supported by
the grants: EC FP7 610454 EMBalance project, III41007 and
OI174028 Ministry of Education, Science and Technological
Development of Serbia.
N. D. Filipovic is with the Faculty of Engineering and BioIRC
Kragujevac, University of Kragujevac, 6 Sestre Janjic Street, 34000
Kragujevac, Serbia (corresponding author, phone: +38134334379;
fax: +38134333192; e-mail: fica@kg.ac.rs).
V. Isailovic, I. Saveljic. D. Nikolic and Z. Milosevic are with the
Faculty of Engineering and BioIRC Kragujevac, University of
Kragujevac, 6 Sestre Janjic Street, 34000 Kragujevac, Serbia (email: velibor@kg.ac.rs).
D. Pavlovic is with the Center for Hearing and Balance, 9
Gospodar Jovanova Street, 11000 Belgrade, Serbia (e-mail:
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Ifediba et al. [12] investigated similar
methodology applied to a realistic geometry of the
vestibular system. Important process which
occurs in the semi-circular canals is the
movement of the hair cells which causes the
sensory cells to send a stream of action
potentials to the eighth cranial nerve that leads to
the vestibular nuclei in the brainstem. This
generated signal then goes to the cerebellum,
thalamus, and somatosensory cortex where a
reflex pathway is set up in the oculomotor system
which controls the movement of the eyes
(nystagmus). During the head maneuver a
physiological nystagmus compensates for the
head rotation. After the head maneuver, there is a
pathological, positional nystagmus. Typically, it
arises after an onset latency of about 1-20s. The
eye velocity then increases and reaches a
maximum. The features of the BPPV nystagmus
are well explained by a condition known as
canalithiasis. BPPV is a mechanical problem in
the inner ear. It occurs when some of the calcium
carbonate crystals (otoconia) that are normally
embedded in gel in the utricle become dislodged
and migrate into one or more of the 3 fluid-filled
semicircular canals. All therapeutic head
maneuvers consist of several reorientations of the
patient's head with the aim to move otoconia out
of the narrow SCC and into the bigger utricle.

2.2 Numerical Procedure for Solid-Fluid
Interaction
There are, in principle, two approaches for the
Finite Element (FE) modeling of solid-fluid
interaction problems: a) strong coupling method,
and b) loose coupling method. The first approach
assumes solid and fluid domains as one
mechanical system. In the loose coupling
method, the solid and fluid are modeled
separately and the solutions are obtained with
different FE solvers, but the parameters from one
solution which affect the solution for the other
medium are transferred successively. There are
no computational difficulties for loose coupling
method because both solvers can be developed
separately. Hence, the loose coupling method
has more advantages from the practical point of
view. This approach consists of the successive
solutions for the solid and fluid domains. A
graphical interpretation of the algorithm for the
solid-fluid interaction problem has been shown in
Figure 2 [8].

2. NUMERICAL PROCEDURE FOR SIMULATION
2.1 Numerical Procedure for Fluid Domain
For fluid domain the full 3D Navier-Stokes
equation and continuity equation were used. We
used Penalty method in order to eliminate
unknown pressure [17]. The procedure is as
follows. The continuity equation is approximated
as

vi , i 

p



0

Figure 2. Block-diagram of the solid-fluid interaction
algorithm information and transfer of parameters
between the CSD (computational solid dynamics) and
CFD (computational fluid dynamics) solvers through
the interface block

We modeled coupled cupula deformation and
endolymph flow as fluid-structure interaction.
Cupula was modeled as elastic 3D membrane
with brick finite element and endolymph domain
as 3D 8–node finite elements.

(1)

where  is a selected large number, the penalty
parameter. Substituting the pressure p from Eq. 1
into the Navier-Stokes equations, we can obtain:

 vi

 vi , k vk    v j ,ij   vi , kk  f iV  0
 t




2.3 Particle Tracking Algorithm
(2)

Otoconia particle was modeled as rigid body
which occupied one or more 3D 8-node finite
elements (depending on the size of the particle).
This coupling procedure makes good separation
of particle`s hydrodynamic influence on fluid
domain and vice versa. The first step in the
particle tracking algorithm is determining which
finite element is occupied with the otoconia
particle. The coordinates of a particle can be
divided into their integer and fractional parts:

then, the FE equation of balance becomes

  K  K  V  F  F
MV
vv
vv
v


(3)

where

 K KJ
    N K ,i N J ,k dV
ik
V

,  F  Ki    N K v j , j ni dS
S

(4)
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x  ( x, y , z )  i, j , k   ( ,  ,  )
are integers and

, where

 ,  ,    0,1

3. RESULTS

i, j , k

The corresponding head motion with canalith
repositioning procedures moves the endolymph in
all SCC canals. The flow induces the cupula
deformation due to fluid forces that act on the
cupula wall. Patient geometry of SCC was
reconstructed from DICOM images. Velocity
distribution and initial position of one particle
inside SCC is presented in Figure 3. A user can
prescribe a different head motion and see the
response for all three SCC with corresponding
shear stress distribution, velocity, cupula
deformation and drag force on the wall.

. In literature

i , j , k 

( ,  ,  )

are referred to as indices and
as offsets. Particle location is as simple as
truncating the coordinates to their integer parts.
The integer parts give the finite element
information where the particle is located. Here,
determining the offsets is also considered to be
part of the particle location and they are used to
make a weighted interpolation.
The velocity at the current position of the
particle is required to advance the particle. In
order to obtain the value of the velocity field at
points other than the grid nodes, it is necessary to
determine an interpolated value using the
velocities at the nodes of the finite element that
contains the point. The standard way to do this in
cubical finite element is trilinear interpolation.



This scheme is fast and simple. If x is in grid
cell

i , j , k 

and has the fractional offsets, then

( ,  ,  )



U (i   , j   , k   )  (Ui, j ,k (1 ) Ui1, j,k )(1  ) 


(U i , j 1, k (1   )  U i 1, j 1, k )   (1   ) 


(Ui , j ,k 1 (1  ) Ui1, j ,k 1 )(1   ) 



(U i , j 1, k 1 (1   )  U i 1, j 1, k 1 )   

where


U i , j ,k

Figure 3. Fluid velocity distribution with one otoconia
particle for real patient specific geometry of three SCC
for prescribed head motion

(5)

The Oculus Rift was used to provide head
tracking with ultra-low latency. Each movement of
the head was tracked in real time using 4 different
sensors: gyroscope, accelerometer, magnetometer with refresh rate 1000 Hz, and near
infrared CMOS sensor with refresh rate 60 Hz, for
positional tracking maps of head movement.
Different velocity distribution with head motion
for the left anterior-right posterior (RALP), Lateral
and the right anterior-left posterior (LARP)
position with Oculus device has been shown in
Figure 4.

is the velocity at the mesh

point (i, j , k ) . The trilinear interpolation assumes
that the velocity varies linearly across the edges
of the finite element. Though trilinear interpolation
is simple, accuracy may be lost if the mesh is
coarse or deformed.
The fourth-order Runge-Kutta was used for the
integration method. The position of the particle
was computed by integrating equation (6). It
consists of the next steps:
Let

t  t1 k  0

and


xk

position of the particle. Then for
let

be the current

t  tn

and G on,

 
 
a  U ( xk , t )t b  U ( xk  a / 2)t
 
 
c  U ( xk  b / 2)t d  U ( xk  c)t


xk 1  xk  (a  2b  2c  d ) / 6

(6)
Figure 4. Velocity distributions for different head
motion with Oculus device

t  t  t k  k  1
This process is repeated until

t  tn .

The video head impulse test (vHIT) is a useful
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bedside test to identify peripheral vestibular
disease. Head, eye and cupula deformation
diagrams during vHIT test are presented in Figure
5.

system for horizontal and vertical as well as
rotation pupil movement. Our numerical approach
used full 3D fluid model with Navier-Stokes
equation and fluid-structure interaction. It
describes
more
physiologically
realistic
description of the SCC, fluid motion, otoconia
interaction with wall, fluid and cupula, as well as
cupula elastic deformation. Otoconia particles in
the semicircular canals cause BPPV. These
particles alter the flow field in a way that the
semicircular canals produce a faulty nerve signal
which leads to a spinning sensation. There is no
limit in size and number of otoconia particles in
our simulation. We compared our numerical
results with the vHIT test for right anterior angular
position with prescribed head rotation. With this
technology, it is also possible to simulate therapy
for BPPV Dix-Hallpike maneuver [18].
Full 3D vortices can be simulated inside the
utricle and ampulla that was not the case with the
available models from the literature [19-21].
Cupula deformation can be fully simulated in 3D.
This biomechanical model together with the eye
tracking technology can be used for better
detection and prediction of BPPV disease.

Figure 5. Head, eye and cupula deformation diagrams
during vHIT test
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Composite Smeared Finite Element –
Some Aspects of the Formulation
and Accuracy
Kojić, Miloš; Simić, Vladimir; and Milošević, Miljan



simplification. The most commonly used is the
“network” method [7], where pressure change
along segments is governed by the HagenPoiseuille law [8, 9]. One of the idea is to use
recently introduced smeared modeling concept
[10] which allows modeling of large domains
which can be used for drug transport in the
capillary system and tissue, Figure 1a. Since
capillary network in tumor is represents a 1D
transport in capillary directions, the idea in [10] is
to transform the basic equations into continuum
form.

