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Abstract

Central venous catheters are widely used in haemodialysis therapy, having to respect
design requirements for appropriate performance. These are placed within the right atrium
(RA); however, there is no prior computational study assessing different catheter designs
while mimicking their native environment. Here, a computational fluid dynamics model of the
RA, based on realistic geometry and transient physiological boundary conditions, was
developed and validated. Symmetric, split and step catheter designs were virtually placed in
the RA and their performance was evaluated by: assessing their interaction with the RA hae-
modynamic environment through prediction of flow vorticity and wall shear stress (WSS)
magnitudes (1); and quantifying recirculation and tip shear stress (2). Haemodynamic pre-
dictions from our RA model showed good agreement with the literature. Catheter placement
in the RA increased average vorticity, which could indicate alterations of normal blood flow,
and altered WSS magnitudes and distribution, which could indicate changes in tissue
mechanical properties. All designs had recirculation and elevated shear stress values,
which can induce platelet activation and subsequently thrombosis. The symmetric design,
however, had the lowest associated values (best performance), while step design catheters
working in reverse mode were associated with worsened performance. Different tip place-
ments also impacted on catheter performance. Our findings suggest that using a realistically
anatomical RA model to study catheter performance and interaction with the haemodynamic
environment is crucial, and that care needs to be given to correct tip placement within the
RA for improved recirculation percentages and diminished shear stress values.

Introduction

Haemodialysis is used clinically during kidney failure to support blood filtering. This process
is enabled by the use of dialysis catheters, devices with a tip placed within the proximal third of
the superior vena cava (SVC), the right atrium (RA), or the inferior vena cava (IVC) [1]. Itis
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extensively used among patients awaiting permanent access placement or maturation [2]. A
retrospective study indicated that, in 2011, more than 80% of patients starting haemodialysis
in the United States did so through a catheter, where 27% of those undergoing frequent dialysis
had a catheter fitted [2, 3]. Several catheter designs are commercially available, differentiated
in symmetric, split and step tips, with different features such as the presence or not of side
holes [4]. Catheters possess two lumens: the venous lumen brings filtered blood towards the
heart while the arterial lumen carries unfiltered blood away from the heart. In addition, they
can work in standard or reverse mode, where the latter refers to a switch in venous and arterial
lumens. Despite the working mode, all designs must comply with specific requirements: the
catheter lumen flow rate must be above 300 ml/min; filtered blood entering the RA needs to be
miscible with the blood naturally circulating through the right side of the heart. Therefore, the
amount of filtered blood that returns back to the catheter (recirculating flow) should be mini-
mized (below 1%); the tip must not form clots; and catheter segments must not kink [5]. How-
ever, catheters have complications such as high rates of infection and dysfunction compared
with other forms of dialysis, associated with increased rates of morbidity and mortality in
these patients [6, 7]. Different tip designs have been associated with different performances:
the step tip is known to have elevated recirculation values in reverse mode, while a symmetric
tip catheter is usually associated with lower recirculating flow. This symmetric design is often
considered the best design available at present [4, 8, 9].

Both in vitro [10, 11] and in silico [12-14] studies have assessed catheter performance, to
give insight on how to optimise catheter design. In vitro studies have used RA models to evalu-
ate catheter performance. An idealized RA model was developed and an in vitro set up built
for this purpose [10] and an in vitro simulator of the RA was employed to study the movement
and recirculation associated with different catheter designs [11]. In silico studies have used
computational fluid dynamics (CFD) to study blood flow patterns associated with different
catheter designs, as well as evaluating recirculation and thrombosis. Such studies have
included the comparison of symmetric catheters [13], the preclinical assessment of novel
designs [12] and the evaluation of different tip hole shapes [14]; however, none included the
use of a geometry representing the RA.

While left heart function has been extensively explored using computational modelling
[15-18], the right side has been mostly neglected. Only a few studies have focused on the RA
[19, 20], with only one CFD study employing the use of a realistic RA geometry to study the
performance of a single catheter design [20]. The use of a realistic RA computational model
for evaluation of catheter performance is, however, a current need, since this allows a more
accurate representation of the in vivo behaviour experienced by dialysis catheters due to the
surrounding physiological flow patterns and allows for a less costly and faster prediction of the
subsequent haemodynamics without the need for an in vitro test setup.

The aim of this study was to develop a physiological CFD model of the RA which enables the
assessment of the performance of a range of designs for dialysis catheters. The CFD model was vali-
dated against data in the literature and then used to evaluate the performance of four different cath-
eter designs, including one split tip, one symmetric tip and two step tips (with and without the
presence of side-holes). For the step designs, reverse flow mode was employed, and the haemody-
namic features evaluated include flow recirculation and the assessment of shear stresses in blood.

Methods
Domain description and discretization

A 3D reconstructed RA geometry was retrieved from a healthy human heart model present in
GrabCAD; this model was built from data in the literature using SolidWorks (https://grabcad.
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com/library/the-human-heart-1). The model was truncated at the superior vena cava (SVC),
inferior vena cava (IVC) (inlets) and tricuspid valve (TV) (outlet), The geometry was re-scaled to
match IVC and SVC physiological mean literature diameters using ANSYS SpaceClaim v.18.2
(Ansys Inc., Canonsburg, PA, USA). Final diameters for the IVC and SVC yielded 16.89 mm
and 17.06 mm, respectively, and the area of the TV was 9.95 cm?, within in vivo ranges [21-24].
Face and edge repair tools from ANSYS SpaceClaim were then used to repair the RA model sur-
faces, yielding the geometry presented in Fig 1. It is noted that there is an elevated variability in
the data reported in literature for the dimensions of the RA, which may be due to variability in
subject populations, image acquisition methods and subsequent empirical determination of right
atrial volumes [25]. Nonetheless, the volume of our RA geometry, excluding the cava veins, was
175.27 mL, slightly higher than values reported for healthy subjects (upper limit of normality:
170.4 mL [26]), but still within ranges presented by previous clinical papers [25, 26].

Four catheter designs were chosen: catheters A and B have a step tip with and without side-
holes, respectively. Catheter C has a split tip and catheter D has a symmetric tip, without side holes
(see Table 1 for dimensions). The geometries of the four catheters are shown in Fig 2 (S1-5S4 Files).
A total of 8 computational models (including the RA model) were designed, as outlined in Fig 3.

