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Patient-specific computational fluid dynamics (CFD) is a promising tool that

provides highly resolved haemodynamics information. The choice of blood

rheology is an assumption in CFD models that has been subject to extensive

debate. Blood is known to exhibit shear-thinning behaviour, and non-

Newtonian modelling has been recommended for aneurysmal flows. Current

non-Newtonian models ignore rouleaux formation, which is the key player in

blood’s shear-thinning behaviour. Experimental data suggest that red blood

cell aggregation and rouleaux formation require notable red blood cell resi-

dence-time (RT) in a low shear rate regime. This study proposes a novel

hybrid Newtonian and non-Newtonian rheology model where the shear-

thinning behaviour is activated in high RT regions based on experimental

data. Image-based abdominal aortic and cerebral aneurysm models are

considered and highly resolved CFD simulations are performed using a mini-

mally dissipative solver. Lagrangian particle tracking is used to define a

backward particle RT measure and detect stagnant regions with increased rou-

leaux formation likelihood. Our novel RT-based non-Newtonian model shows

a significant reduction in shear-thinning effects and provides haemodynamic

results qualitatively identical and quantitatively close to the Newtonian

model. Our results have important implications in patient-specific CFD mod-

elling and suggest that non-Newtonian models should be revisited in large

artery flows.
1. Introduction
Cardiovascular disease remains the leading cause of death in the USA [1].

Haemodynamics are believed to play a major role in cardiovascular disease

progression. In the past two decades, patient-specific computational fluid

dynamics (CFD) has grown to become a powerful tool in providing spatio-

temporally resolved quantitative haemodynamics [2,3]. Like all physiological

models, CFD models of blood flow employ several simplifying assumptions.

The Newtonian blood rheology assumption is one of the popular assumptions,

yet it has been subject to extensive debate and criticism in the literature. It is

well known that blood exhibits shear-thinning behaviour where its viscosity

increases in the low shear rate regime [4]. Shear-thinning generalized Newtonian

models (commonly referred to as non-Newtonian models in the haemodynamics

literature) have been proposed to model the non-Newtonian behaviour of

blood [5]. At shear rates higher than 50 s21, these models asymptote to the

Newtonian limit, therefore justifying the popular Newtonian assumption in

large arteries [6,7].

Although shear rate in large arteries is generally high, certain aortic con-

ditions induce disturbance to blood flow and create recirculating and

stagnant regions that are accompanied by significant reduction in shear rate.

Aneurysms, localized enlargement of the vessels, represent a life threatening

condition where significant disturbance is induced to the normal passage of
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blood. Recirculating flow, vortex structures, flow separation

and flow stagnation are common features in aneurysmal

flows [8–10], which enhance low shear rates and motivate

non-Newtonian modelling. To this end, several studies have

studied the effect of Newtonian assumption on haemo-

dynamics in aneurysms [9,11–15] as well as other aortic

flows [16–21]. These studies have often reached contradictory

conclusions, and their judgement about the significance of

the observed differences between the Newtonian and

non-Newtonian models has sometimes been subjective.

Particularly, it is not clear if these differences are significant

compared to other inherent modelling errors [22].

The shear-thinning non-Newtonian models are often

considered the true rheological behaviour in large arteries,

yet they do not accurately model blood behaviour. These

phenomenological models prescribe viscosity as a function

of shear rate based on experimental results, which themselves

have been obtained under certain assumptions [23]. More

advanced blood rheology models have been proposed to

model red blood cells (RBCs) and improve blood flow mod-

elling. Multiphase models have been developed to model

RBC and plasma transport separately where a shear-thinning

viscosity is assumed for the mixture viscosity [24–26]. Other

studies have used viscoelastic constitutive models to account

for the elastic nature of blood [27–29].

