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Abstract: A catheter is a device that is inserted into the venous system to infuse treatment with
controlled doses per unit of time. The study of its interaction with blood flow cannot be easily analysed
with common analytical methods or different visualization techniques in real life. Computational
Fluid Dynamics has become a very useful tool in a wide variety of fields of scientific study and has
allowed access to the understanding of the anatomical and physiological functioning of the human
body. In this work, Computational Fluid Dynamics is used to study the effects of inserting a catheter
on blood flow and the quality of the mixture of blood with the various substances infused through
this device. Results show that the insertion of the catheter not only does not worsen the blood
circulation but improves it by reducing stagnant zones. Regarding mixture, a homogenization of the
fluids in the venous area before their entrance to the heart was observed. Highest quality mixtures
correspond to fewer infused fluids and at lower velocity.

Keywords: peripherally inserted central venous catheter; vein; blood; drugs; flow; mixture;
computational fluid dynamics

1. Introduction

The circulatory system aims to transport oxygen, nutrients and hormones to cells,
and waste products such as carbon dioxide to the organs responsible for their excretion.
It is made up of three main organs: blood, heart, and blood vessels [1]. Blood vessels are
the ducts that carry blood throughout the body. They form a network of veins, arteries,
arterioles, venulae and capillaries and have different functions in the circulatory system [2].
Blood vessels are divided into three types: arteries, veins and capillaries. The arteries are
responsible for the distribution of oxygenated blood from the heart to the capillaries of
the body. This blood is under high pressure, therefore the vascular walls of the arteries
are strong to resist the pressure of the flow they transport. The veins return poorly oxy-
genated blood from the blood capillaries to the heart to be recycled back to the lungs for
re-oxygenation. Veins usually surround an artery in a branched and irregular network.
Finally, capillaries facilitate the exchange of oxygen, nutrients and waste between major
blood vessels and organs and tissues [3]. The veins, unlike the arteries, are more abundant,
their walls are thinner, their lumens larger and there is less smooth muscle and elastic
tissue. The blood runs through the veins in increasing order of diameter, that is, from the
smallest vessels to the vena cava, that sheds fluid into the heart and is the thickest vein.
The blood has a laminar flow and its average velocity is 0.24 m/s. Its density ranges from
1.055to 1.064 g/ cm? in men and from 1.050 to 1.056 g/ cm? in women [4]. Tt has a viscosity
between 3.5 and 5.5 cP. The pH of blood is 7.4 in arteries and 7.35 in veins [5].

Fluids 2024, 9, 245. https:/ /doi.org/10.3390/fluids9110245

https:/ /www.mdpi.com/journal/fluids


https://doi.org/10.3390/fluids9110245
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fluids
https://www.mdpi.com
https://orcid.org/0000-0002-3112-3519
https://doi.org/10.3390/fluids9110245
https://www.mdpi.com/journal/fluids
https://www.mdpi.com/article/10.3390/fluids9110245?type=check_update&version=1

Fluids 2024, 9, 245

2 of 28

An intravenous catheter is a device consisting of a thin, flexible tube that is inserted
into a vein for therapeutic purposes. It is used to infuse fluids, hemoderivatives, chemother-
apy and other intravenous drugs. These catheters, depending on the blood vessel being
channelled, can be of two types: central venous catheter of peripheral or central inser-
tion [6]. Peripherally Inserted Central Catheters (PICCs) are used with veins of the upper
extremities (cephalic, basilic and/or axillary veins). These catheters enter the superior
vena cava through the blood vessels [7]. It should be borne in mind that catheters with
a higher number of lumens are associated with an increased risk of infection. However,
PICCs, which are the most used catheters, vary from 1 to 3 lumens of differing lengths that
perform their function at different points in the vein [8,9]:

- The distal lumen is closest to the heart. It is used to inject fluid therapy and sedation,
since, as its size is thick, it allows the flow of high volumes and viscous solutions.

- The medial lumen is usually used exclusively for parenteral nutrition. This should
always be infused by a single lumen due to the risk of bacterial colonization. If
parenteral nutrition is not to be administered, the medial lumen may be used for other
treatments.

- The proximal lumen is the farthest from the heart and is used for inotropic drugs.

- Central venous catheters may be located at the level of the subclavian, jugular and/or
femoral vein. This type of catheter carries a higher risk of thrombosis or bacterial
infections [10]. There will be a brief description of tunnelled central catheters that are
used as long-lasting catheters in chronic patients (oncological, nephropathic, etc.).

Doppler ultrasound is based on the fact that the frequency of sound changes when the
emitter and/or receiver move. It is used to evaluate blood flow by measuring the movement
of red blood cells, allowing us to obtain information regarding vascular permeability, flow
direction, presence of stenosis, distal vascular resistance and vascularization of lesions [11].
In a Doppler study, many factors arise that limit the accuracy of the ultrasound. One
important factor that affects the results obtained is venous distensibility; because of the
vein’s anatomy, when inserting a device inside (such as a catheter), it may dilate. On the
other hand, due to this anatomical feature, the presence of the ultrasound scanner (which
applies pressure on the blood vessel) has effects on the theoretically circular shape and,
therefore, causes interference in the measurement of the vessel’s diameter.

CFD is a methodology that mathematically predicts the flow of physical fluids us-
ing computational tools. It solves the equations derived from the fundamental laws of
conservation of the physical properties of fluids. Laminar flow is the type of movement
of a fluid when it is perfectly ordered and stratified, so that the fluid moves in parallel
layers without mixing. Turbulent flow occurs when movement becomes more irregular,
chaotic and unpredictable, the particles move in a disorderly manner and the trajectories
of the particles form small and aperiodic vorticities [12]. The Reynolds number is the
relationship between the inertia forces and the viscous forces of a fluid. It is a dimensionless
parameter used to classify fluid systems in which viscosity is considered. If the Reynolds
number is less than or equal to approximately 2000, this indicates laminar flow, and a
higher Reynolds number indicates turbulent flow [13]. The Reynolds number is computed
by using Equation (1).

Re = P04 (1)
K
where p (kg-m’3) is density, v (m/s) is velocity, d (m) is diameter and u (Pa-s) is dynamic
viscosity (in international system units).

Once the flow has been defined, the CFD simulator solves the problem by consid-
ering the conservation of mass (continuity equation, Equation (2)) and conservation of
momentum (Navier-Stokes, Equation (3)).
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in which p (kg-m’3) is density, t (s) is time, ? (m-s~1) is fluid velocity, § (m-s~2) is
gravity, u (Pa-s) is dynamic viscosity, p (Pa) is pressure (in international system units), D
is the differential operator and V is the vector operator defined as Equation (4) shows (in
rectangular coordinates):

V= (4)

29 79 70

An incompressible fluid flowing through a pipe at a given flow rate increases its
velocity proportionally by the reduction of the cross-section area. The same amount of
fluid must pass through any point in the tube in a certain time to ensure the continuity of
flow [14].