Abstract: We recently introduced a composite
smeared finite element (CSFE) which represents a
new methodology for modeling drug transport in
complex system such as tumor or organs. The
main achievement in the CSFE is that a discrete
transport (approximately 1D) within capillary
system is transformed into a continuum
framework. In this paper we provide some
additional details regarding the derivation of the
fundamental relations of the CSFE, and present a
short accuracy analysis of the element. Accuracy
is tested on several simple 2D examples of
capillary network with different direction and
characteristics. It is also shown that the size of the
CSFE does not affect the solution, for various
capillary densities. The new smeared concept is
suitable for applications to real geometries with
complex capillary and tissue domains in modeling
tumors or entire organs.
Index Terms: composite smeared finite element,
direction factors, drug transport, tumor models

Figure 1. a) Continuum finite element with both convective
and diffusive transport b) Fluxes through pipes (capillaries) at
a branching point

1. INTRODUCTION

T

of particles and molecules from the
blood to tissue and from tissue back to blood
is a complex process. This problem of mass
transport and its applicability to drug delivery is
studied in the field of transport oncophysics [1-3].
Transport
within
tumors
has
additional
complexities due to variability of vessel diameters
and lengths, and especially due to irregular blood
vessel branching [4-5]. The number of capillaries
is enormous [6], and generating a true model with
all those capillaries included will be time
expensive and practically unrealistic. In order to
develop model which is suitable for general
applications it is needed to use some
RANSPORT

2. DERIVATION OF THE CONTINUUM CONSTITUTIVE
TENSORS
2.1 Basic Formulation
We consider first the pressure field within
capillaries, hence we need to transform the
Hagen-Poiseuille 1D relationship into the Darcy
law of the continuum [10]. To achieve this, we
consider fluxes at a branching point P of
capillaries (pipes), Figure 1b. Then the flux in the
pipe K due to pressure gradients in the coordinate
directions, ∂p/∂xi, is
QK  k pK  Kj

p
x j

4



 dK

128 

 Kj

p

,

sum on j  1, 2, 3

(1)

x j

where K represents an order number of pipe
passing through the considered spatial point of
the tissue continuum; k pK is the pipe
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conductance coefficient, dK is the pipe diameter,
 Kj is the directional cosine of the pipe axis with
respect to the coordinate axis j (absolute value).
The flux in the direction i is
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Q Ki

 Q  Ki  k 
pK

K

p
Kj

k pK  Ki  Kj

(2)

x j

The unit flux in direction i of all pipe elements is
qi



1
Atot

Q

Ki



K

1
Atot

k

pK

 Ki  Kj

K

p

2 p
0
xi x j

If we sum all balance equations (11), we obtain
one equation:

(3)

x j

k

pK  Ki  Kj 

K

where

Atot   AK 



4 K
K
is the total cross-sectional area of capillaries. The
constitutive equation of the continuum is
qi

 k Dij

p
x j



1
Atot

k

pK

 Ki  Kj

K

p

1
Atot

(12)

k

p K  Ki  Kj 

K

2 p
2 p
 k Dij
0
xi x j
xi x j

(13)

From this equation follows (6). Note that the
surface corresponds to the unit volume of
continuum, i.e. volume rVV. The same process
applies to diffusion and expression (7).

(5)

x j

Hence, the smeared continuum Darcy tensor
components are
1

(6)
k Dij 
k pK  Ki  Kj 

 d K4  Ki  Kj
Atot K
128 Atot K
Following the same approach, the 1D
convective-diffusive transport within capillary
network can be “smeared” to the continuum
volume rVV according to [10], where the
continuum
diffusion coefficients can be
determined in the way analogous to (6).
Therefore, we have that diffusion tensor
components Dij are:
1
(7)
Dij 
 DpipeK AK  Ki Kj
Atot K
where

2 p
0
xi x j

In continuum we need equation corresponding
to the unit surface, hence

(4)

 d K2

(11)

2.3 Interpolations in case of General Capillary
Mesh
In this case we take points at capillaries
between cross-sections or branching, as in Fig. 9.
Then, in a point B of a continuum, we calculate
the coefficients as in (7):

1
Atot

Dij 

D

pipeK

AK  Ki  Kj

(14)

K

where summation goes over all points AK in the
vicinity of the point B, Figure 2.

DpipeK is diffusion coefficient within pipe

K. Fluid velocities can be determined according to
the pressure gradients of the continuum and
Darcy’s coefficients (6). Here, also, boundary
conditions for the diffusion within capillaries are to
be satisfied.
This methodology has been built in our generalpurpose FE package PAK [11, 12] for 2D and 3D
conditions.

Figure 2. Interpolations of coefficients of transport tensor:
summation over all points AK in the vicinity of the point B

Interpolation for direction factors is done as
follows. Distances between point B and points A1,
A2, A3,…, An are denoted as L1, L2, L3,…, Ln. We
calculate coefficients as:

2.2 Alternative Derivation of the Relations
We have that the flux from the pipe K is given
by (1) and the surface through the total flux
passes is Atot given by (4). The balance equation
for the K-pipe for equation is
(8)

L  L1  L2  .....  Ln
a

coordinate transformation

sum on i : i  1,2,3

(9)

and the derivative in (5) can be expressed as

2 p
2 p



,
Ki
Kj
xK2
xi x j

(15)

sum on i, j

(16)

Further, we calculate a coefficient a ,

xK is the axis along pipe. We have

xK   Ki xi ,

L1
L
L
L
, c2  2 , c3  3 ,......., cn  n
L
L
L
L

where

QK
2 p
 k pK 2  0
xK
xK
where

c1 

(10)

and equation (8) becomes
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1 1 1
1
  ...... 
c1 c2 c3
cn

(17)

and then the coefficients:
1
1
1
1
c1 
, c2 
, c3 
,......., cn 
c1a
c2 a
c3a
cn a
Note that the following relation is fulfilled:

(18)

c1  c2  c3  .......  cn  1

(19)

Using this interpolation coefficients c1, c2, c3, …,
cn we can calculate resulting diffusion coefficient
in node B as
(20)
Dij  ck D pipeK  Ki  Kj


K

3. ACCURACY OF THE SMEARED MODEL
In order to test accuracy and applicability of
concept of the smeared finite element, we
generated few examples with different capillary
diameters and orientation in space.
Simple 2D model of capillary domain (10 x 10
mm) is shown on Figure 3a, where capillaries are
aligned in a grid. The following data are used:
volume fraction is rV = 0.298, diffusion coefficient
2
in pipe element is 100 mm /s, diffusion coefficient
2
in pipe wall is 10 mm /s, wall thickness is δ = 0.01
2
mm, diffusion coefficient in tissue is 10 mm /s,
pipe diameter is Dpipe = 0.1 mm, inlet
concentration is cin = 1 M (prescribed at the left
border of the model), and outlet concentration is
cout = 0 M (prescribed at the right boundary).
Concentration fields for both true and smeared
model are shown on Figure 3a and 3b.
In second example, which is consisted of the
parallel-aligned capillaries (rV = 0.1459), we have
both capillary and tissue domains (Figure 4).
It can be seen from Figures 4d and 4e that
smeared model has exactly the same response
as true model, for both capillary and tissue
domain.

Figure 4. Model with parallel capillaries (a). Concentration
field in true (b) and smeared (c) domain. Mean concentration
evolution in capillary (d) and tissue (e) domain.

In order to prove applicability of direction
factors with oblique capillaries, we included
diagonal capillaries to current configuration.
Example is shown in Figure 5, and characteristics
of the model are same as for model from Figure
3, while volume fraction of capillary domain is rV =
0.502.

Figure 5. Model with oblique capillaries. Field of concentration
for capillary (upper panel) and tissue domain (lower panel),
for both true and smeared model

Using direction factors in the smeared model
enables accurately preservation of anisotropic
conditions, which can be shown from Figures 6a
and 6b.

Figure 3. a) Concentration field in true capillary domain. b)
Concentration field in smeared capillary domain. c) Mean
concentration evolution within capillary domain for true and
smeared model.

The mean concentration evolution within
capillaries is shown on Figure 3c, and it can be
seen that solutions are same for both smeared
and true model.
Figure 6. Model with oblique capillaries. Concentration vs.
time diagrams for true and smeared model: a) capillary
domain, b) tissue domain.
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Anisotropic conditions are also preserved for
case when diameter of diagonal capillaries is 10
times bigger than diameter of capillaries in the
grid (Ddiag = 0.1 mm, and Dgrid = 0.01 mm, Figure
7), which can be shown from Figures 8b and 8d.

smeared model are shown on Figures 10a and
10b. Evolution of the mean concentration within
capillaries (capillary domain) and tissue is shown
in graphs of Figure 10c, and this proves that
direction factors and composite smeared finite
element are independent on inlet concentration.

Figure 7. Model with anisotropic conditions. Diameter of
diagonal capillaries is 10 times bigger than diameter of
capillaries in the grid. Field of concentration for capillary
(upper panel) and tissue domain (lower panel), for both true
and smeared model

Figure 10. Field of concentration for true (a) and smeared (b)
model. Concentration vs. Time (c) for both true and smeared
model

3.2. Effects of Mesh Density on Accuracy of
the Model
In order to prove that size of FE element
doesn’t affect accuracy of composite smeared
finite element, even when having anisotropic
conditions, we generated the different meshes for
tissue domain, consisted of 100, 400, and 900
finite elements, respectively. Models are shown
on Figure 11.

Figure 8. Case with anisotropic condition and different
diameter of capillaries. Concentration vs. Time diagrams for
true and smeared model: a) capillary domain, b) tissue
domain.

3.1. Systemic Concentration as Function of
Time
In reality, systemic drug change is usually
provided as time function, so we also need to
consider case when systemic concentration is not
constant. Prescribed condition for this case is
shown on Figure 9, where systemic concentration
has similar character as curves on Figure 10c.

Figure 11. Models with different mesh size in tissue domain.
Division: a) 10 x 10, b) 20 x 20 and c) 30 x 30 elements.

Fields of concentration for those tree models,
and for t = 0.5s, are shown on Figure 12a,b,c.

Figure 9. Model with prescribed concentration c(t).
Configuration of the model.
Figure 12. Concentration field for models with different mesh
size in tissue domain. Division: a) 10 x 10, b) 20x20 and c)
30x30 elements

Concentration field in tissue domain, for few
time steps of simulation, and for true and
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Results from Figure 13 shows that mesh
density in tissue domain doesn’t affect accuracy
of the model.

Figure 15. Concentration vs time in capillary (a) and tissue
domain (b) for smeared and true model

4. CONCLUSION
Recently introduced composite smeared finite
element relies on the following three basic steps
in the element formulation. First, a transformation
of the fluid flow and convection-diffusion 1D
constitutive relations to the continuum constitutive
relations is performed. In the second step, two
domains of the finite element are introduced:
capillary and tissue domain. Finally, in the third
step, the connectivity (fictitious) 1D finite
elements are introduced at each element node to
couple the two domains.
First step of construction CSFE is achieved by
a straightforward derivation of the Darcy and
diffusion tensor for general 3D conditions, starting
from the Hagen-Poiseuille relation for flow in
pipes and 1D Fick’s law for diffusion within pipes.
The formulated smeared methodology, which
relay on direction factors for including anisotropic
conditions, is tested with respect to accuracy on
characteristic simple examples.
It has been shown that methodology doesn’t
depend on inlet concentration, diameter of
capillaries, and size of the smeared FE, which is
a proof that method can be accurately applied to
various practical problems in biomedical
engineering. Last example shows applicability to
the real physiological conditions, such as organs
and tumors.

Figure 13. Concentration vs. Time diagram for various
number of smeared FE inside tissue domain.