3D geometry files corresponding to catheters designs A, B, C and D were placed in the RA
geometry. Catheters were placed through the SVC using ANSYS SpaceClaim, with their entire
functional part inside the RA and their venous tip placed well past the SVC in the central
region of the RA, to mimic clinical guidelines [27]. For each catheter model, the structure was
removed and only a unified volume including the fluid within the RA and the fluid within the
catheter structure was used for subsequent CFD simulations. An example of an inserted cathe-
ter into the RA can be seen in Fig 4.

All geometries were meshed using ANSYS (Ansys Inc., Canonsburg, PA, USA) and an exam-
ple of a catheter model mesh within the RA is provided in Fig 5. Tetrahedral elements were
employed, with a patch conforming method scheme. This scheme allowed the choice of a finer
mesh for catheter fluid boundaries in order to achieve greater mesh refinement within this vol-
ume. A structured hexahedral mesh was used for the creation of 5 boundary layers in the fluid
near the right atrial wall. Using these settings, an average spatial resolution of 0.1 mm was
achieved for the solid mesh inside each catheter while 1 mm was achieved for the remaining
solid mesh, respectively. Mesh quality was assessed through element skewness and orthogonal
quality (Table 2). According to quality criteria, our meshes had excellent skewness features
(between 0 and 0.25) and very good orthogonal quality (between 0.70 and 0.95) [28, 29].

IvC

TV

0.00 40.00 80.00 (mm)

20.00 60.00
Fig 1. RA computational domain. IVC, inferior vena cava; SVC, superior vena cava; TV, tricuspid valve.

https://doi.org/10.1371/journal.pone.0247438.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0247438 February 25, 2021 3/26


https://grabcad.com/library/the-human-heart-1
https://doi.org/10.1371/journal.pone.0247438.g001
https://doi.org/10.1371/journal.pone.0247438

PLOS ONE Computational fluid dynamics of the right atrium and evaluation of dialysis catheters

Table 1. Catheter dimensions.

Catheter name Tip length [mm] Outer diameter [Fr] Lumen area [mm?]
A 290 15.5 7.8
B 290 15.5 7.8
C 152 15 35
D 240 16 7.8

Notes: Fr, French gauge; 1 Fr = 0.33 mm.

https://doi.org/10.1371/journal.pone.0247438.t001

A mesh convergence analysis was performed using the RA model, with mesh refinement
being achieved by progressively decreasing tetrahedral element size in the ANSYS Meshing
Module. The mesh convergence test was performed using ANSYS Fluent 18.2 by running one
cardiac cycle. For all meshes, the instantaneous velocity magnitude at a probe located at the cen-
tre of the RA (S5 File) and the surface averaged WSS were obtained. The relative error between
values obtained under increasing mesh density and the solution obtained when using the finest
mesh was then evaluated (S6 File and Fig 6). Given the complex flow patterns developing inside
the RA, we assumed an error below 0.5% as acceptable for the average WSS and below 3% for
the probe velocity. Both criteria were met once the model had above 1 million elements.

Flow governing equations and material properties

Given the importance of using non-Newtonian models for the study of local haemodynamics
[30], and similarly to the recent paper by Owen et al. (2020) [31], blood was considered a Non-
Newtonian fluid [32] and modelled using the Bird-Carreau model:

o=t + (1 — p )1+ ()7 (1)

where p is the blood viscosity, p, is the high shear viscosity, y is the low shear viscosity, 1 is
the time constant, 7y is the shear rate and 7 is the Power law index [33]. As per previous studies,
the following values were used: A = 3.313 s, n = 0.3568, y, = 0.056 Pa s and i, = 0.00345 Pa s
[33, 34] and a blood density of 1060 kg/m’. A comparison between this non-Newtonian model

A C venous lu

y

d

venous lumen

arterial
lumen

S

arterial
lumen

arterial

lumen
venous lumen

venous lumen

arterial lumen

Fig 2. Catheter tip designs A, B, C and D, with arterial and venous lumens indicated. Catheters A and B were set in reverse mode (for C and D designs,
forward and reverse mode lead to the same model configuration).

https://doi.org/10.1371/journal.pone.0247438.9002
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Split tip
(no side holes)

D1 (RA center)

D2 (closer to RA wall)

A1 (RA center)

RA + catheters

Comp i
models

Catheter D
1

Symmetric tip

(no side holes)

No Side-holes H Catheter B |
Steptip Side-holes H Catheter A
Fig 3. Diagrammatic overview of all computational models developed. Acute refers to temporary catheter
placement and chronic to permanent catheter placement, this is of relevance to the clinical use of the catheters.

https://doi.org/10.1371/journal.pone.0247438.9003

A2 (closer to the RA wall) |

A3 (closer to the RA wall +
rotation of 90 degrees around
catheter main axis)

and a Newtonian model, employing the same blood density and a blood viscosity of 0.004 Pa s,
is provided for the RA model in the S7 File.

The Reynolds number (Re) obtained from the equation for a haemodynamic chamber [35]
was evaluated for each boundary of the RA model (SVC, IVC and TV). The Reynolds number
is defined as
_ pUD

U

Re (2)
where p is the blood density, U and p are the velocity magnitude and viscosity at each bound-
ary, and D is the diameter of the corresponding boundary. Averaged Reynolds numbers have
been determined based on time and space-averaged values of U and y over each boundary,
while the minimum and maximum Reynolds values were computed for a time-varying Rey-
nolds number obtained using the averaged U and y over each boundary (Table 3). Since Re
<< 2300, flow was assumed to be laminar [35].

Boundary conditions

RA model. To accurately represent the pulsatile behaviour of blood flow, a time-depen-
dent physiological pressure two-dimensional waveform was applied at the SVC and IVC inlets
(Fig 7) [36], modelled as a spatially uniform profile. According to this waveform, the complete
cardiac cycle corresponds to a period of 0.8 s, and the diastolic and systolic periods last for 0.5
sand 0.3 s, respectively. The TV outlet was set to a constant gauge pressure of 0 Pa. The right
atrial wall boundaries were assumed rigid and a no-slip condition was employed at the wall-
blood interface.