Traditionally, the only way to optimize a design was by performing physical testing
on product prototypes. However, once a more difficult geometry is encountered, the
scope of analytical solutions to fundamental equations of fluid mechanics is limited and a
numerical method to obtain a solution is chosen. With the rise of computers and increasing
computational power, the field of CFD has become a common application tool for predicting
real-world physics. Modern problems of fluid mechanics would be unfeasible to solve
without the use of numerical methods [15].

Currently, CFD tools are used in a wide variety of experimental fields. In the medical
field, CFD methodology has been in use for several decades. Early studies in 1998 consid-
ered two-dimensional systems to check the flow disturbance caused by an intravascular
catheter [16]. From then, a variety of papers were published, addressing the relation-
ship between arteries and veins and inserted devices in 3D models, for example [17-19].
Two interesting studies in 3D refer to the effects of different angles of insertion of the
catheter [20,21]. The modelling of the veins and arteries is a complex task due to the
non-regular structure of the cavities, the variation between individuals and the flexibility
of the vessels. Recent research using CFD also addresses these issues. Some examples
are studies regarding carotid artery blood flow to compare models with rigid and elastic
walls using CFD tools [22,23] or transient simulations of the bloodstream within a cerebral
aneurysm to reveal the impacts of blood velocity on the risk of aneurysm rupture [24].

Using CFD methodology to simulate blood flow presents some challenges due to
the nature of the blood. Blood is a complex fluid mainly composed of white blood cells,
red blood cells, platelets and plasma [25]. There are several approaches to simulate blood
flow considering it as a particulate system [26,27] but also as a continuum multiphase
system [28,29]. The particulate system approach is successfully considered in several works,
like the one from Stamou et al. comparing Newtonian and Non-Newtonian Models [30].

Another challenge is the consideration of a proper viscous model that fits with the
blood system. Viscosity models for blood have been proposed in recent years. For example,
there is a study based on the Casson model with parameters that are dependent on the
local haematocrit [31].

The first aim of this project was to study the interaction between blood flow and the
catheter inserted. A second aim of the work was to study the mixture of blood with infused
fluids to evaluate the conditions of fluid dynamics of the mixture itself. This involves the
precise study of the path of blood through the veins and the catheter through the venous
tube itself. It was not the objective of this work to perform advances in the development of
blood models.

The following hypotheses were proposed:

Hypothesis 1 (H1). Catheter insertion significantly alters blood flow, increasing its velocity due
to reduced passage.

Hypothesis 2 (H2). The mixture of blood with the substances infused occurs homogeneously in
the venous area prior to entry into the heart.
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To carry out this study, a very basic CFD approach was considered complemented
by experimental validation through Doppler measurements. In this study, we assumed
the blood to be a continuum and a linear model for viscosity. A multiphase approach was
used to model not the blood, but the interaction between the blood and the medicines
infused through the catheter. Thus, the assumptions caused limitations on the results of this
basic research, but allow for providing a description of the abovementioned interactions
between blood, the catheter and the medicines infused in a large volume situation. More
robust modelling might not allow for such dimensions due to the computational cost.
Additionally, recent published studies still use a similar modelling approach to the one
used in this work [32]. Further works should include these improvements.

2. Methodology
2.1. Software Used and Simplifications Considered

The simulations were carried out with the software Ansys® 2023 R2 (Universitat
Rovira i Virgili license) [33]. Specifically, the following programs were used:

e Ansys® DesignModeler™ 2023 R2. Software used to design the models to be simu-
lated.

e Ansys® Fluent™ Meshing 2023 R2. Software used to establish the mesh on the
previously created models and solve the physics including the necessary models.

e Ansys® CFD-Post 2023 R2. Software used to analyse the results and obtain the figures
shown in the report.

Assumptions: The tubular structure of blood vessels is irregular and changes ac-
cording to the biological characteristics of the individual. Nevertheless, in this work, it
was considered that venous geometry could be defined precisely and regularly as non-
distensible cylindrical vessels that always remain in the same position [34,35]. It was also
assumed that just as the studied veins converge at points from which new veins form, the
increase in diameter is progressive and linear. The last assumption was that the blood
velocity was defined with constant values.

2.2. Parts of the Study

The study was divided in two parts. The first part studied the influence of the catheter
on blood flow and its velocity from the basilic vein to the vena cava, considering two
different blood inlet velocities of 0.24 m/s and 0.15 m/s. These velocities were selected
according to data from the literature [36-38], which were, afterwards, compared to results
obtained from the Doppler measurements. Nevertheless, it should be noted that these
values change in each individual due to several factors. The reason for selection of two
values was also to perform a sensitivity analysis. For each velocity, two simulations were
performed: a simulation of the blood flow without the presence of the catheter and a
simulation with the presence of the device.

The second part studied the quality of the mixture of blood with fluids infused through
the catheter in the final section of the route of this device. This part comprised four different
simulations where different fluids and velocities were combined.

Part1

The influence of the catheter on the blood flow from the basilic vein to the vena cava
was examined, studying two different blood velocities: 0.24 m/s and 0.15 m/s with and
without the presence of the catheter. The blood velocity values were selected through the
results of a Doppler ultrasound provided by the Arnau de Vilanova University Hospital in
Lleida and contrasted with studies and medical articles, cited in the bibliography [36-39].

e  Simulation 1: average inlet velocity of blood: 0.24 m/s

o Simulation 1.1: blood from the basilica vein to the vena cava without catheter.
o Simulation 1.2: blood from the basilica vein to the vena cava with catheter.

e  Simulation 2: average inlet velocity of blood: 0.15m/s
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o Simulation 2.1: blood from the basilica vein to the vena cava without catheter.
o Simulation 2.2: blood from the basilica vein to the vena cava with catheter.

Prior to the resolution of the first part, a length of the venous system prior to the
section under study was simulated in order to be able to define an already developed fluid
as flow inlet (avoiding the use of a velocity flow inlet surface with a constant value). The
values of each element of the mesh were extracted from this previous simulation and were
used as the input boundary conditions of the simulations. Because of the Reynolds number,
the laminar viscous model was chosen, and the hemodynamic properties of the blood
phase were defined, indicating a density of 1055 kg/m3 [40,41] and a viscosity of 0.004
Pa-s [42,43]. The simulation was carried out taking gravity into consideration. Finally, the
calculation was performed in iterations considering a tolerance of magnitude less than 10~7
in the results. In the post section, several planes were created for the analysis and to obtain
the result figures. On these planes, the contours and velocity vectors were represented. Two
segments were also defined in the basilica vein and the brachiocephalic venous trunk for
analysis of data. Finally, the values of the average volumetric velocity and of each sectional
slice were found.

Part 2

In this part, the confluence of blood with the fluids infused through the three lumens
of the catheter was studied in a delimited area between the subclavian vein and the cava.

Simulations were split into two different cases. In the first case, only two lumens were
considered to carry fluid. In the second case, three lumens carried fluid. This is justified by
real-life situations. Moreover, the velocity of one of the fluids inserted in the catheter was
considered as a variable to be able to contrast the influence of the phenomenon studied in
part one.

e  Simulation 1: Study with two lumens

o  Simulation la: fluid therapy (physiological serum) at constant velocity and in-
otropic agent (Noradrenaline) at 35 mL/h.