3.3. Application to Realistic Capillary-Tissue
System
Using following example we will demonstrate
applicability of our model to simplified capillary
bed, consisted of arteries, veins and capillary
network, as shown on Figure 14. Boundary
conditions are prescribed at inlet arteries and
outlet veins. True and corresponding smeared
capillary model are shown at Figures 14a and 14
b. True model which is consisted of both capillary
domain (represented by 1D pipe elements) and
tissue domain is shown at Figure 14c.
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1. INTRODUCTION

Abstract: Canalithiasis is a phenomenon that
occurs when crystals of calcium carbonate called
otoconia particles enter the semicircular canal
(SCC) of the inner ear and cause a disturbance in
the flow of the fluid within the canal. Within each
canal there is a gelatinous structure called cupula
that sends information to the brain about
registered movements. The mentioned disturbance
of the flow causes an additional displacement of
the cupula. This whole phenomenon is concluded
to be the cause of a balance disorder called benign
paroxysmal positional vertigo (BPPV).
In this paper, the process of canalithiasis is
simulated using a numerical model that includes a
three-dimensional simulation of fluid flow within
the SCCs, free motion of otoconia particles
immersed in the SCCs, deformation of the cupula
and full interaction between all mentioned
elements. This numerical model was implemented
in software with special attention dedicated to the
principles of parallel programming for GPU
devices. The software uses the resources of the
graphics card of the computer and performs real
time simulation and visualization of the motion of
the whole domain and immersed free-moving
otoconia particles and its effect on the cupular
displacement. This software can be used to study
the influence of many factors in the process of
canalithiasis and as an assistive tool for treatment
planning in clinical practice.

Balance of human body is maintained by a
complex vestibular system located within the
inner ear. The vestibular system consists of two
organs: labyrinth and otolith organ. Labyrinth is
composed of three mutually orthogonal
semicircular canals (SCCs). Each SCC is filled
with fluid called endolymph, with characteristics
similar to water. On one end of each SCC there is
a widened region called ampulla, whose entire
cross-section is covered with a gelatinous
structure called the cupula. Otolith organ contains
crystals of calcium carbonate, also called
otoconia particles, which constantly dissolve
within the endolymph and get replaced by new
ones.
When the head is moved, an appropriate
motion of endolymph occurs, which subsequently
causes a deformation of the cupula. This
deformation activates sensory hair cells what
eventually leads to nerve signals containing
information about head movement being
transferred to the brain. This information causes
motion of the eyes, as a compensation for the
head movement. The eye movement can be
quantified by a velocity called the nystagmus
velocity. This velocity is considered to be
proportional to the displacement of the cupula
[1,2].
There are several balance disorders that are
clinically diagnosed in patients. One of those
disorders is called benign paroxysmal positional
vertigo (BPPV) [3]. It is concluded that
canalithiasis is a pathological condition that can
cause BPPV [4,5]. Canalithiasis is a phenomenon
that occurs when otoconia particles enter the
SCC, cause a disturbance in the endolymph flow
and subsequently affect the displacement of the
cupula.
Numerical simulations can be a useful tool that
can provide accurate tracking of the motion of
otoconia particles, which would, obviously, be
almost
impossible
experimentally.
Using
numerical simulations, the influence of many
factors on the endolymph flow and cupular
deformation can be analyzed, without performing

Index Terms: deformable cupula, endolymph
flow, immersed particles, solid-fluid interaction,
vestibular system
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clinical
examinations.
Canalithiasis
was
experimentally analyzed in animal models by
several authors in literature [6-8]. These studies
demonstrated that motion of otoconia particles is
directly related to the symptoms of BPPV.
Several numerical methods were used to
model the endolymph flow within the SCCs using
either parametrized or patient-specific geometry.
These methods include Navier-Stokes equations
[9-11], system of ODE equations [12] or other
hydrodynamic calculations [2]. The relationship
between cupular displacement and head
movement and the influence of free-moving
otoconia particles on cupular displacement and
nystagmus were also modeled numerically in
literature [1,2].
In this paper, a different numerical model is
implemented. This model includes a fully threedimensional simulation of endolymph flow within
patient-specific geometry, free motion of otoconia
particles within the lumen of the SCCs,
deformation of the cupula and the complete
interaction between all mentioned elements. The
endolymph flow is observed as the flow with
moving boundaries of the domain, and the
simulation is performed using an adaptation of
the lattice Boltzmann (LB) method. Equations of
motion of otoconia particles in three-dimensional
space are solved to simulate their free motion.
The deformation of the cupula is modelled
considering the material to be linearly elastic. The
interaction between the endolymph and the
cupula and between the endolymph and the
particles is modeled using a specific strong
coupling approach. The whole model is
implemented in software that enables interaction
of the user with the geometry and real time
visualization of simulation results. Using the
developed software, it is possible to observe the
effect of the motion of the whole domain and
immersed free-moving otoconia particles on the
cupular displacement.
The paper is organized as follows. In Section 2,
the numerical model is explained in detail. In this
Section, the applied parallelization techniques are
also discussed. Section 3 gives relevant
information about the extracted geometry and
simulation setup, and presents the developed
software. Section 4 discusses the capabilities of
the proposed software and lists possible
applications in clinical practice, for examination
and treatment of balance disorders.

and hence this approach is appropriate. The
method used in this paper is the mass-conserved
volumetric lattice Boltzmann (MCVLB) method
[13]. This is a special adaptation of the standard
LB method [14,15]. In the standard LB method, a
fixed Cartesian mesh is used to model the motion
of fluid particles. Their collisions at lattice nodes
and further propagation in the observed domain
in the prescribed directions is analyzed and using
this information at the micro-scale level, the flow
of fluid on the macroscale level is simulated. A
specific distribution function is defined for each
particle, i.e. for each node in the lattice mesh.
This function depends on the state of neighboring
particles and it is used to simulate the collisions
and propagation.
If the simulation includes modeling of the fixed
walls, then a specific boundary condition (BC)
called bounce-back BC [16,17] is usually
implemented. This approach can be used if the
wall, i.e. the boundary between fluid and solid, is
made of straight lines. But if the boundary has a
more complex geometry and/or the boundary is
not fixed and can have predefined velocity, then
this approach is not accurate enough. Since the
free motion of the whole domain, i.e. of the SCCs,
is considered in this paper and the geometry of
the SCCs is complex, a different approach is
implemented.
The adapted MCVLB method is capable of
simulating free motion of the boundaries [13], with
the possibility to predefine the velocity of the
boundary. The implementation of this method
consists of three steps. The first step simulates
the collisions of the particles, while the collisions
of the fluid particles with moving solid boundary
are particularly included in the equations. The
second
step
simulates
the
streaming
(propagation), while the interaction between fluid
and solid boundary is modeled using a special
type of bounce-back approach. The third step
ensures mass conservation of the fluid during the
motion and deformation of the solid boundary. In
the specific case of motion of SCCs, the walls of
the SCCs, i.e. the solid boundaries, are not
deformable and endolymph moves along with the
whole domain in space, so there is no relative
motion of the solid boundaries with respect to the
fluid and the mentioned third step does not have
to be included in the simulation.
The collision of the particles is modelled using
the following equation:
1
1 

ni' x, t   ni x, t   ni x, t   ni0  x, t   1  Fi (1)

 2 
where ni represents the distribution function, the
superscript ‘ denotes the values of distribution
function after collision,  represents the
relaxation time, Fi represents the external force



2. METHODS
2.1 Modeling Endolymph Flow
The flow of endolymph is modeled using an
approach for modeling fluid flow with moving
boundaries. The motion of the SCCs, i.e. of the
entire domain, causes the motion of endolymph
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term and ni0  represents the equilibrium
distribution function, which is calculated as:

 ξ  U ξ  U 2 U  U 
ni( 0) x, t   Ni 1  i 2  i 4 

cs
2cs
2cs2 

where

N x, t  

 n x, t  ,

i i

i

(2)

i

where g represents the external force field acting
on the fluid.

a

i

2.2 Modeling the motion of otoconia particles
Otoconia particles are considered to be rigid
bodies that can move freely through the fluid
domain. All particles are assumed to have the
same mass m p , density  p and radius a p . The

constant related to the LB method and the lattice
structure and ξ i represent vectors defining the
abscissae of the lattice structure. In this study,
the three-dimensional isothermal flow of
incompressible fluid is simulated and the lattice
structure denoted by D3Q27 is used. For this
particular lattice structure, the constant c s is

position vector of the particle x p in each iteration
is calculated using the following equation of
motion:
  FS  Fg  FC
m p x p  xRα
(9)

1
equal to cs2  .
3
It should be noted that the velocity U used in
Equation (1) is not equal to the macroscopic
velocity u . A correction is introduced to take into
account the effect of moving boundary, and the
velocity is defined as:
U  u  u
(3)

u
where
is defined as follows:

u   Px, t u B x, t  

 Px  ξ , t n x, t u x  ξ , t 
j

j

j

N x, t 

b

(8)

i

represents

cs

i

 ξ n x, t  g
u

 n x, t  2





where x R represents the distance of the particle
from the center of rotation of the entire domain,
 is the angular acceleration of the entire
α
domain, Fg is the gravitational force, FC are the
inertial forces caused by the angular motion of
the entire domain and FS is the force that
represents the influence of the surrounding fluid,
which is assumed to be equal to Stokes drag
force.
The interaction between the particles is
modelled using the Discrete Element Method
(DEM) [18].

j

(4)

where u B x, t  is the velocity of the boundary in
considered lattice cell at considered time point
and Px, t  is the occupation of solid volume in
the particular lattice cell, that is defined as:
Vs x, t 
(5)
P x, t  
V
where Vs x, t  is the volume that solid occupies

2.3 Modeling the Deformation of the Cupula
Cupula is observed as a membrane with
negligible thickness. It is discretized into a defined
number of points grouped in the defined number
of triangles. The material of the cupula is
assumed to be linearly elastic. Therefore it is
assumed that the points of the mesh are
interconnected with springs. The reaction force in
every node of the mesh represents the resistance
of a particular node to the defined external
deformation and it can be calculated for each
node, using an approach proposed by Dupin et al.
[19]. The movement of the nodes causes a spring
force that can be defined as:

within the observed cell and V is the overall cell
volume, which is taken to be unity. As it can be
concluded, the value of P can be between 0 and
1. If a cell is entirely occupied by fluid, then P  0 ;
if a cell is entirely occupied by solid, then P  1 ,
and 0  P  1 if a cell is partially occupied by solid
and partially by fluid.
The propagation of the particles is modelled
using the following equation:
ni'' x, t   1  Px, t ni' x  ξ i t , t   Px  ξ i*t , t  ni'* x, t  (6)
where the index i * corresponds to the direction
opposite to the i -th direction, i.e. ξi*  ξ i .
Macroscopic quantities relevant for the
numerical simulation of endolymph flow are
calculated based on the components of the
particle distribution function.
Pressure is calculated as:
ni x, t 
(7)
p  cs2 i
1  P x, t 
Physical velocity is calculated as:

FjS1  FjS2  K S

L12 0L12
l12
0
L12

(10)

where K S represents the parameter of
resistance to the deformation, i.e. the cupular
stiffness, L12 and 0L12 denote the current distance
between nodes j1 and j 2
and the initial
distance between considered nodes, respectively,
and l 12 denotes the unit vector that connects
nodes j1 and j 2 . The cupular stiffness is
defined according to the values used in literature
[1].
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2.4 Modeling Solid-Fluid Interaction
The interaction of the endolymph with the
cupula and the immersed particles is modeled
using the same approach, but with small
modifications. The immersed boundary method
(IBM), proposed by Peskin [20] was used in both
cases. In IBM, fluid domain is modeled using a
fixed Cartesian mesh, solid domain is treated as
a separated part of the fluid and the boundary
between the two domains is represented with a
set of Lagrangian points. All considered entities,
i.e. endolymph, cupula and particles, are modeled
simultaneously, like a single mechanical system
and all relevant equations are solved in iterations.
The cupula and particles are affecting the flow of
the surrounding fluid and this effect is introduced
in the equations of fluid flow using an external
force field. On the other hand, fluid is causing the
deformation of the cupula through a force that
causes motion of points of discretized membrane,
representing the cupula. Also, fluid is opposing
motion of particles through a drag force that is
exerted from fluid domain in specific position
where each particle is located. Coupling of all
entities is performed so that all relevant quantities
are
interpolated
over
boundary
and/or
intercepting points. For example, for each
particle, influence of larger number of points from
the fixed fluid mesh is considered and vice versa.
This interpolation is conducted using the Dirac
delta function defined in literature [20].

results of the simulation in real time.