Catheter models. Catheter tip designs employed in our study are shown in Fig 2. The
venous and arterial lumens correspond to the placement of inlet and outlet boundary

Outflow

Inflow

Fig 4. RA computational domain with example catheter inserted.

https://doi.org/10.1371/journal.pone.0247438.g004
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Fig 5. Finite-element mesh cross-section of catheter B inserted in RA.

https://doi.org/10.1371/journal.pone.0247438.9005

conditions, respectively. For all models with catheters inserted into the RA, the boundary con-
ditions applied for the RA model (and represented in Fig 1) were also included. Although the
pressure (and therefore the respective flow rate) generated by a dialysis machine oscillates [5],
blood flow through the catheter inlet (venous lumen) was set to a constant volume flow rate of
400 ml/min (the maximum flow rate used clinically), together with a constant gauge pressure
of 248 mmHg [5]. At each catheter outlet (arterial lumen), different constant gauge pressures
were applied to represent a flow rate within the clinical range, as specified in Table 4.

Computational settings

ANSYS Fluent 18.2 (Ansys Inc., Canonsburg, PA, USA) was used to implement and solve the
CFD simulations, with fluid dynamics being solved using the continuity and incompressible

Table 2. Mesh settings and quality assessment.

Model No. mesh elements Average orthogonal quality Average skewness

RA 1,144,719 0.797 0.200

Al 3,325,107 0.773 0.226

A2 3,316,264 0.773 0.226

A3 3,342,044 0.773 0.226

B 3,294,202 0.773 0.226

C 3,460,285 0.787 0.212

D1 3,236,187 0.770 0.228

D2 3,237,906 0.772 0.227

https://doi.org/10.1371/journal.pone.0247438.1002
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Fig 6. Mesh convergence study for RA model.

https://doi.org/10.1371/journal.pone.0247438.g006

Navier-Stokes equations [37] under transient conditions. While a single-phase model was
assumed for the RA model alone, a multiphase model was set up for all catheter geometries.
This choice was made to allow for the quantification of recirculating flow. Two phases simulat-
ing blood with identical material properties were defined, where the initial volume of flow
entering the RA through the catheter was assumed as one phase (recirculation phase-filtered
blood), and the remaining flow was assumed as the other (primary phase—unfiltered blood)
[38]. Through this process, the flow passing through the venous lumen and the volume of
recirculation phase flow entering the arterial lumen of the catheter were monitored and quan-
tifiable. Further details of simulation set-up are summarized in Table 5.

To determine how many cycles were necessary to achieve temporal convergence, the RA
model was run for 8 cycles. The time-averaged mean velocity and pressure were analysed for each
cardiac cycle. The relative error (E) between the approximate velocity and pressure solutions for
each cycle and the solution from the last cycle (7™ cycle) was then measured, using Eq 3:

Vg =V

E= - 100%, (3)

193

where vg and v; are the calculated variables for each time period before the last and for the last
time period, respectively.

Table 3. Reynolds number study performed for the RA model.

Boundary Minimum Reynolds Mean Reynolds Maximum Reynolds
SvC 837 1120 1270
IVC 684 1170 1400
vV 760 1140 1390

https://doi.org/10.1371/journal.pone.0247438.t003

PLOS ONE | https://doi.org/10.1371/journal.pone.0247438 February 25, 2021 7126


https://doi.org/10.1371/journal.pone.0247438.g006
https://doi.org/10.1371/journal.pone.0247438.t003
https://doi.org/10.1371/journal.pone.0247438

PLOS ONE

Computational fluid dynamics of the right atrium and evaluation of dialysis catheters

Pressure [mmHg]

Ventricular diastole

Ventricular systole Ventricular diastole

1 1 1 = 1 1

0.5 . ;
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time [s]

Fig 7. Time-dependent pressure, with diastolic and systolic periods represented, imposed at the inlets (adapted from
Cohen et al. 1986). This boundary condition can be generated with the code from the S8 File.

https://doi.org/10.1371/journal.pone.0247438.9007

Eq 3 was employed for volume-averaged derived velocity and pressure and for probe related
quantities (S9 File), with the probe placed at the centre of the RA. A decrease in the error was
observed with increasing number of cycles for volume-averaged and probe velocity and pres-
sure (Fig 8): here, the last data point is at the 7™ cycle and it is noted that volume-averaged
results have an associated relative error smaller than those of localised velocities and pressure,
which are less prone to stabilize. The 4™ cardiac cycle was chosen for result retrieval and quan-
tifications, corresponding to relative errors of 1.28% and 4.12% for volume-averaged velocity
and pressure quantities, respectively.

All simulations were run for a total of 3200 time steps, corresponding to 3.2 s (4 cardiac
cycles), with the results being retrieved from the last cycle. All numerical simulations were per-
formed using super-computing facilities (BlueBear High Performance Computing, University
of Birmingham), with 100 cores for each simulation and 5 GB RAM per core. The solution
time for the simulation of the RA model was ~10 hours, and ~25 hours for the models of the
RA with a catheter included.

Haemodynamics

All simulation results were accessed using Ansys CFD-post. Global right atrial haemodynamics
were evaluated in terms of velocity magnitude, flow streamlines, vorticity, pressure and wall
shear stress (WSS, both time-averaged and non-time-averaged). Vorticity (w) is defined as the

Table 4. Gauge pressure values applied at catheter outlets and respective flow rates achieved [5].

A B C D
Pressure [mmHg] -250 -250 -250 -188
Flow rate [ml/min] 350 380 360 370

https://doi.org/10.1371/journal.pone.0247438.1004
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Table 5. CFD set-up.

Type Choice Description
Solver for continuity SIMPLE [38] Coupled pressure-velocity
equation

Segregated approach

Second order upwind momentum

Solver for pressure
discretization

PRESTO!