= Proximal lumen: insertion of inotropic agent at 0.648 m/s.
s Distal lumen: insertion of fluid therapy at 0.673 m/s.

o Simulation 1b: fluid therapy at constant velocity and inotropic agent at 15 mL/h.

= Proximal lumen: insertion of inotropic agent at 0.278 m/s.
»  Distal lumen: insertion of fluid therapy at 0.673 m/s.

e  Simulation 2: Study with three lumens

o Simulation 2a: Fluid therapy at constant velocity. Inotropic agent dosage of
simulation 1a was repeated and TPN (total parenteral nutrition) was added in the
medial lumen.

s Proximal lumen: insertion of inotropic agent at 0.648 m/s
s Medial lumen: insertion of TPN at 0.833 m/s.
s Distal lumen: insertion of fluid therapy at 0.673 m/s.

o Simulation 2b: Fluid therapy at constant velocity, inotropic agent dosage of simu-
lation 2a was repeated and TPN was added in the medial lumen.

= Proximal lumen: insertion of inotropic agent at 0.278 m/s.
s Medial lumen: insertion of TPN at 0.833 m/s.
»  Distal lumen: insertion of fluid therapy at 0.673 m/s.

To verify the effect of surface tension and gravity in the simulation, three different
simulation tests were carried out in part 2. There are several dimensionless numbers
that describe flows such as Re, which characterizes the motion of a fluid, and We, which
indicates the relevance of surface tension. When Re is greater than 1, the surface tension is
irrelevant if We is greater than 1. These elements led to the assumption of non-consideration
of the surface tension.
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Given the Re number, a laminar flow simulation and a multiphase model with four
phases were considered. For the blood phase, a velocity of 0.24 m/s was defined, and in
each phase of fluid inserted through the catheter, the velocities specified above were used.
In this section, the rest of the properties of fluid dynamics were also defined. The blood
properties were not modified from the first part. Gravity was also considered, although
it could have been neglected from test simulations performed that showed no changes in
the results, as demonstrated in previous works [44]. The surface tension between phases
and with the walls of the system were indicated as zero. Two planes were created to obtain
transversal sections in the catheter lumens as well as two cross-sections in the vena cava
and the brachiocephalic venous trunk. On these transversal planes, the volumetric fraction
contour and streamlines (the path of the particles of each infused fluid) were represented.
On the cross-section surfaces, the contour of the volumetric blood fraction was represented.

Finally, the quality percentage (Q) values of the mixture of each simulation were
calculated using our own experimental equation (Equation (5)). This equation is based on
the fraction concept considering the inlet flow rates of the blood and the medicines. This
parameter provides a number between 0 and 100% to evaluate the quality of the mixture
between the blood and the various fluids inserted through the catheter. A score of 100%
would represent a theoretically perfect and homogeneous mix, while 0% would indicate
the worst quality.

(5)

Q = 100%-abs <1 __ Yii1 abs(Xideal — Xi) )

i1 (Xidear (1 = 0.99-x;))

where x;4,, is the ideal blood volumetric fraction and x; is each value of volumetric fraction
in the selected surface. In this study, different values for x; were considered for each
simulation depending on the flow ratio of the inserted fluids.

Tables 1 and 2 present the calculations of the ideal blood volumetric fraction for the
study of the quality of the mixture between blood and inserted fluids during the second
phase of the simulation.

Table 1. Reference parameters for the study of the quality of the mixture in the case of two lumens
(simulation 1).

Simulation 1a

Venous trunk Venous trunk Blood velocity Flow Flow
radius (mm) section (mm?) (mm/s) (mm3/s) (mL/h)
Blood 8.35 219.04 240 52,569 189,250
Noradrenaline 63
Fluid therapy 35 I‘:f‘:ﬁl gig:d
Total: 189,348 0.99948
Simulation 1b
Venous trunk Venous trunk Blood velocity Flow Flow
radius (mm) section (mm?) (mm/s) (mm?3/s) (mL/h)
Blood 8.35 219.04 240 52,569 189,250
Noradrenaline 63
Fluid therapy 15 I(‘i]e(ﬁl :ig?d

Total: 189,328 0.99959
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Table 2. Reference parameters for the study of the quality of the mixture in the case of three lumens
(simulation 2).

Simulation 2a

Venous trunk Venous trunk Blood velocity Flow Flow
radius (mm) section (mm?) (mm/s) (mm3/s) (mL/h)
Blood 8.35 219.04 240 52,569 189,250
Noradrenaline 63
Fluid therapy 35
Parenteral nutrition 42 Ideal blood
Vol. Frac.
Total: 189,390 0.99926
Simulation 2b
Venous trunk Venous trunk Blood velocity Flow Flow
radius (mm) section (mm?) (mm/s) (mm?3/s) (mL/h)
Blood 8.35 219.04 240 52,569 189,250
Noradrenaline 63
Fluid therapy 15
Parenteral nutrition 42 Ideal blood
Vol. Frac.
Total: 189,370 0.99937

2.3. Simulated Model

For this study, it was necessary to focus on the venous vessels corresponding to the
upper and intrathoracic limbs. The model was designed from an adoption of the anatomical
model proposed by Netter [45]. The veins considered were the basilica, cephalic, subclavian,
internal jugular, brachiocephalic venous trunk and superior cava. The basilica vein and the
cephalic vein are the main drainage vessels of the arm. They originate on the back of the
hand and run down the arm to the beginning of the shoulder, where they join to form the
axillary vein. The axillary vein gives rise to the subclavian vein and it extends to the medial
end of the clavicle. The jugular vein, on the other hand, originates in the jugular foramen of
the skull and runs along the neck until it reaches the end of the subclavian vein, with which
it joins to form the brachiocephalic venous trunk. The right and left brachiocephalic venous
trunks are directed towards the centre of the thorax, where just before reaching the heart
they join to form the superior vena cava [46]. Finally, the vena cava extends into the heart.

The anatomy of blood vessels undergoes significant changes in each person, influenced
not only by their gender or age, but also by individual factors, including the physiological,
morphological and anatomical characteristics of each individual. This variation occurs in
the size of the vessels and their arrangement within the body.

Table 3 contains the measurements of the veins, obtained from bibliographic data and
measurements made in this study with an ultrasound scanner (see later sections).

Table 3. Vein dimensions.

Veins Basilica  Cephalic Subclavian  Intern. Jugular  Brachiocephalic Cava

[47,48] [49] [50,51] [51-53] Trunk [54] [54]

Radius 2.7 1.44 3.69 6.38 8.35 11.65
[mm]

Length 28 265 18.85 135 457 457

[cm]
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Lumen 1
Lumen 2
Lumen 3
Catheter

(a)

Catheter

To know the dimensions of the catheter, a standard catheter provided by the Arnau
de Vilanova University Hospital in Lleida was taken as a reference. A catheter is inserted
into the centre of the venous tube at an oblique angle of between 30 and 40°. It is a device
composed of three equidistant cylindrical tubes (lumens). The catheter section is circular
and has a diameter of 2.181 mm.