2.5 Applied Parallelization Techniques
During the implementation of the presented
numerical model, special attention is dedicated to
the parallelization techniques. The software is
adapted for execution on a PC with NVIDIA
graphics card. Principles of GPU (Graphics
Processing Units) programming and CUDA
architecture developed by NVIDIA [21] are used
during the implementation. CUDA enables the
execution of the source code on two different
platforms, the so-called host system (that
represents the CPU processor) and the so-called
device system (that represents the GPU device).
A computer program is adapted for execution on
a GPU device by separating the part of the
program that executes a large number of
arithmetic operations over a large data set and
that part of the program is executed on the GPU
device using the so-called kernel functions. This
way GPU works as a coprocessor of the main
processor, while CPU organizes the execution of
the program and manages exchange of required
information.
Software based on LB method has already
been successfully parallelized and significant
speed-ups have been obtained [22,23]. In the
case of simulations considered in this paper, this
parallelization technique enables visualization of

Figure 1 - Algorithm of execution of the parallelized
software

Parallelization is implemented for all previously
described entities. Collision and propagation
steps for the fluid flow simulation are performed
in parallel, for each node of the lattice mesh
separately. Equations of motion of each particle
are solved in parallel and reaction forces in all
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nodes of the triangular mesh representing the
cupula are also calculated in parallel. All data is
located on the GPU device, where all the
calculations are done. After each iteration,
resulting values of particles’ position vector,
positions of the nodes of the cupula, and fluid
velocity field are transferred back to the CPU, for
visualization. The algorithm of execution of the
parallelized software is shown in Figure 1.

Developed software enables both free rotation
of the entire domain, and predefined rotations,
according to some standard head maneuvers
applied in clinical practice. The interaction of a
user with software is fully enabled and both
numerical simulation and visualization of results
are performed in real time.
Figure 3 shows a window of the developed
software during simulation when a user can
interact with software and rotate the entire
domain in real time. The rotation is defined by the
user using motion of the mouse pointer on
screen. On the left side, there is a panel with
various options for manipulation with the
information that are displayed. The visualization
of the mesh representing the SCCs can be
enabled or disabled. Also, it is possible to
visualize the velocity vectors or velocity
streamlines obtained from the endolymph flow
simulation. In the case shown in Figure 3, the
velocity streamlines are drawn. The entire domain
can be zoomed-in/out, moved and/or rotated by
the user, using the motion of the mouse pointer,
by choosing the appropriate option for the desired
interaction from the panel. The graph at the
bottom of the window shows the change of
cupular displacement during the simulation,
where all the three cupulas located in the three
SCCs are represented with different colors.

3. RESULTS
The geometry of the SCCs is obtained from CT
scan images of specific patient. The geometry is
first reconstructed and then exported in an STL
file format. Then, the geometry is loaded in the
developed software for simulation of motion of
immersed otoconia particles within the SCCs.
The geometry of the SCCs is shown in Figure 2a.
During the initialization of the numerical
simulation, the voxelization of the geometry is
performed to determine occupation of solid
volume in all nodes of the LB mesh. Voxelization
is performed using the procedure described in
literature [24] and additional open-source
software Binvox, developed by Patrick Min [25], is
incorporated into the software. The voxelized
model is further expanded to calculate the value
of P for all nodes. Instead of using the cuboid
structure to represent the fluid domain (as it is
traditionally done in LB simulations), the sparse
approach was used to exclude the nodes that are
fixed and are not necessary for the simulation. In
this way, number of fluid nodes is minimized and
the execution is subsequently accelerated. This
approach was already successfully used in
literature [26]. The sparse voxelized model of the
fluid domain is shown in Figure 2b. The overall
number of lattice nodes in this model is about
400000.

Figure 3 - Window of the developed software during
simulation with free rotation of the entire domain; visualization
of velocity streamlines is enabled

In Figure 4 it is shown how the cupular
displacements change over time when a
predefined rotation of the entire domain for 120
degrees is performed. This predefined rotation
actually represents the Dix-Hallpike maneuver
[28] and it is used for diagnostics of vestibular
disorders. This rotation consists of a smooth
head rotation from an upright position (when it is
assumed that the angle of the head with respect
to the vertical axis is 0 degrees) to a supine
position (when it is assumed that the angle of the
head with respect to the vertical axis is 120

Figure 2 - Models of the SCCs used in numerical simulations.
(a) Geometry in STL format, obtained from CT scan images
of a specific patient; (b) Voxelized model of the fluid domain

The accuracy of the described numerical model
was demonstrated through a comparison of
obtained results with analytical solutions
published in literature [1]. Good agreement of
results showed that this numerical model is
capable of simulating motion of otoconia particles
within the SCC [27].
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[3]

degrees). In Figure 4 it is also shown how the
software enables the user to analyze velocity
distribution over a defined plane, i.e. a slice of the
whole fluid domain.

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]
Figure 4 - Window of the developed software during
simulation with predefined rotation of the entire domain that
represents the Dix-Hallpike maneuver; visualization of
velocity vectors and slice velocity distribution are enabled

[12]

[13]

4. CONCLUSION
BPPV is a balance disorder that can be caused
by free motion of otoconia particles within the
endolymph in the SCCs. This process can hardly
be experimentally analyzed and thus numerical
simulations can help analyze the effect of various
parameters on the cupular displacement and
nystagmus. Developed software provides a tool
that allows analysis of a wide range of sizes,
shapes and number of particles in order to
determine the quantities that are most likely to
cause clinically observed symptoms. These
parameters cannot be precisely quantified in
clinical practice.
Using the biomechanical model presented in
this paper, a customized (personalized)
simulation model can be created and this model
can provide better treatment of patients with
BPPV, because the developed software can be
used to predict the response of the vestibular
system of the patient to external perturbations.
Treatments can be planned according to specific
symptoms of the patient and those symptoms can
be explained with more detail.
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opposed to other routes of drug administration,
the pulmonary route is accompanied by several
unique challenges out of which the generation of
aerosol particles in a physical form suitable for
inhalation is the major one [1]. Jet-milling and
spray drying have been widely used for producing
very fine particles. Resulting from the intense
inter-particle collisions, the outlined main
drawback of jet milling is that the fluidized
particles might suffer from a considerable degree
of breakage. Because the powders produced by
mechanical
micronization
demonstrated
decreased powder dispersibility, the drug delivery
from dry powder inhalers may be less effective
[2]. In [1] it was stated that it is generally accepted
rule that aerosol particles of 1-5 μm are required
for deposition at the site for systemic absorption,
namely, the pulmonary alveoli.
Delivering aerosolized drugs directly into the
lungs has the advantages of higher drug
concentration delivered more effectively to the
airways, and reduced systemic adverse effects
[3]. In that sense, aerosol particles (aerosolized
drugs) that are generated by this type of inhalers
are defined as suspension of liquid and solid
particles produced by an aerosol generator such
as the small-volume nebulizer (SVN), the
pressurized metered-dose inhaler (pMDI), or the
dry-powder inhaler (DPI) [4]. Aerosols generated
by dry powder inhalers (DPIs) are among the
most promising forms to deliver therapeutic
agents by inhalation to the lungs, as stated in [4],
especially offering advantages such as fast
delivery of particles to the lungs and higher
deposition of aerosol particles within the lungs [56]. Other advantages include simplification of the
inhalation technique and help in fluctuation of the
inhaled dose reduction as well as local and
systemic side effects [7-10].
Generally, dry powder inhalers are devices
which store the medication as fine particle
aggregates, either as a pure drug substance or
encapsulated in a nano- or micro-particulate
formulation [1]. Aerolizer® as one of the DPI
consists of a capsule dosage form containing a
dry powder formulation intended for oral
inhalation only with the Aerolizer inhaler. The
Aerolizer consists of the following parts:
1. A cap to protect the mouthpiece of the base

Abstract: The aim of this study was to analyze
aerosol particle deposition in a Dry Powder Inhaler
(DPI) Aerolizer®. Such inhalers are widely used for
disease treatments due to easy delivery of drug to
the patient’s lungs. Analysis was done by
combining computation fluid dynamics (CFD), for
simulation of fluid flow (air), with discrete phase
model (DPM) for particles simulation. CFD analysis
provided us with information about maximum
velocity in the barrel (47.54 m/s) for the flow rate of
28.3 L/min. Using DPM we obtained information
about particle trajectories from capsule chamber
to end of mouth piece. Based on that information
we were able to calculate the number of particles
transported into patient’s throat. Considering the
used boundary conditions, emitted dose from the
inhaler is 69% for jet milled Particles JM1.
Knowledge obtained in this way can help us better
understand how particles move until they reach
the mouth and throat of patients and it can be
used to improve performance of different types of
inhalers.
Index Terms: aerosol particle, computational
fluid dynamics, discrete phase model, dry powder
inhaler

1. INTRODUCTION

I

nhaled drug delivery as a non-invasive systemic
route of drug administration to the respiratory
tract is an important part of the equipment of
clinicians caring for patients with asthma [1]. As
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2. A base that allows the proper release of
medicine from the capsule
The base consists of:
3. A mouth piece
4. A capsule chamber
5. A button with “winglets” (projecting side
pieces) and pins on each side
6. An air inlet channel
7. Grid structure (Fig. 1).

accepted to propose the aerodynamic diameter
as a parameter to describe the diameter of
particles moving in an air stream [1]. Coates and
his colleagues investigated how design of DPI,
specifically grid structure, inlet size, mouthpiece
geometry, and mouthpiece length affect the
Aerolizer® performance [11, 13-14].
In order to gain knowledge and better
understanding of particle dispersion within the
Aerolizer inhaler, computational fluid dynamics
(CFD) can be used for modeling both laminar and
turbulent flow [12]. However, CFD can only
simulate airflow without taking particle interaction
into consideration. For this purpose, the field of
CFD analysis is coupled with Discrete Phase
Modelling to allow for aerosol transport and
deposition to be calculated in realistic threedimensional (3-D) models of the inhaler [15].
This method (CFD analysis combined with
DPM) has been used by many authors. It was
used
to
better
understand
dispersion
mechanisms in commercial DPIs [16], to analyze
how device design effects aerosolization [17] and
to investigate air flow induced detachment of
particles [18]. CFD coupled with experimental
powder dispersion analysis can provide an initial
quantification of the turbulence levels and
average particle impaction velocities. This
information can help maximize the dispersion
performance of a dry powder inhaler [11].
The construction of DPI inhaler Aerolizer also
leads to its biggest disadvantage. DPI powders
are commonly formulated as a mixture of
micronized drug particles and coarse carriers and
therefore problem with this type of devices is that
less than 30% of a dose reaches the lungs [6].
Therefore, the motivation of analyzing Aerolizer
inhaler is to simulate the flow of particles carried
by air during inhalation and determine the weak
points in construction of the inhaler with the
possibility of shape and dimensions change in
order to optimize and maximize efficiency of drug
delivery to the lungs.