Transient solving

First order implicit

Solving of each time step iteratively

Multiphase general
settings

Two Eulerian phases with equal
material properties

Primary phase-fluid entering/exiting all
boundaries except catheter inlet

Recirculation phase-fluid entering catheter inlet

Multiphase volume

Explicit formulation

fraction [38] Sharp/dispersed interface

Implicit body force
Single phase: 0.005 s
Multiphase: 0.001 s

Residual error < 107*

Time stepping

Convergence criteria Residual errors for continuity and x-, y-, and z-

velocities

https://doi.org/10.1371/journal.pone.0247438.t1005

curl of the velocity field [39], and describes the local spinning motion of blood flow, as follows
o=V xu (4)

where u is the velocity vector. WSS was calculated and averaged over the whole RA wall. Time-
averaged quantities were also derived considering the cardiac cycle period (0.8 s). All RA
results were then validated against the available literature data before using it as a haemody-
namic model for catheter performance studies (section 3.1).

Catheter performance was evaluated using measures of vorticity, WSS, recirculation and
blood shear stress. To calculate recirculation of blood through catheters, the volume fraction
(0-1) of the recirculation phase ({J,) is considered: for multiphase catheter models, any mea-
sure in a mesh element is weighted between the primary and the recirculation phases. The
time-averaged volume fraction of the recirculation phase at the catheter outlet is then defined

as
1 T
bo==[ 0dt (5)
T Jo
a) : b) , . : : : :
601 —e—Volume-averaged 60 - —e—Volume-averaged||
——Probe Ce=Frobe
_50F 1 50
S &
g 40+ 1 E4o F 1
@ ®
2301 1 230f 1
g20r 1 20} 1
101 T 10
0 1 1 1 0 L L 1 L L L
1 2 3 4 5 6 7 8 1 2 3 4 5 6 i 8

Cardiac cycle number Cardiac cycle number

Fig 8. Relative percentage error for velocity (a) and pressure (b) measurements with increasing number of cardiac cycles.

https://doi.org/10.1371/journal.pone.0247438.9008
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where T is the length of the cardiac cycle. For a k™ facet of the catheter outlet boundary, the

magnitude of the recirculation fraction can then be defined as a mass-weighted average of 0,
through the catheter outlet,

1 K
Rf:m_zwkmk (6)

T k=1

where ni; and nj, are the total mass flow rate over the catheter outlet boundary and the mass
flow rate for a k'™ facet, respectively. The latter is defined by

m, = p(u, - A,) (7)

where uy and A, are the k™ facet velocity and area vectors, respectively [40].

Previous studies have noted higher levels of platelet activation at the venous lumen tip in
comparison with the arterial one, with the latter yielding small differences amongst catheter
designs [13]. To better observe any marked differences between models, we chose the venous
tip for analysis and quantification of shear stress, which can be defined as

T:P'|Eij|a (8)

where T is the shear stress and |¢;] is the magnitude of the strain rate. The strain rate tensor
and its magnitude are defined by Eqs (9) and (10), respectively,

_1 %_A'_% (9)
972\ ox " 0x )

ij| = 2€ij€ij7 (10)
where u; and u; are the velocity vectors in the i and j directions and x; and x; are the spatial
coordinates in the i and j directions [40].

Furthermore, rectangular prism volumes were created at each venous tip [14] by defining
(%, v, z) boundaries in ANSYS CFD-post (example of volume definition in Fig 9). The size of
all tip volumes is specified in Table 6. For catheter A, the tip volume included all orifices of the
tip.

At this tip volume, volume-averaged shear stress was calculated, according to:

1
f:-/rdv, (11)
v tip

f{
A B \_\_ >—\ B
0 0.005 0.01 (m)
I I ]

0.0025 0.0075

Fig 9. Example of volume definition to be placed at the tip.
https://doi.org/10.1371/journal.pone.0247438.9009
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Velocity [m/s]
1.000e+000

1 7.500e-001

5.000e-001

2.500e-001

0.000e+000

Table 6. Dimensions for the creation of tip volumes for all catheters.

A B C D
Length [mm] 4.5 8 7 13
Width [mm] 25 10 7 9
Height [mm] 6 6 7 5.5

https://doi.org/10.1371/journal.pone.0247438.t006

where V is the tip volume. The tip volume (%) where T > 10 Pa was evaluated to identify the
potential for platelet activation [14, 41].

Results
Right atrium model validation

Right atrial CFD results were compared against in vivo and in vitro results from the literature;
this comparison focused on data for a healthy RA model without the presence of a catheter.
This approach to validation meant that more data was available from literature for compari-
son. Blood velocity magnitudes were within the range of those presented by in vivo reports.
The time- and volume-averaged velocity magnitude was 0.192 m/s, while the minimum and
maximum values of the volume-averaged velocity magnitude oscillated between 0.160 m/s and
0.233 m/s, respectively. The average value was in the range of reported values by previous clini-
cal (0.174 £ 0.027 m/s) [42] and in vitro [43] studies. In addition, the predicted time- and vol-
ume-averaged pressure was 1.18 mmHg, while the minimum and maximum values of the
volume-averaged pressure varied between 0.55 and 1.88 mmHg, respectively. Maximum pres-
sure values reached 4.55 mmHg. Clinical guidelines specify that, for an IVC diameter < 21
mm (as is the case of the model), the normal time- and volume-average RA pressure is 3
mmHg, with minimum and maximum volume-averaged values varying between 0 and 5
mmHg [44]. Therefore, the obtained computational pressure is within estimated clinical
values.

The model also predicted characteristic flow patterns within the RA, with the presence of a
vortex originated from the IVC flow and SVC flow swirling around it in a helical fashion (Fig
10 -left). This is also corroborated by clinical studies, which speculate that this swirling motion
optimises blood flow within the heart [42, 43, 45, 46]. The predicted volume-averaged vorticity

T Helicity [m sr-2] / {
5.0006+000

2.500e+000

Vorticity [sA-1]
1.000e+002

| 7.500e+001
/

/.