To accurately determine the area and diameter of each lumen, the catheter was dis-
sected and a macro photograph of the diameter section of the device was obtained (Figure 1).
The image was later processed with the open-source program Image]J, version 1.54j [55].

(b) (c)

Area (mm?) Std. Dev. (mm?) Perimeter (mm) Diameter (mm) Std. Dev. (mm) Circularity

0.687 0.026 3.156 0.935 0.010 0.867
0.369 0.014 2.351 0.685 0.008 0.839
0.398 0.015 2.438 0.712 0.008 0.841
3.737 0.142 7.448 2.181 0.024 0.847

Figure 1. Sectional section of the catheter. (a) Photograph of the catheter section, (b) digitization of
lumen 1, (c) digitization of the entire catheter.

To design the model (Figure 2), the chosen reference system designated the components
x and y forming a horizontal plane and z being the vertical component. The coordinate
origin was located at the beginning of the basilic vein, in the centre of the circumference.
Initially, the axis lines of the venous system were drawn and then the sweep tool was
applied. The basilic vein started from the horizontal plane and extended in the horizontal
component. In the case of the cephalic vein, the plane was turned over to achieve oblique
growth. The subclavian vein was traced on a semi-circumference that started from the
elevated cephalic plane, displaced in the y and z components. The jugular vein, the
brachiocephalic venous trunk and the vena cava started from the slightly turned horizontal
plane. Finally, the right brachiocephalic venous trunk was traced from a circumference
(which was kept at 90°) that started from the left brachiocephalic venous trunk, tangent to
the semi-circumference of the subclavian vein. Subsequently, a straight section was added
to define the initial section of the right brachiocephalic venous trunk. Considering the
sizes of each vein, the circumference of each blood vessel was traced, and then expanded
to obtain three-dimensional vessels. The small veins were expanded where they entered
the larger ones. In the junctions of the subclavian vein with the cephalic and basilic veins,
a junction with a conical structure was designed to simulate the progressive increase in
the diameter of the vessels. This procedure was reproduced at the junction between the
brachiocephalic venous trunk and the vena cava to simulate the progressive growth of the
latter vein.
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Dimension
Size
Dimension
Size

R1

0.00 50.00 100.00 (mmm)
| I ]
25.00 75.00
R1 R2 R3 R4 R5 R6 R19
27mm  3.69 mm 60 mm 6.38 mm 8.35 mm 11.65mm 60 mm
A20 A21 H5 Hé6 L11 V1 V2
37° 12.2° 45.7 mm 150 mm 60 mm 170 mm 35 mm

Figure 2. Venous geometric model. (a) Model without catheter, (b) model with catheter.

Subsequently, the catheter was designed. The measurements are specified in the
following section. The catheter starts from a horizontal plane turned 35° relative to the
vertical component z, slightly displaced in component y, so that the first section is located
outside the blood vessel. As it enters the basilic vein, it curves until it is parallel to the walls
of the basilic vein. The device travels through the venous system from this point, following
the path of the veins, always being in the centre of the circumference of the vessels. The
catheter extends until reaching the middle of the brachiocephalic venous trunk. Inside,
there are three ducts that correspond to the 3 lumens.

This geometric model was used in the first part of the simulation. In the second part,
it was only necessary to study the last section of the system and therefore, the system was
simplified, maintaining the vena cava, the left brachiocephalic venous trunk, the jugular
venous vein and a small part of the subclavian vein and the right brachiocephalic venous
trunk. With respect to the catheter, the holes of the three lumens were added.
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Mesh quality

The geometric structure of the blood system was defined through a mesh, which
involved interconnected finite elements (Figure 3).

velocity ; velocity

inlets +

aprox. location 1 nlet

of the doppler

measurements
(section 2.5)

e

velocity
inlets f pressure pressure
outlet * outlet

Figure 3. Phase 2 geometric model mesh view.

The quantity of these elements has significant effects on the accuracy of the simulation
results and, consequently, it is essential to evaluate the quality of this mesh to ensure
optimal results. Quality parameters were analysed to ensure their independence from the
results (Table 4).

Table 4. Mesh evaluation results.

. . Part1 Part1
Simulation Pre-Catheter Post-Catheter Part 2
Minimum 8.331 x 10~ 9.334 x 1075 1.939
Skewness Maximum 0.7952 0.9242 0.8486
Average 0.01830 0.02539 0.03266
Minimum 1.374 1.375 1.372
Aspect ratio Maximum 32.18 69.50 43.39
Average 4.828 4.511 3.807
Number of cells 376,516 447 340 365,190

In the evaluation carried out in the system under study, three aspects were considered:

- The number of cells, which specifies the number of elements that make up the mesh.

- Asymmetry or skewness, which is the angular measure of the quality of the element
with respect to the angles of the ideal types of elements. The acceptable range of
skewness is from 0 to 0.5 [56]. The values obtained, therefore, were acceptable.

- The aspect ratio is defined as the ratio between the shortest length of the element and
the longest length of the element. An aspect ratio of 1is a perfectly shaped tetrahedral
element [57]. The values obtained were acceptable.

The result of this evaluation confirmed that the mesh used was of sufficient quality.

2.4. Drugs

To know the properties of the drugs administered and to make the appropriate cal-
culations, the technical data sheets of each drug provided by the Pharmacy Service of the
Arnau de Vilanova University Hospital in Lleida were consulted. To carry out the project,
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documents with the properties of the fluids to be studied were obtained. The information
was contrasted with a medical study article that provided some viscosity data. In the
case of inotropic drugs (Noradrenaline), the dose administered varies depending on the
patient’s hemodynamic situation. In the calculations, the mass of the patient was taken
as 60 kg and therefore, the average range selected was from 0 to 40 mL/h. The values of
15 and 35 mL/h were chosen to carry out the experimental simulations. Considering the
following cross sections of the lumens, Tables 5 and 6 show the calculations performed on
the fluid dynamics data of the simulated fluids during the second part of the simulation.

Table 5. Properties of fluids infused in the study with two lumens.

Flow Rate = Flow Rate Velocity Density Viscosity
(mL/h) m3/s m/s (kg/m?3) (kg-s/m)
Physiological serum 63 175 x 1078 0.673 1004-1006 2.5 x 1073
(lumen 1, distal)
fnotropic drug 2 35 1x 1077 0.648 997 (water)  1.05 x 103

(lumen 3, proximal)

Table 6. Properties of fluids infused in the study with three lumens.

Flow Rate Flow Rate Velocity Density Viscosity
mL/h m3/s m/s (g/L) (kg-s/m)
Physiological serum 63 175 x 108 0.673 1004-1006 25 x 1073
(lumen 1, distal)
PIN 42 1.167 x 10~8 0.833 1065 1.05 x 1073
(lumen 2, medial)
Inotropic drug 1 15 417 x 1072 0.278 1000 (water) 1.05 x 103

(lumen 3, proximal)

e  Cross section of lumen 1 (distal): 2.6 x 1072 mm?

e  Cross section of lumen 2 (medial): 1.4 x 1072 mm
e  Cross section of lumen 3 (proximal): 1.5 x 1072 mm

2
2

2.5. Doppler Ultrasound

To acquire information about blood velocity (complementary to the data obtained bib-
liographically) and to validate the results obtained in the simulations, Doppler ultrasound
measurements were performed in the basilic and subclavian veins.