Fig. 1: Parts of dry powder inhaler Aerolizer®
To use the delivery system, a capsule is placed
in the chamber of the Aerolizer inhaler and
pierced by pressing and releasing the buttons on
the side of the device. The formulation is
dispersed into the air stream when the patient
inhales rapidly and deeply through the
mouthpiece. The aerosol particles on its way from
the carrier to the mouth of the patient need to
pass the grid structure, which is present in order
for capsule to remain inside the inhaler and only
particles can pass towards the mouthpiece [11].
Although different dry powder inhalation devices
are available on the market, no single inhaler
device possesses all the properties of an ideal
inhaler [1].
The findings presented in [1] suggest that the
deposition profile of inhalation dry powders is
affected by two major independent factors:
(1) patient-related factors; which can be cited
as the anatomical and physiological aspects of
the respiratory system as well as the inhalation
airflow rate
(2) physical properties of dry powders; which
can be subdivided into (i) properties of pure drug
and (ii) design of dry powder inhaler device [1].
Most marketed DPIs are passive inhalers that
employ the patient's inspiratory effort to generate
the necessary airflow, and the associated
turbulence, to overcome the cohesive nature of
the respirable active pharmaceutical ingredient
(API) and fluidize the powder bed into a
respirable aerosol [12]. Several studies
demonstrated the importance of particle size on
the deposition and clinical efficacy of inhaled dry
powder therapeutics [1]. The aerosolization
performance of inhaled particles is also affected
by the particle morphology, density and their
aggregation profile. Therefore, it is commonly

2. MATERIALS AND METHODS
The first step in simulating powder dispersion in
a commercial inhaler Aerolizer® was to create 3D
model of inhaler using commercial software for
computer aided design. The geometry and
dimensions were obtained by taking detailed
measurements from the marketed device using a
micrometer. Simplifications on the model included
chamfered and curved edges in areas where
those modifications would not have any effect on
the process of inhalation. Only fluid domain was
taken into account when simulating air flow with
particles. This fluid domain given in Fig. 2 was
exported as .stp file that was later used for mesh
creation and for defining boundary conditions.
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Fig. 4: Fluid domain mesh – isometric view
The commercial CFD software ANSYS Fluent
was used to simulate fluid flow. The model used
to describe the flow inside the inhaler during
inhalation is standard k-ω turbulent model [19].
Standard k-ω model with low Reynolds number
(LRN) was adopted for the turbulent flow of air as
fluid. This model has shown good accuracy when
combined with high efficiency in comparison to
complex methods, such as large eddy simulation
(LES) [15]. The LRN k-ω model can be used for
accurate prediction of pressure drop, velocity
profiles, and shear stress for transitional and
turbulent flows [20]. All transport equations were
discretized to be at least second order accuracy
in space. A Second-Order Upwind scheme was
used to discretize the pressure equations, and a
Quadratic Upwind Interpolation for Convection
Kinetics scheme was used to discretize the
momentum and turbulence equations [21]. The
numerical equations were converged to a steadystate solution.
Rosin-rammler logarithmic diameter distribution
of inert particles, injected using face normal
direction, was used as input for Fluent's Discrete
Phase Model. It was assumed that particles
behave in such way that in contact with the wall
they stay “trapped“ and the particles that reach
the outlet surface “escape“ the device domain. In
that way, it could be calculated how many
particles were set at the beginning of the
calculation and how many particles got out of the
device. It was shown that the gravity has the
insignificant impact due to small aerosol diameter
sizes and short residence time in the inhaler itself
[22]. Particles without capsule were placed at the
bottom of the chamber (real situation is that
capsule that contains particles is placed at the
bottom of the capsule chamber at the beginning
of inhalation process).
Boundary conditions for this simulation included
velocity at the two inlets and pressure outlet
(underpressure to simulate suction effect that
causes the inhalation process). The normalized
Reynolds stress residuals in the range of 10e−4
were applied as the convergence criteria to
ensure full convergence. Inlet velocity of
11,79166 m/s was calculated from the flow rate of
28,3 l/min [23]. Particle mass at the beginning

Fig. 2: Fluid domain geometrical model
Unstructured (tetrahedral) mesh was used and,
after that, the tetrahedral cells were converted to
polyhedral cells to reduce the skewness of the
overall cell count. The model included 1 180 254
elements and 223 138 nodes (commercial
software Ansys 16.0 was used to mesh the
model) (Fig. 3).

Fig. 3: Fluid domain mesh – isometric view
Special attention was paid to the wall area and
grid structure area, making refinements in those
areas in order to obtain better results, since the
tracked aerosol particles have the micrometer
(µm) diameter order of magnitude. This was done
by controlling Edge Sizing on the edges and then
using Bias function in order to simulate finer
mesh on the outside and coarser mesh towards
inside the mouthpiece, carrier and chamber. A
detail of the finer mesh on the walls and in the
grid area is given in Fig. 4.
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was 20mg [23]. Diameter size distribution for
particles was obtained based on [23] for JM1 (JM
stands for jet-milled particles). For density of
3
particles we used value of 1.67 g/cm [23].
3. RESULTS AND DISCUSSION
Simulated air flow though inhaler Aerolizer
shows that the highest velocity of air was, as
expected, in the grid area with maximum velocity
of 47.54 m/s (Fig. 5). These results are in
correspondence with literature, since Tong and
his colleagues [16] showed that maximum
velocity is 45 m/s.
Air flow pattern in the inhaler is complex, due to
the swirling motion inside the capsule chamber
that the incoming flow generates. Grid structure
suppresses the turbulence in the barrel and
reduces the swirl that was generated in the
capsule chamber.

Fig. 6: Particle residency time (in seconds)
Out of 200 particles, 138 particles came out of
the mouthpiece, showing that the efficiency of the
inhaler is 69%. The results obtained are in
correspondence with the results obtained by [23]
where they showed that the emitted dose for JM1
particles was 68.15 ± 1.58%.
Fig. 7 shows the future of 20 particles. Particles
are concentrated in the middle of the mouthpiece
on the outlet.

Fig. 5: Distribution of velocity (left: inhaler
Aerolizer; right up: outlet; right down: grid area)
Further simulations led to Discrete Phase
Modelling, where the destiny of 200 particles was
determined. It can be seen that particles mostly
get “trapped“ inside the chamber area because of
the swirl flow. This happens after a very short
period of time, showing that the residency time in
this area is short as it can be seen from Figure 6.
From the same figure, it can also be seen that the
swirl flow is dominant in the area below
mouthpiece and grid area, where capsule is
placed. These results are similar to the results
obtained by [24].
Fig. 7: Particle tracking from the beginning of
the simulation to the outlet
The presence of the grid was found to
straighten the airflow exiting the device. Since the
presence of a capsule was not modelled, this will
be the place of interest in the future. However,
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Powder Inhalers”, The AAPS Journal, 2012, 14(4), pp.
667-676.
[22] Milenkovic, J., Alexopoulos, A.H., Kiparissides, C., "Flow
and particle deposition in the Turbuhaler: A CFD
simulation," International Journal of Pharmaceutics,
2013, 448, pp. 205– 213,
[23] Djokic, M., Kachrimanis, K., Solomun, Lj., Djuris, J.,
Vasiljevic, D., Ibric, S., "A study of jet-milling and spraydrying process for the physicochemical and
aerodynamic dispersion properties of amiloride HCl",
Powder Technology, 2014, 262, pp. 170-176.
[24] Donovan, M.J., Kim, S.H., Raman, V., Smyth, H.D., "Dry
Powder Inhaler Device Influence on Carrier Particle
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since presented results showed good match with
results obtained by [23], it would be interesting to
repeat the simulations with other types of jetmilled as well as spray dried particles.
4. CONCLUSION
The particle dispersion in a dry powder inhaler
was simulated by a CFD-DPM model. The
analysis of the flow field using CFD analysis has
provided information about air velocity during the
inhalation process. Based on this flow field, we
were able to determine how aerosol drug particles
®
are progressing through the Aerolizer inhaler
(from the capsule chamber until the end of the
barrel) as well as the number of particles that
enters patient’s throat. Results presented here
are obtained with simplification that included
particles that were only placed at the bottom of
the chamber area and did not include the capsule
itself. Future work will include new simulations
with inhaler where particles will be inside of a
capsule and then those results will be used as
input in the analysis that would include particle
tracking inside patient’s lungs. This methodology
can be applied to other inhalers in order to better
understand their performance.
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diagnosed with oral cancer worldwide [1]. Despite
the advances made in treatment modalities and
initial treatment of patients, the prognosis of
OSCC is still poor and recurrence rates remain
quite high due to aggressive local invasion and
metastasis of OSCC [2]. Additionally, patients
with OSCC are at increased risk of the
development of second primary malignancy,
which is defined as second malignancy that
occurs either simultaneously or after the
diagnosis of an index tumor. From the aspect of
"field cancerization" hypothesis, the large areas of
head and neck mucosa are affected by
carcinogen exposure, resulting in a wide field of
premalignant disease that gives rise to multiple
independent primary tumors. At present, there is
also the evidence that second primary tumors can
share some or even all genetic markers with the
index tumor, indicating that both tumors have
arisen from a common clonal progenitor cell [3].
Due to the aggressive nature of OSCC and high
rates of local and regional relapses, early
identification of potential second primary tumors
can be proven very beneficial for the prognosis of
the patient [4] and the subsequent adjustment of
the follow-up treatment. Among the aims of this
study, the one was to identify a limited subset of
clinical and molecular factors that are highly
correlated with the occurrence of the second
primary tumors at patients with OSCC using data
mining approach.
The classifiers based on artificial neural
network algorithm (ANN) represent promising tool
in medical research due to their ability to identify
complex and nonlinear patterns between input
data and output variables. These classifiers can
be modeled for diagnostic [5], [6] as well as
prognostic [7]-[10] problems in various clinical
domains. However, it is still a challenge to
efficiently construct an ANN classifier which can
provide accurate prediction of the unseen new
samples. This so-called generalization ability
depends on two tasks, feature selection and
models parameter optimization [10], [12]. The
selection of feature subset influences the
appropriate classifiers’ parameters and vice versa
[13]. Therefore, obtaining the optimal feature
subset and ANN parameters must occur
simultaneously. Additionally, classifiers may
suffer from unbalanced datasets, i.e. when at
least one class is represented by a small number

