
Journal of Biomechanics ∎ (∎∎∎∎) ∎∎∎–∎∎∎
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/jbiomech

Journal of Biomechanics
http://d
0021-92

Abbre
Aneurys
GCI, Gri
Oscillato

n Corr
Verdun

E-m

Pleas
Biom
www.JBiomech.com
Short communication
The influence of downstream branching arteries
on upstream haemodynamics

Lachlan J. Kelsey a,b, Karol Miller b,e, Paul E. Norman a,c, Janet T. Powell d, Barry J. Doyle a,f,g,n

a Vascular Engineering Laboratory, Harry Perkins Institute of Medical Research, Perth, Australia
b Intelligent Systems for Medicine Laboratory, School of Mechanical and Chemical Engineering, The University of Western Australia, Australia
c School of Surgery, The University of Western Australia, Australia
d Vascular Surgery Research Group, Imperial College London, UK
e Institute of Mechanics and Advanced Materials, Cardiff University, UK
f School of Mechanical and Chemical Engineering, The University of Western Australia, Australia
g Centre for Cardiovascular Science, The University of Edinburgh, UK
a r t i c l e i n f o

Article history:

Accepted 20 July 2016

The accuracy and usefulness of computed flow data in an artery is dependent on the initial geometry,
which is in turn dependent on image quality. Due to the resolution of the images, smaller branching
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arteries are often not captured with computed tomography (CT), and thus neglected in flow simulations.
Here, we used a high-quality CT dataset of an isolated common iliac aneurysm, where multiple small
branches of the internal iliac artery were evident. Simulations were performed both with and without
these branches. Results show that the haemodynamics in the common iliac artery were very similar for
both cases, with any observable differences isolated to the regions local to the small branching arteries.
Therefore, accounting for small downstream arteries may not be vital to accurate computations of
upstream flow.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

An aneurysm is a localised dilation of an artery which is life
threatening when ruptured. Aneurysms of the common iliac artery
(CIAA) are predominantly seen in association with an abdominal
aortic aneurysm (AAA). For men aged over 65 years, the prevalence
of an AAA is approximately 2% (Svensjö et al., 2011), and in 25% of
these cases, co-existent aneurysms occur in one or both common
iliac arteries and in 7% of these cases aneurysms also occur in the
internal iliac arteries (Norman et al., 2003). With respect to CIAAs
there is no strong evidence base for their management (Huang et al.,
2008), and compared with the progress of computationally-aided
assessment of AAA rupture risk (Doyle et al., 2009; Doyle et al.,
2014a, 2014b; Gasser et al., 2010) and other cardiovascular disease
(Blacher et al., 1999; Pijls et al., 1996; Tonino et al., 2009; Wilkinson
et al., 1998), little has been done to improve our ability to assess the
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rupture risk of CIAA. Therefore, in the author's opinion, the
computational-haemodynamics within iliac aneurysms is an
understudied subject. Notably, as there are two common/internal/
external iliac arteries, if there exists different levels of aneurysm
burden in a set of contralateral arteries, there is an excellent
opportunity to compare the haemodynamics (disease-indicators,
and geometry factors) of either side. This type of comparison cannot
be done when studying AAA, and henceforth we believe that further
study of the haemodynamics in iliac aneurysms has the potential to
improve the understanding of aneurysm growth and rupture.

Computational fluid dynamics (CFD) has emerged as a powerful
and popular tool for the study of haemodynamics in cardiovas-
cular disease (Steinman et al., 2013; Sun and Xu, 2014). With
appropriate boundary conditions and model assumptions, CFD can
be used to model the haemodynamic behaviour in any vessel of
the body using patient-specific geometries, typically derived from
computed tomography (CT). While a CT-slice thickness in the
range of 1–3 mm is typical when imaging for aortic aneurysms or
the larger arteries (Tendera et al., 2011), at this resolution minor
arteries are often omitted from many computational-models of
this region. This may be particularly relevant in any attempt to
model the haemodynamics within the iliac artery region, given the
large number of branches of the internal iliac artery supplying the
eam branching arteries on upstream haemodynamics. Journal of
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pelvic region (Sakthivelavan et al., 2014). The objective of this
study was to analyse the influence of these small branching
arteries on the haemodynamics and physical flow phenomena
commonly associated with aneurysmal disease: specifically
regions of low and oscillatory wall shear stress (WSS). As this work
forms a first look into modelling the iliac arteries and their
branches, an understanding of these minor arteries must be
established, and the role they play in the prediction of disease
throughout the remainder of the iliac artery, notably in the
common and internal iliac arteries (the iliac arteries most sus-
ceptible to aneurysmal development). The haemodynamics
within the internal iliac artery is expected to be altered by the
presence of local minor arteries, while the common iliac artery is
likely too far upstream. This investigation also provides an
opportunity to comment on the omission of minor arteries from
other large artery CFD models – where little to no justification
has been provided.
2. Methods