This technique allows us to know the speed and direction of blood flow. When
ultrasound is emitted into the bloodstream, erythrocytes act as reflecting elements and
through the Doppler equation their velocity can be calculated (Equation (6)).

(Fg — Fr)-K

V =
2-Fg-cosw

(6)
where V (m/s) is the velocity of red blood cells at a given instant, Fr (Hz) is the emission
frequency, Fr (Hz) is the reception frequency, K is the speed of sound in blood (1540 m/s)
and o is the angle formed by the sound beam and the direction of flow.

The measurements were carried out at the Arnau de Vilanova University Hospital in
Lleida during the summer of 2023 with a MyLab™ Gamma ultrasound machine (Esaote,
Genova, Italy; by trained intensive care staff). Pre- and post-catheter insertion measure-
ments were performed. Figure 3 shows the approximate location of the measurements area.
Parameters used in the equipment are indicated in Table 7.
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Table 7. Parameters used in the Esaote MyLab™ Gamma ultrasound machine.
Imaging Parameters
Depth 44 mm
Dynamic range/Dynamic compression/Density /Gray map 8/3/1/1
Sample volume size and depth 2/16 mm
Imaging gain -
X-View Algorithm or CrystaLine Imaging/M-View algorithm C3/1
Persistence 1
Doppler angle correction 60°
Colour Flow Parameters Doppler Parameters
Colour frequency 5.0 MHz Doppler frequency 5.0 MHz
Pulse repetition frequency 1.9 kHz Pulse repetition frequency 6.1 kHz
Smooth/Density M/1 Dynamic range 7/4
Colour gain - Doppler gain 50%
Wall filter 3 Wall filter 100 Hz
Persistence 3

3. Results and Discussion
3.1. Study of the Interaction Between the Catheter and the Blood Flow
3.1.1. Analysis with Blood Velocity: 0.24 m/s

Figure 4 presents the velocity contour of the systems at a general level in cross-section.
In a developed fluid, the velocity profile was parabolic which is typical in these contexts
(Poiseuille flow). The flow reached its maximum velocity in the centre of the duct and
decreased to zero at the walls. This phenomenon was observed in the simulation without
the presence of a catheter (Figure 4a), where the maximum velocity of the blood was in the
axis of the vein and as it approached the walls of the veins, it decreased until it cancelled
out. At some points in the system, where the veins converge, fluid-tight areas of very low
speeds were noticed, produced by the direction of the fluid before it joins the vein. With
the presence of the catheter (Figure 4b), two separate spaces were observed because of the
representation of the venous device in 2D. But in 3D, there was only one cavity. In this
system, a slight modification was observed in the distribution of fluid near the catheter
walls and, although similar fluid-tight areas were observed in both systems, in the presence
of the catheter, there were some fluid-tight spots that were not observed in the catheter-free
simulation. Maximum blood velocities were about 1.5% higher in the case of the presence
of the catheter. This was an expected result since the catheter reduced the cross-sectional
area of the vein where blood flows, and the velocity depends on this.

Analysing the velocity vectors, in the simulation without catheter, a regular flow
distribution with a single parabolic profile was obtained. On the other hand, in the system
with catheter, the fluid distribution varied slightly: there were two parabolic profiles due
to the presence of the catheter acting as a wall. Likewise, a slight increase in speed was
observed since the presence of the catheter reduced the area of circulation of the fluid. The
fact that the profile conformed very closely in both cases to a parabola and did not have
a flat top, corroborated its laminar behaviour. This is clearly visualized in Figure 5. In
the case with catheter, the flow described two parabolic velocity profiles with no notable
differences between them, separated by the catheter representing a central wall. The blood
reached its maximum speed at the most separated points of the walls of the veins and the
catheter. In absence of catheter, the blood was distributed in a single parabolic profile and
reached its maximum velocity at the central point of the vein, the most distal to the walls.
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Figure 4. Speed contours in the central cross-section. (a) Pre-catheter system, (b) post-catheter system.

Basilic vein, pre-catheter, 0.24 m/s Basilic vein, post-catheter, 0.24 m/s
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Figure 5. Velocity profiles in a central section of the basilic vein. (a) Pre-catheter system, (b) post-
catheter system.

In the system without catheter, in the lower part of the subclavian vein, a fluid-tight
area was generated where the velocity was greatly reduced due to the direction of the fluid
flow before entering the curvature. The blood that came out of the basilic vein had a very
vertical direction which, when it entered the curvature, caused the blood to impact the
upper wall of the vein. The fluid that came from the cephalic vein had less flow, which
caused it to be incorporated into the fluid of the basilic vein and take its direction. On the
other hand, in the system with catheter, there was a considerable reduction in the fluid-tight
area that occurred in the first system, homogenizing the velocity of the fluid.

Figure 6 presents a sectional cut in the subclavian vein that allowed observation of the
phenomenon recently indicated in both simulations. The change in blood direction due to
the curvature of the vein caused the velocity distribution to lose its regularity. The blood
flow tried to maintain its direction perpendicular to the upper wall of the subclavian vein
and a fluid-tight area was produced in the lower wall. In the catheter-free simulation, the
absence of the device reduced the intensity of this phenomenon.
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Figure 6. Velocity contours in a sectional cut of the subclavian vein. (a) Pre-catheter system, (b) post-
catheter system.

As for the brachiocephalic venous trunk, there was an irregular distribution of ve-
locities caused by the confluence of blood from the jugular vein and the subclavian vein,
although it presented certain symmetries. In the simulation with catheter, certain areas of
higher velocity were observed. This was caused by the decrease in the passage area due to
the insertion of the catheter into the venous duct, which caused the blood flow speed to
increase to maintain constant flow.

The results in the final section of the vena cava in sectional cut did not show relevant
differences in the cases with and without a catheter at the end of the cava, neither in
distribution nor velocity of the fluid. Only small changes were observed in the distribution
of areas where the velocity was low. In the flow of the fluid through the vein, there were
points where the velocity of the particles decreased, changed their direction, and vorticities
were created, as shown by the velocity vectors. This happened in both the pre- and post-
catheter cases. However, defining whether a flow was laminar or turbulent depended on
Reynolds number and not on the vortices present in the fluid. There can be vorticities in a
laminar fluid, as it is only considered turbulent when the chaotic flow is in a transient state.
As for the distribution of fluid through the veins, it did not change considerably depending
on the presence of the catheter (Figure 7b), nor did the velocity at the heart inlet.

Figure 7. Velocity contours in a sectional cut of the brachiocephalic venous trunk. (a) Pre-catheter
system, (b) post-catheter system.
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Analysing the velocity contours in a cross-section plane, fluid distributions were quite
similar in the simulation of the vein with catheter compared to without. In both cases, there
was a fluid-tight area on each side and a higher speed profile concentrated on one side.
The fluid flowed through the vena cava and following the trajectory provided by the final
location of the catheter.