5.000e+001 0.000e+000

2.500e+001 -2.500e+000

0.000e+000 4 -5.000e+000

Fig 10. Right atrial flow patterns: Streamline fields representing velocity magnitude are presented (left), as well as isosurfaces representing vorticity
(middle) and helicity (right), at the beginning of systole (t = 0.25 s).

https://doi.org/10.1371/journal.pone.0247438.g010

PLOS ONE | https://doi.org/10.1371/journal.pone.0247438 February 25, 2021 11/26


https://doi.org/10.1371/journal.pone.0247438.t006
https://doi.org/10.1371/journal.pone.0247438.g010
https://doi.org/10.1371/journal.pone.0247438

PLOS ONE

Computational fluid dynamics of the right atrium and evaluation of dialysis catheters

Flow rate [ml/s]

250

200

-
&)
o

100

50

0

1

Ventricylar diastlole

for the RA was 44.1 s™*, which is within the range of in vivo predictions (37-54 s [45]. Fig 10
also shows the presence of both vortical and helical features, with counter-rotating flow filling
the RA (positive and negative helical structures). Although a purely clockwise vortex is most
common [47, 48], a spectrum of right atrial flow patterns exists in the structurally normal
heart, including vortical, helical and multiple vortical flow [42], consistent with the predicted
flow patterns.

The time-evolution of flow rates through the SVC, IVC and TV over a cardiac cycle period
are presented in Fig 11. Similar to the literature, both SVC and IVC have similar flow rate
waveforms, with a two-peaked shape (a peak at ventricular systole and a smaller one at ventric-
ular diastole) [42, 49]. Literature shows that the range of these flow rate waveforms can greatly
vary amongst a population sample and with age [49]. Our predictions yield maximum systolic
flow rate values of 106 ml/s and 120 ml/s for the IVC and SVC. While the obtained waveform
and maximum for the IVC are consistent with clinical predictions (maximum value of
151.1 + 55.3 ml/s at systole for a group of healthy adults aged 20-39 years), the SVC waveform
and maximum value are overestimated (maximum value increased by 22% in comparison
with the maximum standard deviation observed in the literature [49]).

TV function was not included in the model (see Limitations section); hence, the TV flow
rate waveform follows a similar pattern in comparison with that of the IVC and SVC, with a
peak flow rate of 225 ml/s. However, the current literature does not present many examples of
the expected flow rate through the TV making any comparison difficult. One study shows that
there is a phase shift in the location of the TV flow rate peaks, which should appear during the

—SVC
—IVC
TV

\(entriculgr systolg Veqtricular giastole |

0

0.1

0.2 0.3 04 0.5 0.6 0.7 0.8
Time [s]

Fig 11. Blood flow rate profiles over one cardiac cycle at SVC, IVC and TV boundaries (generated with data from the S10 File).
https://doi.org/10.1371/journal.pone.0247438.9011
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ventricular diastolic period [50]. This did not occur in our flow rate predictions, likely because
TV function was not modelled.

The haemodynamic results obtained for the RA, including WSS and vorticity, are further
discussed in Section 3.2, as well as compared with those obtained by our CFD catheter models.

Catheter insertion

Recirculation, vorticity, time-averaged WSS magnitude and shear stress results are presented
in Table 7 for the RA model and all catheter designs.

Impact of catheter insertion on RA haemodynamics. The time evolution of WSS and
vorticity in the RA model showed similar trends (Fig 12). A correlation is present between
WSS and vorticity, quantified based on a Pearson correlation coefficient of 0.87.

Time and volume-averaged vorticity increased in all catheter models in comparison with
the RA model (Table 7 and Fig 13A). Catheter designs yielded similar vorticity values (54—
57.20 ™), with a 29.71% maximum increase from RA vorticity. Catheter C had the greatest
average flow vorticity, as indicated by increased vorticity values during early systole and late
diastole in comparison with other designs (Fig 13A). Changing the catheter tip placement or
rotating it did not greatly impact the average RA vorticity for designs A and D (Fig 13B), yield-
ing absolute average differences of 2.22% and 1.85%, respectively.

As observed in Table 7, time-averaged WSS on the RA wall was not markedly affected for
catheters B and C. Catheters A1, A2 and A3 suffered time-averaged WSS percentage increases
ranging between 6 and 9%, while catheters D1 and D2 had the greatest percentage increases
(13-14%), in comparison with the value obtained for the RA model.

Time-averaged WSS magnitude distributions are presented on Fig 14. Areas with elevated
WSS are located around the SVC and IVC inlets in all models, possibly due to local diameter
reductions. Both sites of low and high magnitudes are present on the wall of the RA model,
with high magnitude locations possibly corresponding to regions of elevated vorticity and heli-
city. The central region of the RA has sites of increased WSS magnitude for all models, whose
surface distribution changes in the catheter models according to the blood flow jet pattern
from each catheter tip. Moreover, designs A and D were associated with different sites of
increased WSS, as observed below the SVC junction (circled on Fig 14).

Analysis of recirculation. All catheter models yielded flow recirculation (Table 7): while
B was associated with the highest recirculation percentage (43.7%), A and C yielded
recirculation > 5%. Fig 13 provides further information on the performance of these catheters:
the side holes present in A allow for venous lumen flow to enter the RA with different trajecto-
ries, which seems to assist in a better mixing of this flow with the chamber flow and prevents it
from entering the arterial lumen. The lack of side holes in B, however, seems to enhance the
amount of flow returning through the catheter arterial lumen. Design D gave rise to the lowest
percentages of recirculating fluid (< 0.30%), meeting the design requirements of less than 1%

Table 7. Haemodynamic predictions for all catheter models.

Quantity
R¢ [%]
Time and volume-averaged w s
Time-averaged WSS [Pa]
Time-averaged T [Pa]

Vol. time-averaged 1 > 10 Pa [%]

RA Al A2 A3 B C D1 D2
- 9.32 6.45 8.84 43.7 9.71 0.26 0.21
44.10 54 55.20 55 57.20 56.10 55.80 54.90
1.89 2.01 2.04 2.05 1.93 1.97 2.15 2.14
- 12.90 15.50 13.70 13.80 11.20 11.60 10.20
- 28.30 33.40 28.60 28.10 15.70 28.70 28.50

Notes: Recirculation, vorticity and shear stress are time-averaged over one cardiac cycle.