2.1. Patient-specific geometry

We reconstructed the aorta and branching arteries from the CT dataset of a 91-
year-old male patient with a CIAA, with distal extension to the bifurcation of the
internal and external iliac arteries. The typical healthy common iliac artery bifur-
cates into the internal and external iliac arteries, where the former is often smaller
in diameter than the latter. The internal iliac artery divides variably into approxi-
mately 10 smaller branches (see Fig. 1).

Contrast-enhanced CT data (pixel size¼0.82 mm; slice thickness¼1 mm) was
imported into Mimics v17 (Materialise, Belgium). The lumen was reconstructed into
3D using a pixel intensity-based thresholding approach and the resulting surfaces
were conservatively smoothed, following previous methods (Doyle et al., 2007; Doyle
et al., 2014a, 2014b). We created two geometries; one full geometry with the
branching arteries (five artery outlets branching from the right internal iliac artery
and three outlets from the left internal iliac artery), and another where we manually
trimmed all branching arteries from the internal iliac arteries (see Fig. 2). All outlets
were cut orthogonal to the centreline and we extended each outlet by 10 times the
Fig. 1. Normal anatomy of the iliac artery region showing the multiple branches
from the internal iliac artery (Fitzgerald, 2015).
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outlet diameter so that outlet boundary conditions would not affect haemodynamics
within the vessel. We also extended the inlet section by 120 mm based on the
unsteady entrance length method suggested by Wood (1999), to ensure flow was
fully developed entering the supraceliac (SC) aorta. This extension was created by
extruding the inlet surface.

2.2. Computational mesh

The volume mesh was constructed within STAR-CCMþ (v9.04) (CD-adapco
Group) using a core (unstructured) polyhedral mesh and a prism-layer mesh near
the wall boundary. The prism-layer mesh was progressively refined approaching
the wall. The thickness of the prism-layer mesh and the surface size (edge length)
were defined relative to the local lumen diameter so that the minor arteries were
well discretised. Any areas that were expected to have rapid changes in velocity
(i.e. bifurcations) were also subject to refinement (see Fig. 3b). The polyhedral mesh
was chosen over the more common tetrahedral mesh as they offer (finite-volume)
solutions of similar accuracy at lower cost: in haemodynamic simulations of cer-
ebral aneurysms, polyhedral meshes required a quarter the number of tetrahedral
cells to obtain similar converged values of WSS (Spiegel et al., 2011).

In order to determine a sufficient level of (uniform) mesh refinement, the Grid
Convergence Index (GCI) (Celik et al., 2008; Roache, 1994) was calculated from the
results of a steady-state simulation using the peak systolic flow conditions
(see Fig. 3a). The GCI was determined for WSS in the aneurysm region, the pressure
at the inlet and the velocity throughout the geometry using scattered probes. We
deemed the mesh optimal when the GCIo 2% (Doyle et al., 2014a).

2.3. Physical assumptions and boundary conditions

The blood flow was approximated as laminar and was considered to be an
isothermal, incompressible, Newtonian fluid with a dynamic viscosity of
0.0035 Pa s and a density of 1050 kg/m3. The walls of the arteries were char-
acterised by no-slip, rigid wall boundary conditions (Boyd et al., 2015; Doyle et al.,
2014a; Les et al., 2010a, 2010b; Poelma et al., 2015; Steinman et al., 2013) and the
Navier–Stokes (and continuity) equations were solved using STAR-CCMþ . The
temporal discretisation was second order, with 103 steps per cardiac cycle and 15
inner iterations: the convergence of both the continuity and momentum residuals
remained below 10�3 throughout the cardiac cycle. A scaled mass flow waveform
was applied at the supraceliac (SC) inlet based on the volumetric flow data and age-
estimated fat-free body mass scaling law of Les et al. (2010a, 2010b) (see Fig. 3a).
During the peak of the systolic and diastolic phases, the flow through each common
iliac artery was 55 ml/s and �7 ml/s (back flow), respectively.