Table 8 presents the average velocity values in the study volume and various sectional
sections. The general average velocity, at volumetric level and around the transverse plane,
took very similar values and did not present a notable variation in the post- and pre-catheter
comparison. A notable tendency of the average velocity to be higher in the diameter cuts in
the post-catheter simulation could be observed. It was caused by a reduction in the passage
of fluid in the presence of this device in the veins.

Table 8. Average velocity values in several zones, 0.24 m/s inlet velocity case study.

Pre-Catheter Post-Catheter

Average blood velocity across the study volume

0.2624m/s 0.2674 m/s
Average velocity in the section of the basilic vein

0.2371 m/s 0.2810 m/s

Average velocity in the section of the subclavian vein
0.2991 m/s 0.3113 m/s
Average velocity in the section of the brachiocephalic venous trunk

0.3860 m/s 0.3983 m/s
Average velocity in the section of the vena cava

0.2673m/s 0.2708 m/s

In general, we detected a slight increase in the average velocity as the diameter of the
veins through which the blood flows increased. But in the vena cava, the last vein of the
simulated path, the average velocity was reduced again to the velocity that was found in
the first vein of the path: the basilica. This difference in velocity was very relevant in veins
of small diameter and became less significant as the diameter of the veins increased. This is
explained by the fact that the catheter reduced a greater proportion of the cross-sectional
area in veins with a smaller diameter. Although the vein entry velocity was 0.24 m/s, the
average of the system in the simulation was slightly higher.

In the pre-catheter simulation, the section in the basilic vein showed a 9.6% reduction
in average velocity compared to the average velocity of the general volume. In contrast, in
the post-catheter simulation, the average velocity of the section in the basilic vein increased
by 5.1% compared to the average volumetric velocity. Considering the average velocity of
the section in the brachiocephalic trunk, this value showed an increase of 47.10% compared
to the average volumetric velocity in the case of the pre-catheter simulation and 48.95% in
the post-catheter simulation.

3.1.2. Comparative Analysis Between Blood Velocity 0.24 and 0.15 (m/s)

Figure 8 represents the velocity contour of a cross-section located around the union
between the basilica and cephalic veins that form the subclavian vein. The distribution
of blood in the two figures was very similar. In both, an almost fluid-tight area could be
observed in the venous curve in which the velocity is low, close to zero. This area with
low velocities was caused by the direction of the velocity of the blood before entering the
corresponding vein. It should be noted that the low-speed zone in Figure 9a had a smaller
fluid-tight area than in Figure 8b but, on the other hand, it gave velocity values closer to 0.
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Figure 8. Velocity contours of a cross-section between the basilica and cephalic veins that runs into
the subclavian vein. (a) Blood velocity of 0.15 m/s, (b) blood velocity of 0.24 m/s.
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Figure 9. Velocity contours of the final section of the vena cava. (a) Blood velocity of 0.15 m/s,
(b) blood velocity of 0.24 m/s.

Observing the velocity vectors in the initial section of the subclavian vein, the highest
velocity was in the centre of the upper region of the blood vessel, while in the lower part, a
fluid-tight area with vorticities was observed. In the simulation with the highest velocity,
this vortex was much more obvious, while in the simulation with the lowest velocity, the
vortex was very small and only occurred at the extreme left of the low-velocity zone.

In the final section of the vena cava, an area of very low velocities was observed with
some fluid-tight regions on the left and right side of the blood vessel, the latter being
considerably larger. This area was slightly accentuated in the lower-speed simulation. The
central velocity of this region was higher in the higher-velocity simulation while in the
lower-velocity simulation, the central area of this region showed a slower velocity, resulting
in the overall velocity being more homogeneous.

The comparison of the two cases with the presence of a catheter showed that the
differences were almost non-existent. The consequences of this on the flow explained the
effect of the different velocities. In the area of the vena cava (Figure 9), where the volume
of blood per unit of time was the greatest, some slight difference was observed. In both
simulations, a very low-velocity zone was highlighted including certain fluid-tight regions,
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both in the left and right zones. Nevertheless, it was in the latter that a considerably
extensive region was formed. These zones were formed by a central zone of reduced
velocity, surrounded by an elliptical crown where the velocity was almost zero, which was
accentuated in greater force in Figure 9a. The central zone exhibited higher velocities in the
simulation of Figure 9b, while the velocity in this area of the simulation of Figure 9a was
much more homogeneous and reduced.

Figure 10 shows a cross-section in general view of the contour of the Reynolds number.
The distribution in both figures was similar. However, from the outset, it could be observed
how in Figure 10a the contour represented resulted in lower values than in Figure 10b.
This was because the blood inlet velocity into the first case was lower than the velocity
of the second. The Reynolds number reached considerably higher values between the
brachiocephalic trunk and the vena cava. This region corresponded to the area of union of
the different simulated blood vessels and in which the blood velocity was higher, facts that
explained the increase in the Reynolds number.

Cell Reynolds Number
12210
110 10
976400
854100
732400
6.10-10"
488:10"
3.6610' “
2.44-10'
122-10'
37210°

@ (b)
Figure 10. Reynolds number contour. (a) Blood velocity of 0.15 m/s, (b) blood velocity of 0.24 m/s.

Table 9 presents the average velocity values in the study volume and various sectional
sections, which can be compared with Table 8. Results are proportional to those obtained
with an inlet velocity of 0.24 m/s.

Table 9. Average velocity values in several zones, 0.15 m/s inlet velocity case study.

Pre-Catheter Post-Catheter

Average blood velocity across the study volume

0.1637 [m/s] 0.1669 [m/s]
Average velocity in the section of the basilic vein
0.1482 [m/s] 0.1756 [m/s]
Average velocity in the section of the subclavian vein
0.1887 [m/s] 0.1930 [m/s]
Average velocity in the section of the brachiocephalic venous trunk
0.2412 [m/s] 0.2489 [m/s]

Average velocity in the section of the vena cava

0.1659 [m/s] 0.1680 [m/s]
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Correspondence between simulation results and Doppler measures

Figure 11 shows the Doppler ultrasound study in the basilica and the subclavian veins
before and after catheter insertion.
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Figure 11. Doppler ultrasound results.

Results from the basilica vein were used to validate the velocity inlet boundary condi-
tions (obtained from the literature). Doppler results showed a range of values. The highest
values (0.22-0.15 m/s) agreed well with those from the literature (0.24 m/s). However,
because the lowest value (0.15-0.11 m/s) was considerably different, simulations with
0.15 m/s were also performed.

Results from the subclavian vein were used to validate the simulation results. At the
same position as the Doppler measurements were performed, a sectional plane was created
in the simulator and the area-average velocity magnitude was computed.

For the 0.15 m/s velocity-inlet case, Doppler results for the pre-catheter subclavian
vein were 0.11-0.08 m/s, while the CFD result was 0.1096 m/s. Doppler results for the
post-catheter subclavian vein were 0.11 m/s, while the CFD result was 0.1010 m/s. These
results show a good correspondence between the two methods, especially regarding the
difference between the inlet velocity and the velocity at the subclavian vein.