https://doi.org/10.1371/journal.pone.0247438.t007
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Fig 12. Time evolution of spatially averaged WSS and volume-averaged vorticity (generated with data from S11 File).
https://doi.org/10.1371/journal.pone.0247438.9012

recirculation. Varying tip placement for design D did not greatly impact on recirculation per-
centages. On the other hand, Fig 15 shows that C and D (Position 2) are associated with the
greatest mixing of venous flow within the RA, in comparison with the other designs.
Recirculation values were also altered with different tip placements of A; 30.79% and 5.15%
decreases were observed for Positions 2 and 3 in comparison with the first position, respec-
tively. Moreover, the mixing structures within the RA were altered, with Positions 2 and 3
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Fig 13. Volume-averaged vorticity profile through the cardiac cycle for the RA and all catheter models (generated with data from S12 File). (a) All
designs are compared with the RA; (b) A and D tip placement changes do not greatly influence overall vorticity quantifications.

https://doi.org/10.1371/journal.pone.0247438.g013

PLOS ONE | https://doi.org/10.1371/journal.pone.0247438 February 25, 2021 14/26


https://doi.org/10.1371/journal.pone.0247438.g013
https://doi.org/10.1371/journal.pone.0247438.g012
https://doi.org/10.1371/journal.pone.0247438

PLOS ONE Computational fluid dynamics of the right atrium and evaluation of dialysis catheters

*, TAWSS [Pa]

2.807€+00
2.690e+00
. .. 2.483e+00
A (Position 2) A (Position 3) 2.2766+00
2.069+00

1.8620+00

1.655¢+00

1.4480+00

1.241e+00

1.0340+00

- 8.2760-01
6.207¢-01
4.1386-01

2.069¢-01

0.000¢+00

B C D (Position 1) D (Position 2)
Fig 14. Time-averaged WSS [Pa] for the whole RA domain.

https://doi.org/10.1371/journal.pone.0247438.9g014

giving rise to a greater concentration of venous flow at the base of the RA and near the IVC
junction, respectively.

Analysis of shear stress. C and D catheter models were characterized by the lowest volume
time-averaged shear stress at the tip, while the A and B designs led to the highest ones (Table 7).
C was associated with a small percentage of volume of T > 10 Pa (15.70%), while the other

Vol.fraction of
filtered blood
5.000e-001

A (Position 1) A (Position 2) A (Position 3) 3750001
2.500e-001

1.250e-001

0.000e+000

B C D (Position 1) D (Position 2)

Fig 15. Time-averaged volume fraction of filtered blood (recirculation phase) within the RA for all catheter models.

https:/doi.org/10.1371/journal.pone.0247438.9g015
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designs yielded values in the same range (above 28%). Moreover, and as observed in Table 7
and Fig 16B, changing tip placement affected the predicted shear stress for A and D. A tip place-
ment closer to the atrium wall (Position 2) increased the volume-averaged shear stress and per-
centage of volume of T > 10 Pa for design A by 20.15% and 18.02%, respectively, but decreased
these quantities for design D by 12.07% and 0.70%, respectively. Rotating catheter A (Position
3) greatly improved these outcomes, but there was still an increase of 6.20% in the volume-aver-
aged shear stress and of 1.06% on the percentage of volume of T > 10 Pa in comparison with the
first placement. The shear stress profile from Fig 16B captures similar temporal trends, and
interestingly, for design D, the first position is associated with unsteady shear stress through
time (also observed on Fig 16A, while the second one yields smoother shear stress changes. Fig
16A also shows that, while A and B designs yield relatively constant temporal shear stress, for C
this stress increased near end-systole and decreased through diastole. Shear stress equal to 10 Pa
were localized to both inlet and outlet boundaries, as well as side-holes (Fig 17). The venous
lumen exit, however, had a greater proportion of shear stress equal to 10 Pa for all catheters.

Discussion
Main study findings

This is the first study to develop and validate a CFD model of the RA to assess catheter design
performance. Key haemodynamics have been quantified for four distinct catheter designs. The
obtained results suggest the following findings:

o The haemodynamic predictions for the RA model are consistent with in vivo data available
in literature [42, 45, 48] and with clinical guidelines for right heart assessment [44], there-
fore, verifying our computational model;

o Catheter insertion induces increased vorticity and alterations in time-averaged WSS in RA
haemodynamics;

o Recirculation is present in all catheter designs, with only the symmetric design D complying
with required specifications (< 1%);

o The presence of side holes decreases the amount of recirculating flow in step designs, as
given by lower recirculation percentages (6.45-9.32%) in design A when compared to design
B (43.7%);
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Fig 16. Volume-averaged shear stress profile through the cardiac cycle for all catheter venous lumen tips (generated with data from S13 File). (a) All
designs are present; (b) A and D tip placement changes impact on tip shear stress.

https://doi.org/10.1371/journal.pone.0247438.9016
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o Catheters working in reverse mode (step designs) are associated with reduced performance,
assessed through greater recirculation percentages and average shear stress values;

« Elevated tip shear stress (10.20-15.50 Pa) is present in catheter designs, which can induce
platelet activation and aggregation and subsequently thrombosis [51];

« Different catheter tip placements impact on performance, as given by altered recirculation
percentages, tip shear stress values and percentage of tip volume with t > 10 Pa;

o The catheter design with best performance is the symmetric one, associated with low recircu-
lation and shear stress values.

Computational model validation

Both the function and geometry of the RA are heterogeneous across patients [42, 45]. This var-
iability has not been evaluated in our study, instead we assumed our RA model to provide a
representative model of the RA (with/without dialysis catheters). The advantage of this
approach is that it enables a direct comparison of the range of catheters evaluated (including
positioning).

D2

Fig 17. Isosurface regions where blood shear stress is 10 Pa for all models at the beginning of systole t = 0.25 s.

https://doi.org/10.1371/journal.pone.0247438.9017
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Similarly to previous heart modelling studies, the outlet was not extended as the location of
the valve was assumed as the outflow boundary [19, 52], as extending the outlet boundary
beyond the location of the valve would give rise to incorrect computational predictions as a
valve is found at that position (e.g. alteration of pressure gradients near the valve). Moreover,
the SVC and IVC inlets are placed 4 and 2 diameters away from the main chamber, respec-
tively. To assess the independence of computational predictions from the domain size, addi-
tional simulations were solved for the RA model, with this having the IVC extended and the
IVC inlet placed at 4 diameters away from the main chamber. Volume-averaged velocity and
vorticity quantities, as well as area-averaged WSS, were evaluated and average relative errors
between predictions with and without IVC extension were 4.77%, 4.52% and 2.09% for veloc-
ity, vorticity and WSS, respectively. These relative errors are deemed acceptable and justify the
choice of our RA domain for computational simulations.