The model explicitly coupled the 3D CFD simulation with a three-element
Windkessel model at each outlet boundary in order to approximate the resistance
and compliance of the downstream vascular beds. The Windkessel parameters are
calibrated according to previous methodology (Laskey et al., 1990; Les et al., 2010a,
2010b); with 30% of the common iliac flow passing through to the internal iliac
artery. The flow leaving each internal iliac artery outlet was directly proportional to
its mean cross-sectional area.

2.4. Data analysis

The solutions to each of the geometries were compared for the time average
WSS (TAWSS), oscillatory shear index (OSI) (Ku et al., 1985) and time-averaged
velocity profiles. When comparing the solutions of the two geometries (‘original’
and ‘trimmed’) the changes in the TAWSS, the OSI, and the time-averaged velocity
profiles (upstream of the trimming locations) were investigated. The discrete cal-
culation of these variables was done for 100 intervals per cardiac cycle, and once
the boundary waveforms converged (and any initial transience was not present)
the results were calculated for 10 cardiac cycles. Averaging for 10 cardiac cycles is
traditionally quite conservative, with many studies taking these fields over three or
five cycles (Di Achille et al., 2014; Doyle et al., 2014a; Les et al., 2010a, 2010b).
However, in light of a recent study by Poelma et al. (2015), the statistical con-
vergence of these variables was investigated; Poelma et al. showed a similar case
where averaging 28 cycles of data did not lead to the complete convergence of OSI
at a particular location.
3. Results

3.1. Grid and cycle convergence

All tested variables for the GCI returned values below 2%. As
this is considered to be a sufficient minimisation of the spatial
discretisation error, no further mesh refinement was performed.
eam branching arteries on upstream haemodynamics. Journal of
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Fig. 2. (A) 3D reconstruction from CT showing the patient's artery lumen. (B) Transparent reconstruction showing the artery centrelines and diameters. (C) Right internal
iliac artery (IIA) region before trimming and (D) after trimming. (E) Left IIA region before trimming and (F) after trimming.
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The resulting meshes contained 16 prism-layers and total mesh-
cell counts of approximately 5.8 and 4.8 million for the original
and trimmed geometries, respectively. When compared to Poelma
et al. (2015), the convergence of results was not so slow and a 10
cardiac cycle averaging was sufficient. The mean relative error
between a 10-cycle average and a nine-cycle average was 0.2% for
TAWSS and 0.5% for OSI across the large CIAA.
Please cite this article as: Kelsey, L.J., et al., The influence of downstr
Biomechanics (2016), http://dx.doi.org/10.1016/j.jbiomech.2016.07.02
3.2. Influence of branching arteries

The TAWSS is very similar for both geometries (see Fig. 4). The
only clear differences are in (and downstream from) the regions
where the branching arteries were trimmed. Fig. 4 shows just how
localised the change is to these regions. The red areas in Fig. 4c
show the regions of 10% change or more, while the histograms
eam branching arteries on upstream haemodynamics. Journal of
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Fig. 3. (A) SC inlet waveforms and the patient's systolic and diastolic blood pressures. (B) Mesh cross-section through the CIAA ‘pocket’, highlighting the prism-layer mesh
and local mesh refinement.
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show the area-weighted variation of the relative error for the four
surfaces shown. The mean change across these surfaces is approxi-
mately 2%, and any large variations in these upstream locations are
slight misalignments between patches of TAWSS. Similar trends
were observed for the OSI: the mean relative error for all the
surfaces is less than 5%. The predominant variation between the
two solutions is again around, or downstream of the trimmed
arteries – where the OSI changes by more than 20% for the
majority of cell faces.