Abstract: The oral squamous cell carcinoma
(OSCC) is a common malignant head tumor
exhibiting quite aggressive nature, often leading to
unfavorable prognosis. The significant problem for
this disease is the high incidence rate of second
primary tumors which has considerable impact on
the survival period. In this paper, we propose an
intelligent model fitting approach for the
development of reliable data mining model that will
be able to predict occurrence of the second
primary tumors for OSCC patients with high
accuracy. Clinical and immunohistochemical data
for 95 patients are analyzed. Distribution of
patients with the second primary tumors required
the resolving of problem of imbalanced
classification. In order to overcome this difficulty,
we propose the approach that hybridizes the
advantages of intelligent genetic algorithm (GA)
and artificial neural network (ANN). Data level
transformations and classification algorithm
design are performed simultaneously. The
automatic feature selection and ANN parameter
tuning are optimized by GA in order to advance the
performance of classification. The results showed
that 14 features have the best prognostic value for
the second primary tumors occurrence. The
optimized ANN classifier has better sensitivity and
specificity
in
comparison
to
alternative
approaches. The optimal configuration of classifier
parameters as well as selected the most important
input attributes empowers this model with the
clinical utility.
Index Terms: Artificial neural network, Feature
selection, Genetic algorithm, Second primary
tumors

1. INTRODUCTION
HE oral squamous cell carcinoma is the
predominant neoplasm of head. Annually,
more than 0.3 million new patients are
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Figure 1. Overall procedure workflow. XANN is the vector of ANN parameters; X* is the optimal combination
of ANN parameters; S* is the optimal subset of features

of examples. In many real classification
problems, large amount of data is generated with
skewed distribution and, in medicine, right
decision making for minority class examples is
often of key importance. Thus, it is crucial to
develop the classifier which will be capable of
achieving high accuracy on majority (high
specificity) as well as minority class samples
(high sensitivity). Various techniques in the
machine learning field are developed to deal with
this problem on data and algorithms level.
Genetic algorithms (GA) [14] have the potential
to generate both the optimal feature subset and
ANN parameters at the same time keeping the
accuracy balanced for both classes. By defining
the fitness function to include metrics for the
minority and majority classes’ performances, we
can combine different objectives into a single
fitness value. Our research objective was to
perform optimization of the ANN parameters and
feature subset simultaneously based on
evolutionary principles taking into account the
problem of the unbalanced dataset. In this
manner, we contribute to the identification of a
limited subset of factors that are highly correlated
with the occurrence of OSCC second primary
tumors, thus, formulating the disease profile.
The rest of paper is structured as follows.
Section 2 describes the data set used in the
experiment and methodology. Results and
discussion are presented in Section 3, while

conclusions and directions for further research
are described in Section 4.
2. METHODS
2.1 Classification Dataset
The study involves patients with OSCC. Based
on literature, all patients were described with
immunohistochemical and clinical parameters
obtained within the 5-year study. Basic statistics
of data is presented in the Appendix. The
database was developed for the research project
purposes and all patient information was
anonymized. The patient population with
complete prognostic information consisted of 95
records and 23 attributes which represent the
combination of values with different nature.
In order to make this database more
convenient
for
processing,
some
data
transformation was made. The attributes T, N,
and Stage, according to their nature, were
transformed into numeric values so that T and
Stage values fall within the range 1 – 4, and
values for N attribute within the range 0 - 3.
Additionally, the rest of nominal attributes were
binarized [15]. The final dataset that represented
the input to machine learning consisted of 95
instances described by 30 attributes.
2.2 Machine Learning Methodology
An Artificial Neural Network (ANN) constructed
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as a multilayer perceptron is an algorithm inspired
by human brain and by the way the brain
processes information. Each unit called node or
neuron in the ANN is highly interconnected with
other units. It receives input from some other
nodes or from an external source and computes
an output. Each input or connection has an
associated weight (w), which is assigned on the
basis b according to its relative importance to
other inputs. The node applies an activation
function f to the weighted sum of its inputs xi in
order to calculate the output s (Equation 1):

 n

s  f   xi wi  b 
 i


was split into 5 disjunctive subsets and, in 5
iteration steps procedure, 4 folds were used for
training, and the remaining one was used for
testing. It is important to emphasize that in this
process of training the classifier, training data
was balanced using the SMOTE algorithm [17] in
order to tackle the problem of unbalanced
dataset. This algorithm represents synthetic
oversampling technique for minority class based
on k-NN approach to create new instances similar
to the already available ones. Test instances
were processed without changing its structure.
ANN parameters that we considered for
optimization were: number of nodes in the hidden
layer (in range 5 - 60), number of epochs (50 1000), activation function for nodes in the hidden
layer, as well as for output layer (tansig, logsig,
purelin), learning algorithm (traingd, traingda,
traingdm, traingdx) and, depending on the
selected algorithm, learning rate (0.001 – 0.3)
and momentum constant (0.1-0.9). Within the
procedure for ANN optimization, a percentage for
oversampling the minority class was optimized as
well, taking values from 100% - 800%.
The fitness function was based on the
performance of ANN in a way that ensures that
accuracy of both class samples, sensitivity (Sens)
and specificity (Spec) will be taken into account.
The fitness function was assessed by the
following formula (Equation 2):

(1)

The main role of this function is to make ANN
non-linear allowing it to perform complex mapping
of input data space. The question is how to learn
a multilayer perceptron to understand the
intelligence hidden in the data. Two aspects of
this problem can be examined: determining the
network structure as well as the learning of the
connections weights. For defined network
structure, supervised back-propagation learning
is relatively simple algorithm for correctly setting
of weights and biases. However, the identification
of appropriate network structure requires the
configuration of a number of parameters among
which are a number of nodes in the hidden layer,
the type of activation function, the learning
algorithm, etc. According to the literature [16], a
multilayer perceptron with a single hidden layer is
the most suitable for the purposes of binary
classification.
The optimal ANN topology and other network
parameters vary depending on the selected
subset of attributes (features). We proposed
simultaneously selection of features and ANN
parameters optimization using GA method
following the procedure described in Figure 1. The
proposed algorithm is developed under the
Matlab 2013 environment.
The implementation of the proposed algorithm
is based on wrapper approach for feature
selection. For the input data set which consists of
N features, a feature subset can be represented
as n-dimensional vector of ones and zeros, so
that value ‘1’ or ‘0’ indicates if the feature at that
particular location is selected or not. The GA
starts the optimization from the initial population
which in our case represented the random
combination of features. It did not involve the
additional processes such as the statistical
screening on the original dataset which ensured
avoiding the biased result. For every combination
of inputs nested GA was started in order to find
the best structure and parameters of ANN.
Classifier was evaluated using 5-fold cross
validation procedure. This means that a dataset

fitness  2  Sens  Spec

(2)

Details about GA are:
• integer coding GA;
• tournament selection;
• crossover: scattered;
• crossover probability: 0.8;
• population size 20 individuals;
• number of generation 100.
3. RESULTS AND DISCUSSION
Following
the
previously
described
methodology, in this section we present results.
The best achieved value for fitness is 0.192
(Sens = 0.889, Spec = 0.919) for 14 selected
attributes shown in Table 1 and following ANN
parameters: learning algorithm – gradient descent
with momentum and adaptive learning rate backpropagation, activation function for nodes in the
hidden as well as output layer – tansig, number of
nodes in the hidden layer - 26, number of epochs
- 346, learning rate – 0.051, momentum constant
– 0.719 and percentage of artificially created data
– 400%.
Additionally, we studied the influence of each
attribute according to selection frequency in each
generation. Higher frequency indicates more
important rank of features in comparison to
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ReliefF [18], mRMR [19] and Gain ratio [15],
widely used for extraction of useful features from
data. The ReliefF algorithm is based on the idea
that useful features should differentiate between
instances from different classes and have similar
values from instances from the same class. It
randomly choses an instance from the dataset,
finds its nearest neighbor from the same and
opposite class, and updates relevance score for
each feature by comparing the values of nearest
neighbors to the sampled instance. The mRMR
algorithm maintains the features that have high
correlation with the class attribute and low intercorrelation among themselves. Gain ratio (GR)
normalizes the information gain score of splitting
on an attribute by the entropy of this attribute.
For evaluation of these feature selection
approaches we used the following classifiers:
Support vector machine (SVM), Decision Tree
(DT) and Artificial Neural Network (ANN). The
classifiers were tested within the 5-fold cross
validation procedure. In every iteration step of this
procedure, only training fold is used for
oversampling the minority class with SMOTE
algorithm and selection of features. Accuracy
(AC), Sensitivity (Sens), Specificity (Spec) and
area under ROC curve (AUC) were used to
measure the performances of the classifiers.
Results are presented in Table 2.
In comparison to classifiers from Table 2,
proposed ANN_GA method achieved the
following results: Ac = 0.916, Sens = 0.889, Spec
= 0.919, AUC = 0.903. Also, from this table, we
can clearly conclude that our proposed method
outperforms standard classification and feature
selection algorithms. The ROC curve of the
proposed method ANN_GA is depicted in Figure
3.

Table 1. Selected features
Feature No

Name

f2

WPI

f5

LoxL4tumor

f7

LoxL4stroma

f12

Sex

f13

Site_BUCCAL MUCOSA

f14

Site_ALVEOLUS

f15

Site_TONGUE

f16

Site_Other

f17

T

f20

Thickness

f21

Bone

f22

Skin

f24

LVI

f26

Therapy_CTRT

others (Figure 2).