Although blood flow through the RA was assumed laminar, it is known that, for some
blood vessels (cranial artery bifurcation, for example), turbulence occurs at Reynolds numbers
as low as 400 [53]. However, maximum calculated Reynolds numbers were lower than this
value, and so the laminar assumption was considered valid. An advantage of using a RA CFD
model to evaluate catheter performance is the possibility to assess the interaction between flow
exiting the venous lumen of the catheter and the atrial wall, which is not feasible with simpli-
fied models [20]. However, in silico and in vitro right atrial flow literature is limited [42, 45],
which does not enable extensive model validation. In vivo data for the RA, on the other hand,
is based on small data sets with inter-individual variability [42]. Nonetheless, the comparison
of our RA model haemodynamic predictions with in vivo measurements was considered fun-
damental and in vitro/in silico results were second choices for validation, due to the fact that
any obtained data is subject to individual experimental bias or computational assumptions.

The choice of catheter inlet and outlet flow rates and pressures was based on literature val-
ues: clinically realistic flow rates range between 200 and 400 ml/min [5]. Further insight on
catheter performance under varying flow rates can be considered future work. Moreover, on
the venous side, blood flow through the catheter is driven by the positive pressure generated
by the blood pump, while on the arterial side the driving force is the negative pressure gener-
ated by the same pump. This means that pressure values typically range between -250 and
+250 mmHg on arterial and venous sides, respectively, justifying our boundary condition
choices for catheter models [5]. On the other hand, the catheter structure was assumed rigid,
with our model not accounting for catheter tip movement during the cardiac cycle, which is
significant for split tips working in reverse mode [11]. A fluid-structure interaction approach
for catheter deformation inside the RA haemodynamic environment needs to be employed;
however, this type of approach is challenging and its application towards the study of catheter
performance remains a current open problem.

Vorticity and WSS in the RA are altered with catheter insertion

Temporal WSS magnitudes were statistically correlated with vorticity in the RA model, which
shows that tracking the temporal behaviour of vortex structures may provide complimentary
information on the WSS [43]. Similar to previous studies, we can hypothesize that the influ-
ence of rinsing motion of increasing vortex during the systolic phase is associated with increas-
ing WSS, thereby avoiding thrombus formation within the RA [43]. Predicted time-averaged
WSS values, however, were higher than those previously obtained by a 4D cardiac MRI study
[48]. However, the accuracy of MRI measurements is narrowed by low temporal and spatial
resolutions of the order of 40 ms and 2 mm®, respectively [54]. This causes an averaging of the
in vivo measured velocity field, yielding spurious errors in the calculated velocity gradients at
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the wall-blood interface [54, 55]. Therefore, MRI-derived WSS magnitude values are usually
underestimated [54], which makes computational modelling advantageous in this matter [55].
Increased vorticity, either time-averaged or through the cardiac cycle, was found in all cathe-
ter models with respect to the RA model. No previous studies on catheter design performance
have analysed this aspect; however, efforts have been made to understand the connection
between vorticity and cardiac function and efficiency [45]. As mentioned, the presence of vorti-
ces in the healthy RA seems to optimise blood flow and cardiac efficiency within the right heart
[42, 45]. However, previous work has shown: increased right atrial vorticity in patients after
repair of Tetralogy of Fallot, with these possessing additional diastolic vortices that impacted on
right ventricular flow [45]; and altered right atrial vorticity in patients with right ventricular dia-
stolic dysfunction [56]. Fenster et al. (2015) suggested that, although premature, quantifying
vorticity could be useful to: 1) correlate to right heart pathologies, and 2) serve as a non-invasive
biomarker for the assessment of both haemodynamic and bioenergetics response to therapy
[56]. Based on our results and the outcomes of previous studies, we speculate that catheter inser-
tion in the RA may alter normal blood flow within this chamber [48]. However, objective clini-
cal outcomes derived from this speculative hypothesis would have to be further studied.
Previous clinical [57] and computational [58, 59] studies have linked abnormal flow with
high WSS, as well as different WSS distributions, in the ascending aorta. Abnormally high WSS
has, in fact, been assumed as a trigger for aortic dilation in congenital diseases by changing the
wall tissue mechanical properties [60-62]. Our results show a change in time-averaged WSS, as
well as magnitude distributions in the atrial wall surface, with catheter insertion in the RA.
Indeed, the symmetric tip (design D) was associated with the highest increase. Moreover, step
and symmetric tips (designs A and D) gave rise to the creation of different high WSS sites.
Given the previous findings mentioned above, we can hypothesize that these WSS alterations
could possibly be associated with right atrial enlargement onset and progression at specific sites.

Catheter performance

Predicted time-averaged recirculation values for all models are within the same range as those
obtained by previous studies [11-13]. Similarly to a previous study, the symmetric design (D)
yielded negligible (< 0.5%) recirculation [13], and the lowest of all models, which is associated
with a better separation of filtered and unfiltered blood. Moreover, designs working in reverse
mode (step tips) gave rise to higher recirculation percentages, in comparison with symmetric
and split designs. In fact, the literature shows the presence of up to 86% of recirculation for
catheters working in reverse configuration [11, 63], which can validate our highest recircula-
tion value (43.7%) for step design B. Moreover, and similarly to previous work [11, 13], the
presence of side holes in step tip design (A and B) impacted in recirculation rates by diminish-
ing time-averaged recirculating flow. We hypothesize that the presence of side holes in a step
tip may improve performance by allowing flow deflection from the distal tip, as suggested else-
where [13].