OSI ranges from 0 to 0.5 and based on the work of Ku et al.
(1985), OSI40.3 can be considered as high, and detrimental, due
to the occurrence of intimal thickening and atherosclerotic pla-
ques in regions of OSI above this threshold. Here we observed
10.2% of the original geometry surface area local-to and
downstream-from the minor arteries (in the internal iliac arter-
ies) to be above 0.3, compared to 8.3% in the trimmed geometry;
where, 5.7% of this surface contained high OSI regions common
to both geometries (i.e. overlapped). In relation to TAWSS, pre-
vious work has shown that leucocyte adhesion exponentially
increases as TAWSS drops below 0.36 Pa and approaches zero
(Lawrence et al., 1995; Lawrence et al., 1987; Worthen et al.,
1987). This threshold was subsequently included into computa-
tional studies as a way to associate regions of low TAWSS with
particle residence and deposition (Hardman et al., 2013). It is
employed here as a marker of low wall shear stress (which
should be considered alongside other haemoydynamic indica-
tors). In our original geometry, 32.5% of the surface area local-to
or downstream-from the minor arteries is below this threshold,
compared to only 12.7% in the trimmed geometry; where 11.5% of
this surface contained low TAWSS regions common to both
geometries. The original geometry has a considerably lower
Please cite this article as: Kelsey, L.J., et al., The influence of downstr
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TAWSS in internal iliac arteries as a significant portion of the flow
is shared with the branching arteries, reducing the velocity in the
downstream of the parent vessel.

The velocity field was compared at cross-sections within the
common and internal iliac arteries. Fig. 5 shows the time-
averaged velocity magnitude profiles within the patient's
aneurysm, examining the velocity in and around the ‘pocket’
where the flow is complex. There is very little change between
the velocity magnitude profiles at this location. Negligible
change was also observed the other measurement locations
(upstream of the trimming locations) (Fig. 5).
4. Discussion

When imaging abdominal aortic aneurysms or iliac artery
aneurysms with routine CT parameters, the smaller branching
arteries of the internal iliac artery are often not captured. Therefore,
in resulting 3D reconstructions, the branches are omitted. It is clear
that trimming the minor downstream arteries results in a negligible
change to the upstream haemodynamics. However, the flow-field
where the minor arteries were trimmed is different, as expected,
and near the trimming locations the TAWSS and OSI varies by more
than 10% and 20%, respectively changing the interpretation of the
analysed haemodynamic disease-indicators.

Similar observations were made in the carotid artery (Zhao
et al., 1999) and may occur when trimming minor arteries from
other large artery regions. Fortunately for the common iliac
arteries, as there are no small arteries branching from them,
simply the presence of the external-internal iliac bifurcation may
be sufficient to minimise the effect that the downstream arteries
eam branching arteries on upstream haemodynamics. Journal of
3i
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Fig. 4. (A) TAWSS field for the original (untrimmed) geometry. (B) TAWSS field for trimmed geometry. (C) The relative error between the TAWSS field computed for the
original (untrimmed) geometry and the trimmed geometry. The histograms on the right-hand side show the area-weighted distribution of this error for the four
surfaces shown.
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have on the computed flow-field within them. However, it is
recommended that care be taken when analysing haemodynamic
data obtained from models of internal iliac artery aneurysms that
omit local minor-branching arteries.

It should be noted that the results of this study would be
more substantive if more geometries were available for con-
sideration. The configuration and reconstruction of the minor
arteries would alter the boundary conditions, required temporal
Please cite this article as: Kelsey, L.J., et al., The influence of downstr
Biomechanics (2016), http://dx.doi.org/10.1016/j.jbiomech.2016.07.02
averaging and results. However, a similar outcome would be
expected.
5. Conclusion

The omission of smaller branching downstream arteries has a
negligible qualitative or quantitative impact on upstream haemo-
dynamics. This present work supports the omission of smaller iliac
eam branching arteries on upstream haemodynamics. Journal of
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Fig. 5. Time-averaged velocity magnitude profiles in the CIAA (top). These profiles are plotted along the lines [A] and [B] to compare the solution to velocity within the
aneurysm for the original and trimmed geometries. A comparison of the time-averaged velocity magnitude profiles in the other common iliac ([C]) and internal iliac arteries
([D], [E]) upstream of the trimming locations (bottom).
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artery branches in previous CFD studies involving the aortic
bifurcation.
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