Figure 2. Relative frequency of features during the
proposed procedure

We compared the proposed method with three
state-of-the-art algorithms for feature selection:

Table 2. Performances of classifiers ANN, SVM and DT using best k ranked features
ANN
Ac
k=20

Sens Spec

SVM
AUC

Ac

Sends Spec

DT
AUC

Ac

Sens Spec

AUC

ReliefF

0.779 0.333 0.826 0.694 0.768 0.222 0.826 0.524 0.811 0.000 0.895 0.578

MRMR

0.738 0.200 0.791 0.381 0.791 0.400 0.894 0.500 0.831 0.300 0.837 0.457

Gain Ratio 0.758 0.333 0.802 0.601 0.779 0.333 0.826 0.579 0.811 0.000 0.895 0.578
k=15

ReliefF

0.779 0.333 0.826 0.672 0.800 0.444 0.837 0.641 0.811 0.000 0.895 0.578

MRMR

0.728 0.100 0.792 0.589 0.780 0.600 0.918 0.500 0.841 0.200 0.803 0.500

Gain Ratio 0.747 0.000 0.826 0.629 0.684 0.222 0.733 0.477 0.811 0.000 0.895 0.569
k=14

ReliefF

0.747 0.444 0.779 0.689 0.716 0.333 0.756 0.545 0.789 0.000 0.872 0.557

MRMR

0.728 0.100 0.792 0.612 0.814 0.500 0.850 0.500 0.810 0.200 0.884 0.647

Gain Ratio 0.768 0.111 0.837 0.570 0.726 0.333 0.767 0.550 0.789 0.000 0.872 0.548
k=10

ReliefF

0.663 0.111 0.721 0.538 0.674 0.333 0.709 0.521 0.800 0.000 0.884 0.525

MRMR

0.758 0.100 0.825 0.740 0.791 0.400 0.955 0.500 0.831 0.000 0.931 0.796

Gain Ratio 0.705 0.111 0.767 0.575 0.758 0.222 0.814 0.518 0.779 0.000 0.860 0.547
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4. CONCLUSION
We have presented the intelligent method for
prediction of second primary cancer in OSCC
patients. The method is based on hybrid
approach which combines Genetic Algorithm and
Artificial Neural Network, tailored to select the
most useful features as well as the optimal ANN
parameters. The method is tested on the dataset
with real patients’ data which suffer from OSCC
and showed significant improvement regarding
the ability to predict the occurrence of second
primary tumor in comparison to other
classification methods.
Figure 3. ROC curve of proposed ANN_GA method

APPENDIX
The database of OSCC patients is described in
1
the following table (Table 3) .

Table 3. OSCC database
No
f1

Variables
p16-HPVstatus
(Binary)

Statistics
0 (89)
1 (6)

No
f13

Variables
Site (Nominal)

f2

WPI (Numeric)

Min: 1
Max 5
Mean: 3.28
StdDev: 0.85

f14

T (Nominal)

f3

Ki67%
(Numeric)

f15

N (Nominal)

f4

p53(Numeric)

f16

Stage (Nominal)

f5

LoxL4tumor
(Binary)

Min: 3.1
Max: 67.8
Mean: 21.30
StdDev: 14.26
Min: 0
Max: 2
Mean: 0.64
StdDev: 0.50
0 (32)
1 (63)

f17

Thickness
(Numeric)

f6

Bone (Binary)

f19

Skin (Binary)

f20

PNI (Binary)

f9

D2-40 (Numeric)

f21

LVI (Binary)

1 –Yes (1)
0 – No (94)

f10

Foxp3 (Numeric)

f22

PNE (Binary)

1 – Yes (25)
0 – No (70)

f11

Age (Numeric)

0 (39)
1 (56)
0 (61)
1 (34)
Min: 4
Max: 159
Mean: 69.72
StdDev: 39.70
Min: 0
Max: 82
Mean: 25.62
StdDev: 16.64
Min: 0
Max: 3
Mean: 2.32
StdDev: 0.90
Min: 24
Max: 77
Mean: 55.57
StdDev: 26.66

f18

f8

aSMAstroma
(Binary)
LoxL4stroma
(Binary)
FVIII (Numeric)

f23

Therapy
(Nominal)

f12

Sex (Binary)

0 - Male (79)
1 - Female (16)

f24

Second Primary

CTRT (14)
PORT (14)
RT (27)
NK (21)
Without (19)
0 – No (86)
1 – Yes (9)

f7

1

Statistics
Buccal mucosa (36)
Alveolus (20)
Tongue (31)
Other (8)
T1 (25)
T2 (25)
T3 (8)
T4 (37)
N0 (60)
N1 (15)
N2B (16)
N2C (4)
I (17)
II (17)
III (12)
IVA (49)
Minimum: 2
Maximum: 45
Mean: 13.35
StdDev: 9.28
1 - Involved (29)
0 - NA (66)
1 - Involved (8)
0 - NA (87)
1 – Yes (17)
0 – No (78)

After binarization of nominal features, feature f13 from the Table 3 is transformed into 4 binary features f13 – f16 and
feature f23 is transformed into 5 binary features f26 – f30. Features f14 – f23 from this table consequently changed
the order to f17-f25.
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Antioxidant Activity of the Carboxylate
Anions of the Selected
Dihydroxybenzoic Acids
Đorović, Jelena; Milenković, Dejan; Jeremić, Svetlana; Avdović, Edina; Amić, Ana;
Dimitrić Marković, Jasmina; and Marković, Zoran



scavengers of free radicals and terminators of
radical reactions, and as such have an important
role in prevention of numerous diseases
including cancer and cardiovascular diseases [6,
7]. As natural antioxidants, phenolic acids can be
found in almost all vegetables, fruits, and grains
and they have an integral part in the human diet.
Dihydroxybenzoic acids (DHBA) are a subclass of
hydroxybenzoic acids possessing two hydroxyl
groups which relative position determines the
properties of the molecules [8, 9]. There are
experimental data which confirm good antioxidant
activity of DHBAs [10, 11]. In our previous study,
their antioxidant activity is confirmed using
density functional theory [12]. It should be pointed
out that these acids in their structure have
carboxyl
group,
which
can
easily
be
deprotonated. This assumption is affirmed with
low pKa values of carboxylic group for these
compounds. For example, 2,3-DHBA, 2,6-DHBA,
and 3,4-DHBA have pKa values 2,98, 1,3 and
4,48 respectively. Considering these pKa values it
is reasonable to expect that these DHBAs are
mostly present as carboxylate anions at
physiological pH of 7,4. Therefore, the
investigation of the antioxidant properties of the
corresponding carboxylate anions should be very
useful (Figure 1). In feature text, 2,3-DHBA will be
labeled as compound 1; 2,6-DHBA as compound
2 and 3,4-DHBA as compound 3. It is notable that
compound 2 possess symmetrical structure, and
as a consequence, only one position will be
discussed.

Abstract: In the present study, the M05-2X/6311++G(d,p) theoretical model was used to
evaluate scavenging potency of the carboxylate
anions of 2,3-, 2,6-, and 3,4-dihydroxybenzoic
acids. Reaction enthalpies related to the
antioxidant mechanisms of the investigated
species were calculated in water and benzene. The
single electron transfer followed by proton transfer
is not a favorable reaction pathway under any
conditions. Hydrogen atom transfer is the
preferred reaction pathway in benzene, while
sequential proton loss electron transfer is the
predominant reaction pathway in polar solvent,
water, for all examined compounds. The approach,
based on the reactions enthalpies related to the
examined radical scavenging mechanisms, shows
that thermodynamically favoured mechanism
depends on the polarity of the reaction media and
properties of free radical reactive species.
Index Terms: DFT, carboxylate anions, radical
scavenging mechanisms

1. INTRODUCTION

M

ANY diseases in human organism originate
as a result of radical reactions [1-5].
Organisms often use some external factors,
including the dietary substances, such as
phenolics, to neutralize the damaging effect of
free radicals. Phenolic acids can be considered
as precursors of stabile radicals, which acting as
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OI172015, OI172040, III41007 and OI174028.
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Fig. 1 The most stable structures of the investigated
carboxylate anions of DHBAs.
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Scavenging properties of phenolic acids are
related to their ability to transfer a hydrogen atom
to a free radical species. This transfer can be
achieved via at least three mechanisms
characteristic for all phenolic antioxidants
generally: hydrogen atom transfer (HAT, Eq. 1),
single electron transfer followed by proton
transfer (SET-PT, Eq. 2), and sequential proton
loss electron transfer (SPLET, Eq. 3) [13-15].
PhOH + R → PhO + RH
+
PhOH + R → PhOH + R
+

PhOH + R → PhO + RH
+
PhOH → PhO + H



PhO + R → PhO + R
+
R + H → RH

Ph−OH•+ + RO− → Ph−O• + ROH

The SPLET mechanism can be presented as
follows:
Ph−OH + RO− → Ph−O− + ROH
Ph−O− + RO• → Ph−O• + RO−

(1)
(2.1)
(2.2)
(3.1)
(3.2)
(3.3)

rH = [H(products) – H(reactants)] < 0

(7)

2. METHODOLOGY
All calculations were performed with density
functional theory (DFT) using the hybrid functional
M05-2X [19, 20] implemented in the Gaussian
G09
program
package
[21].
Geometry
optimizations were carried out with 6311++G(d,p) basis set. The local and global
minima were confirmed to be real minima by
frequency analysis (no imaginary frequency were
obtained). To evaluate the impact of solvents with
different polarity, water and benzene were used.
For this purpose, the SMD solvation model was
utilized [22].
The reaction enthalpies related to the studied
free radical scavenging mechanisms can be
calculated by the following equations [23]:
BDE = H(Ph O•) + H(H•)  H(Ph OH)
(8)
IP = H(Ph OH•+) + H(e)  H(Ph OH)
(9)
PDE = H(Ph O•) + H(H+)  H(Ph OH•+) (10)
PA = H(AO) + H(H+)  H(Ph OH)
(11)
ETE = H(Ph O•) + H(e)  H(Ph O)
(12)

(4)

The SET-PT mechanism takes place in two
steps аs it is described above in Eqs. 2 and 3. In
interaction with free radicals (RO•) it can be
presented by Eq. 5.
Ph−OH + RO• → Ph−OH•+ + RO−

(6.1)
(6.2)

The reaction of the examined compound with the
particular
free
radical
is
considered
thermodynamically favourable if it is exothermic:

Many factors affect neutralization of a free
radical species, and that is a very complex
process [16]. One of them is the chemical nature
of the scavenged free radicals, which have an
important role in the scavenging processes [17].
Investigation of free radical scavenging potency
of the investigated compounds was performed
•
•
with the following radicals: OH (hydroxyl), OOH
•
(hydroperoxyl), CH3–O–O (methyl peroxyl), and
•
O2 (superoxide radical anion). Chosen oxygenderived
free
radicals
have
different
•
characteristics. The OH radical is the most
reactive and electrophilic of the oxygen-centered
radicals. Since hydroxyl radical can withdraw an
electron or H-atom from almost any compound in
its vicinity [18], it is considered the main source of
biological
damage
in
living
organisms.
Superoxide radical anion is an important radical
with rather low reactivity that can occur during in
vivo metabolism. At pH lower than 4.8 superoxide
can be protonated to give more potent
•
hydroperoxyl radical ( OOH) in excess. The
•
•
peroxyl radicals, such as OOH, CH3OO are less
reactive than hydroxyl radical. In order to mimic
lipid peroxyl radical, the methyl peroxyl is used.
The enthalpies of the reactants, products, as
well as enthalpies of the reactions with described
free radicals were calculated. It is well known that
the values of the reaction enthalpies can
significantly contribute to the understanding of the
investigated reaction mechanisms. The reaction
•
with the free radical (RO ) can occur via three
mentioned mechanisms. In HAT mechanism, the
reaction can be presented by Eq. 4:
Ph−OH + RO• → Ph−O• + ROH

(5.2)

(5.1)
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•

consequently the differences in the reactivity of
the individual OH sites, the assessment of the
spin density distribution was undertaken on the
radicals of carboxylate anions of DHBA’s. Lower
BDE values implicate easier formation of the
radicals and better delocalization of spin density
[26]. The spin density values in water, obtained by
the NBO analysis, are depicted in Figure 2. The
results show that the radicals formed from
compounds 3 and 1 are the most stable. This is a
consequence of delocalization of their unpaired
electrons over oxygen and carbons (O3, C2, C4,
and C6 in 1; O3, C2, C4, and C6 in 1; and O4,
C1, C3, and C5 in 3).
The heterolytic cleavage of the O–H bond
results in formation of the corresponding anions
of carboxylate anions of DHBAs. The obtained PA
values of all OH groups (in compounds 1-3), and
in both solvents under the investigation are
presented in Table 1, and follow the same
sequence in water and benzene: 3 > 1 > 2. This
result implicates that the proton transfer from the
4-OH group of the compound 3 is easier than the
transfer from the other OH group. It should be
noted that the obtained PA values are significantly
lower in water (polar solvent) than in benzene (
non-polar solvent). The reason for this is the
change of the solvent polarity, which influences
the increase of PA values as the solvent polarity
increases. This is a consequence of the higher
solvation enthalpy of protons.
The natural charge distributions of all anions,
formed by heterolytic cleavage of O–H bonds of
the carboxylate anions of compound 1-3, are
presented in Figure 3.