3.2. Study of the Mixture Between Blood and Inserted Fluids
3.2.1. Study with Two Lumens

Figure 12 represents the volumetric fraction of fluid therapy in a cross-section in
the brachiocephalic venous trunk in the distal lumen of the catheter. In the two cases
represented in the figure, the velocity of the drug was identical, so there were no variations
in the volumetric fraction or in the distribution of the fluid. It could also be observed that
the change in velocity of the substance inserted by the proximal lumen had no effect on the
flow of fluid therapy.

The volumetric fraction contour of the inotropic drug in a cross-section of the brachio-
cephalic venous trunk at the exit of the proximal lumen of the catheter indicated that the
drug exited with the direction of the distal lumen, slightly inclined with respect to the flow
of blood, but quickly joined the blood flow and took on its direction. The mixture occurred
in the region of the blood vessel inferior to the catheter, since the blood and the drug move
in this direction, heading to the vena cava. This increase in velocity implied the infusion of
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reduced less quickly when mixed with the blood in Figure 12a.
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Figure 12. Volume fraction contours of fluid therapy in a cross-section of the brachiocephalic venous
trunk in the distal lumen of the catheter. (a) Inotropic drug flow rate of 35 mL/h, (b) inotropic drug
flow rate of 15 mL/h.

Figure 13 shows the volumetric fraction of the blood in the diametrical section of the
brachiocephalic trunk with a catheter in the central position. The distribution of blood
through the venous tube was quite homogeneous since it occupied a large part of the
diametrical surface represented in the two simulations. However, there was an area at one
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side of irregular distribution with a low amount of blood, and this was in a similar position
in the two simulations.
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Figure 13. Volumetric fraction contours of the blood in the diametrical section of the brachiocephalic
trunk with a catheter in a central position. (a) Inotropic drug flow rate of 35 mL/h, (b) inotropic drug
flow rate of 15 mL/h.
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Figure 13a presents this region with a greater extension and a lower blood volume
fraction compared to Figure 13b. The cause was that in the first simulation, the drug
velocity of the proximal lumen took a higher velocity, which translated into the infusion
of a greater volume of inotropic drug. It was also observed that in both simulations, two
lumens of the catheter were represented with a high volumetric fraction of blood.

On the other hand, the lumen that did not contain blood inside corresponded to
the fluid therapy that circulated through the distal lumen and flowed to the end of the
catheter. This lumen did not have an area below the outlet of the fluid and therefore, if the
sectional cut was made at whatever height, the phenomenon observed in the other lumens
would never be observed. For this reason, the presence of medication and not blood could
be observed in the figure. Finally, the lumen in Figure 13a, which showed an irregular
volumetric fraction, corresponded to the proximal lumen. The area of this lumen in which
the stagnant blood remained, also contained a small dose of inotropic drug that did not
emerge into the venous environment but continued inside in the direction of the catheter.
The sectional cut represented in this figure was in this transition zone between stagnant
blood and residual inotropic drug that did not exit into the vena cava. Thus, the volumetric
fraction of blood could not be one because it would also contain inotropic drugs (in smaller
quantities).

Figure 14 represents the path of the fluid therapy particles from the distal lumen of
the catheter, where this substance was inserted, in a cross-section in the lower region of the
vena cava.
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Figure 14. Path of the fluid therapy particles from the distal lumen. (a) Inotropic drug flow rate of
35 mL/h, (b) inotropic drug flow rate of 15 mL/h.

The drug emerged slightly inclined with respect to the flow of blood in the vena cava
due to the arrangement of the catheter, but it did not take long to join the blood flow and
follow its direction. It should be noted that the streamlines represented are conditioned
by the surrounding blood which runs through the vein at a significant velocity and which
influences the expansion of the drug along the sides of the venous tube. Although in
both figures, the speed of the drug was maintained, slight variations could be observed in
the path of the substance, influenced by the changes in speed in the inotropic drug that
flowed through the proximal lumen. In the first figure, it can be seen how the trajectory
described by the fluid therapy particles was almost parallel to the wall of the venous tube.
It described a straighter path than in the second simulation. This was due to the influence
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of the inotropic drug on the venous medium when it exited the proximal lumen at a higher
velocity than in the second simulation. In Figure 14b, on the other hand, the particles of the
drug described a more irregular trajectory. The cause of the observed phenomenon lay in
the influence on the trajectory of the physical properties of the medium in which it was
found, as well as the velocity that the inotropic drug had when it left the venous medium.

Analysing the results of trajectories of particles of the inotropic drug, it was observed
that the drug flowed through the vena cava describing a trajectory almost parallel to the
wall of the venous tube in both cases. Due to the high flow, it was observed that the
particles of the fluid converged at the end of their path, having reached a higher velocity.
This occurred precisely because of the initial insertion of the inotropic drug at a higher rate.
As a result of the increase in velocity, there was also an increase in the volume of inotropic
drugs.

3.2.2. Study with Three Lumens

These simulations considered the study of the third lumen: the medial lumen. Figure 15
represents the output of parenteral nutrition through this lumen. In both cases, nutrition
flowed at the same velocity. Notable changes were not observed in the volumetric fraction
of the fluid. However, the fluid that came out of the lumen above the medial, i.e., the
proximal, went faster. This fact might influence the nutrition that spills into the environment
minimally. In both simulations, nutrition emerged along the direction of the medial lumen
and adopted a direction parallel to the blood flow.
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Figure 15. Contours of volumetric fraction of parenteral nutrition at the end of its lumen. (a) Inotropic
drug flow rate of 35 mL/h, (b) inotropic drug flow rate of 15 mL/h.

Figure 16 represents the volumetric fraction contour of the inotropic drug in a cross-
section of the venous confluence of the subclavian and brachiocephalic trunks. The outlet
of the fluid through the lumen proximal to the venous medium was observed. In both
simulations, the inotropic drug also exited the catheter with the final direction of the
proximal lumen, adopting a direction parallel to the flow of blood.

Figure 16a shows how the fluid flowed at a higher velocity compared to Figure 16b.
This occurred because the initial velocity supplied in the first figure was higher than the
second. This increase in velocity implied the insertion of a greater volume of inotropic drug.
This fact was corroborated by the observation of the volumetric fraction represented, since
it was reduced more rapidly in Figure 16b. In both cases, in the inner zone of lumen 3 and
lower than the output, an area with a very low volumetric fraction of the inotropic drug
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was observed. This inner area of the device would be full of stagnant blood that would
enter the catheter during the process of inserting it and purging. This finding, despite
its obviosity, may be important because the blood is a biologically active fluid. Having a
volume of it for some days in a stagnant but open lumen may have consequences.

L.

(a) (b)

Figure 16. Volumetric fraction contours of the inotropic drug in a cross-section of the venous
confluence of the subclavian and brachiocephalic trunks. (a) Inotropic drug flow rate of 35 mL/h,
(b) inotropic drug flow rate of 15 mL/h.