Shear stress characteristics were also evaluated to study the tendency of each catheter design
to cause shear-induced platelet activation and aggregation. Platelet activation has been shown
to induce device thrombogenicity and they experience shear-induced activation at a larger rate
than what is required for haemolysis of red blood cells [64]. Our predicted shear stresses were
in the same order of magnitude as presented elsewhere, although percentages of tip volume
above 10 Pa were much lower [14]. This could, however, be due to the variability in tip volume
definition. Nonetheless, platelet activation has been observed with 0.1 <t < 20 Pa [51]. Here,
we used a middle value as a threshold (10 Pa), not being overly conservative, as it is a relative
measure which is being used ultimately to compare catheters.
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All catheter models yielded shear stress above 10 Pa, and such stress was mainly observed at
the venous tip and side holes in the step design. The elevated shear stress location was similar
to that observed in a previous in vivo study, which showed the formation of a fibrin plaque on
catheter surface around a venous side hole [65]. This suggests that all designs have a potential
for shear-induced platelet activation and subsequently thrombosis.

Catheters working in reverse mode (step tip designs) yielded the highest recirculation and
time-averaged shear stress values. According to this, the highest potential for shear-induced
platelet activation and worse recirculation outcomes were observed for step designs in reverse
mode, implying that, in a clinical scenario, the use of standard mode should be targeted. The
symmetric tip, however, was shown to have the best performance, as given by the lowest recir-
culation and shear stress values.

Different tip placements also yielded different recirculation percentages, with a tip place-
ment closer to the RA wall giving rise to greater recirculating flow. This is the first computa-
tional study which considers how different catheter tip positions impact on the respective
performance, as well as how they affect flow within the RA. However, the optimal positioning
of an haemodialysis catheter is a continuous subject of debate, with elevated clinical variability
[66] and changing medical guidelines [27]. Previous studies noted that this positioning is cru-
cial to prevent/diminish recirculation [67] and it is known that such percentage impacts on the
efficiency of the haemodialysis treatment [68]. Per our results, a tip placement at the mid-level
of the RA with its arterial lumen facing the mediastinum yields lower (but still significant)
recirculation percentages, which is in agreement with the latest medical guidelines [69]. Given
this, care should be taken with catheter tip placement and orientation within the RA.

Limitations

There are several limitations in this study, with most arising from the rigid walls and geometry
of the RA reconstructed from dimensions in literature. Whilst such reconstruction lacks physi-
ological accuracy, it presents a superior platform for quantitative comparisons of catheter per-
formance compared to previously cylindrical models. Moreover, the RA model was used to
mimic a healthy case, which may not be accurate for dialysis patients, especially concerning
measures as central pressure [70]. Nonetheless, the use of such a model for the study of multi-
ple catheter designs enables direct and objective comparison of their performance, including
the evaluation of blood mixing (between blood filtered through dialysis and blood which was
not filtered), not feasible through a cylinder model.

The absence of atrial contraction and TV opening/closing during the cardiac cycle was a
major limitation, since the movement of the RA walls affects the blood flow patterns and mix-
ing within the chamber, affecting catheter implementation. By employing rigid RA walls, and
having into account the mass conservation balance, all flow entering this chamber must be
equal to the flow exiting the TV, which is not physiologically accurate. Moreover, fixed-wall
simulations oversimplify inflow-outflow boundary conditions and ignore atrial-ventricular
interactions; they have been shown to yield different flow fields and stasis maps [71] and over-
estimate instantaneous quantities (e.g. flow velocity; WSS) when compared to moving wall
simulations [72]; however, time-averaged quantities have been shown not to greatly vary [73].
The use of a fixed RA model may explain the overestimation of the velocity of blood flow
through the IVC and SVC, their flow rate and the elevated WSS magnitudes observed in those
vessels.

Whilst including RA wall motion may improve flow/pressure predications [74], very few
studies provide insight on RA wall movement [75, 76] and experimental data on the mechani-
cal properties of the RA wall is currently limited: previous studies mention that in vivo
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properties for the heart walls can be up to four orders of magnitude different from ex vivo
properties [77]. Incorporating a non-rigid wall would, therefore, introduce a range of variables
for which data is currently lacking. Given that RA models are still an emerging method, and
despite these limitations, fixed-wall simulations can still be useful to assess the essential charac-
teristics of blood flow within the RA.

The SVC blood flow rate waveform and maximum value were overestimated in comparison
with the literature. However, there is elevated variability in patient data for blood flow rate
through the SVC and IVC: for example, the difference between average and the maximum
standard deviation values for the IVC in literature is 33% [49]. Moreover, since other hemody-
namic features in the RA from our study are consistent with the literature, we accept this as a
limitation of the study which does not greatly impact on the remaining computational predic-
tions concerning the evaluation of catheter performance, especially since all catheters have
been compared using the same model.

The function of the TV was not modelled. This yielded a different flow rate waveform in
comparison with those from the literature [50], potentially giving rise to flow patterns and
mixing within the RA which differ from a model with valve opening/closing. Moreover, the
Neumann assumption may not have been satisfied during the diastolic period, when the TV is
open, due to the location of the outlet and valve function not being included; however, it is
when the valve is closed during the systole. Including TV function in the model would most
likely lead to a more accurate flow rate waveform through the cardiac cycle, as well as increase
the pressure drop due to valve closure (which could increase the range of variation of pressure
values through one cardiac cycle). Moreover, valve closure would allow the RA to act as a bet-
ter “reservoir” during systole, leading to a greater flow volume within the RA during this
period (when the TV is closed). This could enhance the presence of vortices within the RA
(increasing vorticity predictions during systole) and possibly give rise to retrograde flow in the
cava veins. Nonetheless, our study focuses on the use of a RA model to evaluate catheter
designs and incorporating a fluid-structure interaction valve model would fall outside its
scope. In addition, our model enabled good approximations of flow velocity and flow patterns
within the RA, in comparison with the literature. Our current RA model has also enabled the
study of catheter performance including evaluation of mixing of blood (at the level of the TV),
which had, and had not, been filtered via haemodialysis.

Conclusion

In this study we present a model which provides realistic predictions of haemodynamics in the
right atrium, subsequently aiding assessment of haemodialysis catheter performance. Our
model shows that the symmetric tip design is associated with the best haemodynamic results,
given by its low recirculation and shear stress values, while the step tip designs working in
reverse mode gave rise to the worst haemodynamic outcomes. Moreover, the presence of side
holes at the tip helped diminish recirculating flow, suggesting that, in the design process of a
step tip, this feature should be looked into to improve its performance. In addition, catheter
performance was affected by different tip placements, showing that correct positioning should
be accounted for when placing the device in the RA.
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