•+

where H(Ph OH), H(Ph O ), H(Ph OH ), H(Ph
•
+
O), H(H ), H(e) and H(H ) are the enthalpies of
parent molecule, radical, radical cation, and anion
of the examined compound, hydrogen atom,
electron and proton, respectively.
In radical inactivation, HAT mechanism (Eq. 4)
is characterized by the H-atom transfer from the
•
examined compounds to the free radical (RO ).
rHBDE can be calculated using the following
equation [24, 25]:
rHBDE = [H(Ph O•) + H(ROH)] – [H(Ph OH) + H(RO•)] (13)

The SET-PT mechanism is described with Eqs.
5.1 and 5.2. The first step of this mechanism is
determined by rHIP, while the second step is
determined by rHPDE (Eqs. 14 and 15,
respectively):
rHIP = [H(Ph OH•+) + H(RO–)] – [H(Ph OH) + H(RO•)]
(14)
rHPDE = [H(Ph O•) + H(ROH)] – [H(Ph OH•+) + H(RO–)](15)

rHPA and rHETE are the reaction enthalpies
related to the SPLET mechanism (Eqs. 6.1 and
6.2), and they are calculated using Eqs. 16 and
17, respectively:
rHPA = [H(Ph O) + H(ROH)] – [H(Ph OH) + H(RO–)] (16)
rHETE = [H(Ph O•) + H(RO–)] – [H(Ph O) + H(RO•)] (17)

3. RESULTS AND DISCUSSION
3.1.

Radicals and Anions of Carboxylate Anions
of 1-3 DHBAs

The homolytic cleavage of the O–H bonds in
carboxylate anions of DHBAs results in formation
of the radicals (Figure 2). The stability of the
formed radicals, in water, plays the main role in
determining the antioxidant activity of the
examined molecules. The obtained values of
BDE are given in Table 1.

Fig. 3. The natural charge distributions in the most
stable anions formed from the investigated carboxylate
anions of DHBAs in water.

The most stable anion is obtained by
deprotonation of the O–H bonds of the para
phenolic group of compound 3. The negative
charges, which contribute to the stability of these
anion, are delocalized over O4, O3, C1, C2, C5
and C6 atoms in benzene ring, and over oxygens
from carboxylate moiety.

Fig. 2. Spin density distribution in the most stable
radicals of carboxylate anions of DHBA’s in water.

The stability of the formed radicals in water is
following the order 3 ≥ 1 > 2, and the order in
benzene is almost the same: 3 > 1 > 2.
In order to elucidate the differences in BDE and

3.2. Free Radical Scavenging Mechanisms
The thermodynamic data regarding all three
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studied carboxylate anions are collected in Table
1. On the basis of the results from Table 1, it is
clear that the IP values are high for all
compounds under investigation in both solvents.
It means that SET-PT is not a plausible
mechanism under these conditions. On the other
hand, the PAs of the OH groups are significantly
lower than the corresponding BDE values for all
three examined compounds in water. This fact
indicates SPLET mechanism as the most
probable reaction pathway in polar solvents. On
the other hand, the BDE values are lower than
the corresponding PA in benzene. Based on
these results it is clear that HAT mechanism is a
probable reaction pathway in nonpolar solvent.
The obtained results are in good agreement with
the results reported in our previous study [12]. It
should be pointed out that thermodynamic values
examined here for carboxylate anions are
somewhat lower than the corresponding values of
DHBAs molecules.

4) it is clear that SET-PT is not the operative
scavenging mechanism for all investigated
compounds and radicals in both solvents. There
is an exception in case of the reaction between
anion of 2,3-DHBA and hydroxyl radical in water.
Namely, for the mentioned reaction ΔrHIP is -23 kJ
-1
mol , which indicates exothermic reaction and
makes SET-PT possible reaction pathway in
water.
Table 2. Calculated reaction enthalpies (kJ mol-1) for
the reactions of the carboxylate anions of 2,3-DHBA
with the selected radicals.
HAT
ΔHBDE

Table 1. M05-2X calculated parameters of the
antioxidant mechanisms for carboxylate anions of the
selected DHBAs in kJ mol-1.
HAT
BDE
1

2

.

382

111

174

389

3O

.

349

77

160

370

2O

.

397

90

184

394

488
504

3O.

349

26

142

389

.

350

27
Benzene

136

395

2O.

424

424

671

162

.

340

341

627

122

2O.

419

388

674

154

4O
1

408

3O

3

440
467

3O.

320

262

552

176

.

315

257

545

179

4O

-123
-156
12
-21
18
-15
85
51

1-2 +.OH
1-3 +.OH
.
1-2 + OOH
.
1-3 + OOH
1-2 +CH3OO.
1-3 +CH3OO.
1-2 +.OO.
1-3 + OO

-67
-150
68
-15
76
-7
167
84

ΔHPA

SPLET
ΔHETE

-36
-50
2
-12
2
-13
75
60

-87
-106
10
-9
17
-2
10
-9

76
32
131
87
138
94
230
187

-142
-182
-63
-103
-61
-101
-63
-103

The inactivation of the superoxide radical anion
with all three investigated compounds is not
achievable according to very endothermic
processes (Tables 2, 3 and 4). The obtained
results indicate that the superoxide radical anion
is not especially reactive which is in agreement
with the well-known fact that the superoxide
radical anion is in equilibrium with hydroperoxyl
radical [27].
Unlike superoxide radical anion, hydroperoxyl
radical can be scavenged via HAT or SPLET
mechanism with the examined compounds,
except in the case of monoanion of 2,6-DHBA.
Although HAT and SPLET are competitive in
water (Table 2) it is expected that HAT is a
prevailing one. In benzene, HAT is the only
favourable mechanistic pathway. From results
presented in Table 3 it is notable that HAT is the
only possible reaction mechanism in benzene. In
water, rHPA values are more negative than the
corresponding rHBDE values indicating SPLET
mechanism as dominant.

SPLET
PA
ETE

2O

3

2

Water
SET-PT
IP
PDE
453

1-2 +.OH
1-3 +.OH
1-2 +.OOH
1-3 +.OOH
.
1-2 +CH3OO
1-3 +CH3OO.
1-2 +.OO1-3 +.OO-

SET-PT
ΔHIP
ΔHPDE
Water
-23
-99
-133
74
-62
-95
80
-62
-95
231
-147
-180
Benzene
104
-171
-254
184
-116
-199
185
-109
-192
683
-515
-599

The antioxidant mechanisms are highly
influenced by the electronic properties of the
scavenged free radical species. Bearing that in
mind, the reaction enthalpies (rH) of all studied
compounds with each of the chosen free radicals
•
•
•
.
( OH, OOH, CH3–O–O , and OO ) were
calculated for the already described mechanisms
(HAT, SET-PT and SPLET). The obtained results
are presented in Tables 2-4. The preferred
mechanism can be assumed from the rHBDE,
rHIP, and rHPA values. More negative values
indicate thermodynamically more probable
mechanisms.
On the basis of values of ΔrHIP (Tables 2, 3 and

Table 3: Calculated reaction enthalpies (kJ mol-1) for
the reactions of the carboxylate anions of 2,6-DHBA
with the selected radicals.
HAT
ΔHBDE

SET-PT
ΔHIP
ΔHPDE
Water
12
-120

2-2 +.OH

-108

-26

-82

2-2+.OOH

27

110

-83

12

15

33

116

-83

11

22

99

267

-167

84

15

2-2 +CH3OO
2-2 +.OO-

.

Benzene
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SPLET
ΔHPA
ΔHETE

2-2 +.OH
2-2+.OOH
2-2 +CH3OO

.

2-2 +.OO-

-72
63

136
215

-207
-152

79
134

-151
-71

71

217

-145

141

-70

162

714

-552

234

-71

DHBAs possess better antioxidant properties
than analogues carboxylate anions. Considering
the results presented in Tables 2-4, it can be
concluded that HAT and SPLET are possible
radical scavenging mechanisms. HAT is
dominant in benzene, while in water these
mechanisms are competitive for all studied
radicals. Namely, carboxylate anion of 2,6-DHBA
can scavenge only hydroxyl radical in both
examined solvents. On the other hand, anions of
2,3-DHBA and 3,4-DHBA can inactivate all the
examined radicals, except superoxide radical
anion. It should be pointed out that SET-PT is not
an operative mechanism under any conditions
and with both applied procedures.

Table 4: Calculated reaction enthalpies (kJ mol-1) for
the reactions of the carboxylate anions of 3,4-DHBA
with the selected radicals.
HAT
ΔHBDE
.

3-3+ OH
3-4 +.OH
3-3+.OOH
3-4+.OOH
3-3 +CH3OO .
.
3-4 +CH3OO
3-3 +.OO3-4 +.OO-

-155
-155
-20
-20
-15
-14
52
53

3-3+.OH
3-4 +.OH
3-3 +.OOH
3-4+.OOH
.
3-3 +CH3OO
3-4 +CH3OO .
3-3 +.OO3-4 +.OO-

-171
-175
-36
-41
-28
-32
63
59

SET-PT
ΔHIP
ΔHPDE
Water
28
-184
-183
126
-146
-145
132
-147
-146
283
-231
-230
Benzene
162
-333
-338
242
-278
-283
243
-271
-276
741
-678
-682

ΔHPA

SPLET
ΔHETE

-68
-74
-30
-36
-31
-36
42
37

-87
-81
10
16
16
23
10
16

-43
-50
12
5
19
12
112
104

-128
-125
-48
-46
-47
-44
-48
-46
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