Figure 17 shows a diametrical section of the brachiocephalic trunk through a contour
representation of the volumetric fraction of the blood. The blood was distributed through
the vein in an analogous way in both simulations. The presence of the catheter in the centre
of the venous tube was observed, as well as two areas of irregular distribution with a small
amount of blood in a lateral position in both figures. These areas corresponded to the
regions of confluence of fluids that shed from proximal and medial lumens, respectively.
On the one hand, the irregular area closest to the catheter would be the inotropic drug that
sheds from lumen 3. It corresponds to an area with a low volumetric fraction of blood since
it was occupied by the inotropic drug that converged on the outside environment from the
proximal lumen. The area with the least blood was the central one since it was where there
was the greatest influx of inotropic drugs. It corresponds to the area where the fluid shed
directly from the outlet of the device.

On the other hand, the other irregular area observed corresponded to the parenteral
nutrition that shed from the medial lumen. As in Figure 17a, there was a central area with
less volumetric fraction of blood because it corresponds to the area where the fluid was
discharged. However, Figure 17b shows this region with a greater extension and a lower
blood volume fraction compared to Figure 17a; as a result, in the first simulation, the drug
velocity of the proximal lumen took a higher velocity, which translates into the insertion
of a greater volume of inotropic drug. In Figure 17a, two of the lumens contained blood
while the other did not. The lumen which did not contain blood, and was therefore full
of fluid therapy, was lumen 1, which did not have any section of lumen below the hole
and had an outlet at the end of the catheter. In Figure 17b, on the other hand, two lumens
did not contain blood while one did. The justification for the distal lumen was the same as
in the case mentioned above: in this lumen, fluid therapy circulated exclusively. Finally,
and unlike Figure 17a, the proximal lumen did not contain blood. This indicated that the
analysed diametrical cut was at the height of the stream composed only of inotropic drugs.
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Figure 17. Contours of volumetric fraction of blood in a diametric section of the brachiocephalic
trunk. (a) Inotropic drug flow rate of 35 mL/h, (b) inotropic drug flow rate of 15 mL/h.

Figure 18 represents the path of parenteral nutrition particles from the medial lumen to
the end of the vena cava. In both cases, it was observed how the fluid left the medial lumen
in the final direction of the lumen, and then joined the bloodstream following the direction
of the blood. The trajectory described was almost parallel to the wall of the venous tube. In
both figures, it can be seen how the fluid bifurcated approximately halfway through the
journey. In Figure 18a, which corresponds to the simulation with the highest inlet velocity
into lumen 3, nutrition was divided later, that is, when the particles travelled the longest. In
Figure 18b, on the other hand, it was observed that the particles split their trajectory before
the middle of the journey. Therefore, it could be concluded that the faster the particles of
the blood environment move, the less noticeable was the branching of fluid that occurred
in the medial lumen.

Velocity [mi/s?] |
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Figure 18. Contours of volumetric fraction of parental nutrition from the medial lumen to the end of
the vena cava. (a) Inotropic drug flow rate of 35 mL/h, (b) inotropic drug flow rate of 15 mL/h.

3.2.3. Mixture Quality Study

Table 10 presents the percentages of the quality of mixture produced between the
blood and the various insertion fluids in a sectional cut in the brachiocephalic trunk, close
to the last distal lumen of the catheter, and in a sectional cut at the exit of the vena cava. In
general, it can be concluded that in the four simulations, the percentages of the quality of
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the mixture indicated that a homogeneous mixture was produced between the fluid and
the blood. In the sectional section of the vena cava, this value increased with respect to the
sectional section in the brachiocephalic trunk, so it could be concluded that the mixture
improved slightly as it progressed through the system. However, this change did not occur
with significant effects due to the laminarity of the flow. Simulations 1a and 1b presented
better percentages than simulations 2a and 2b in both sections. The presence of the fluid
inserted in the second lumen decreased the mixing quality.

Table 10. Percentage values of mixture quality in two sectional cuts.

Simulation Brachiocephalic Lower Vena Cava
Trunk Sectional Cut Sectional Cut
la. Fluid therapy at constant velocity and o o
inotropic drug at 35 mL/h 62.96% 69.88%
1b. Fluid therapy at constant velocity and 68.39% 76.04%

inotropic drug at 15 mL/h

2a. Fluid therapy at constant velocity, inotropic
drug dosage from simulation 1.1 is repeated and 54.39% 66.85%
medial lumen with PTN is added.

2b. Fluid therapy at constant velocity, inotropic
drug dosage from simulation 1.2 is repeated and 58.09% 66.27%
medial lumen with PTN is added.

The insertion speed also had significant effects on this value. Thus, if simulations
la and 1b are compared, it could be observed that the mixture occurred more effectively
when the insertion velocity of the inotropic drug was lower. In simulation 2a and 2b, no
significant changes were observed in the sectional cut of the vena cava, but they were
observed in the cut in the brachiocephalic venous trunk, where the same pattern as in
simulations 1a and 1b was observed. Therefore, it could be pointed out that simulation 1b,
which involved the operation of two lumens and the insertion of the inotropic drug at low
speed, obtained the best mixing quality. On the other hand, the simulation in which the
quality of the mixture became lower was obtained in the presence of three lumens.

From these two observations, it could be considered that the reduction of the lumens
and a low velocity of the inserted fluid favours the quality of the mixture as they reduced
the effort required for intermingling.

4. Conclusions

In this work, two objectives were considered: to study the effect of the insertion of a
catheter on the fluid dynamic properties of the blood flow and to study the homogeneity of
the mixture of blood and medical fluids infused through this device, produced at the end
of the venous structure considered. This study produced the following observations:

The insertion of the catheter contributes to the minimization of fluid-tight blood areas.
The variation in blood velocity has no significant effects on the distribution of blood
throughout the system. The phenomena of vorticities, fluid-tight zones and irregular
distributions remain undifferentiated at both blood velocities, although it can be noted
that the reduction in velocity implies a lower Reynolds number and therefore a slight
increase in blood laminarity.

e  The presence of the fluid infused in the medial lumen has no significant effects on the
trajectory of the fluids infused in the proximal and distal lumen. However, changes are
observed in the distribution of the final blood mixture and more extensive confluence
zones of the three fluids are created.

e  The design of the catheter causes a volume of blood to be in a stagnant state for a
period of time inside the lumens, which can produce negative consequences due to
the biological nature of the fluid.
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e  Considering the results of the quality of the mixture, a remarkable homogeneity in all
simulations that increases slightly as it moves through the system occurs. Although it
is a fluid in the laminar regime, the changes do not have significant effects. This obser-
vation, therefore, verifies the second hypothesis, that proposes the homogenization of
the mixture in the venous area before its entrance to the heart. The system with the
highest quality values corresponds to the simulation in the presence of fewer infused
fluids and at low speed.

Future work may focus on improvements of this work and further analysis. Regarding
the improvements, the distensibility of the veins can be considered as well as non-regular
cylindrical shapes. Also, the blood models used should be improved by considering a
multiphase or particulate model for the blood and a non-linear model for the viscosity.

Regarding further analysis, different placements of the catheter as well as the lumen
outlets can be considered. From the point of view of components (blood and drugs), the
interaction between them in physical terms as well as biological may be considered (for
instance, the presence of stagnant blood inside the lumens).
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