Although these models offer an improvement over the

traditional non-Newtonian models, they ignore the key

player in blood shear-thinning behaviour, the ‘rouleaux’. The

non-Newtonian behaviour of blood is due to RBC aggregates

known as rouleaux. Interestingly, healthy RBCs in blood

deprived of certain plasma proteins responsible for aggregation

do not exhibit strong shear-thinning behaviour [30], even

though the RBCs can deform and align. An accurate modelling

of RBC aggregation requires cell-scale models such as coarse-

grained molecular dynamics [31–33]. However, such models

cannot be applied to large arteries due to scale disparities

and the extensive computational power required. Experimental

studies have shown that rouleaux formation requires a few

seconds to minutes after the blood flow shear rate is abruptly

dropped to zero [23,34,35]. Interestingly, rouleaux disaggrega-

tion occurs much faster once the shear rate is reapplied [23].

These experimental observations raise an important question:

How likely and sustainable is rouleaux formation in large arter-

ial flows? This immediately leads to a follow-up question: Do

we really need non-Newtonian blood flow modelling in large

arteries? In an intriguing article, Robertson et al. [23] have

discouraged the application of current non-Newtonian blood

flow models unless highly stagnant regions are observed.

However, we do not yet understand the significance of non-

Newtonian modelling in large diseased arteries prone to

localized regions of elevated flow stagnation. This will require

an appropriate definition of flow stagnation (residence-time,

RT) that could be applied locally to estimate rouleaux

formation time-scale, as well as a framework to develop a

hybrid Newtonian and non-Newtonian model.

We hypothesize that accounting for rouleaux formation

time-scale in a hybrid Newtonian and non-Newtonian model

will significantly reduce the differences reported between

Newtonian and traditional non-Newtonian models. To test

this hypothesis, we consider one cerebral aneurysm and

one abdominal aortic aneurysm (AAA) model. Aneurysms

are known to promote flow stagnation, low shear rates and

potentially non-Newtonian effects [9,11]. Lagrangian particle
tracking is used to define a new backward particle RT measure

to quantify rouleaux formation likelihood in space and time.

Subsequently, a hybrid rheology model is developed where

for each computational node a traditional Carreau–Yasuda

(CY) non-Newtonian viscosity model is used in regions of

high backward RT and a Newtonian viscosity is used in

other regions. The results are compared between our novel

RT based non-Newtonian model, the CY non-Newtonian

model and the Newtonian model.
2. Methods
2.1. Computational fluid dynamics
All simulations were done using Oasis [36], an open-source

finite-element CFD solver developed using FEniCS [37].

FEniCS offers a flexible Python interface where the governing

equations can be readily modified, which was used in the

development of our novel RT-based rheology model. Oasis

is a minimally dissipative, energy preserving, second-order

accurate solver suitable for high-resolution transitional CFD

simulations [38,39]. Oasis uses a fractional steps method

using an incremental pressure correction scheme [40]. The

convection term is discretized using a semi-implicit Adams–

Bashforth scheme and Crank–Nicholson is used for the viscous

term. Solver details are provided in [36]. Oasis solver has been

validated [41] and has demonstrated superiority over normal

resolution solvers used in the literature [38,42]. In this study,

quadratic tetrahedral elements for velocity and linear elements

for pressure (P2–P1 elements) are used to achieve high accu-

racy. Blood was assumed homogeneous and incompressible

(r ¼ 1.06 g cm23), and rigid wall approximation was used. Pul-

satile parabolic velocity profiles were prescribed at the inlet.

One cerebral aneurysm and one AAA model were used as

test cases (figure 1). The inlet and outlets were extended several

diameters using the Vascular Modelling Toolkit (VMTK) [43] to

reduce the effect of boundary conditions on the haemodynamics

in the region of interest.

2.1.1. Cerebral aneurysm
An internal carotid artery (ICA) aneurysm model from the

Aneurisk online database was selected (Aneurisk ID: C0005).

A mesh was created with SimVascular [44] using tetrahedral

elements with three layers of boundary layer meshing.

A regional mesh refinement was used to achieve higher resol-

ution in the aneurysmal region (figure 1). The final mesh had

3.53 M elements (second-order). In the context of typical linear

elements used in most studies, our resolution corresponds to

approximately 28 M elements (an order of magnitude higher

than normal resolution studies in the literature [42]). A pulsa-

tile waveform reported in a prior study [45] was scaled to

match the mean flow rate reported for our selected Aneurisk

ID model based on scaling laws [46]. Zero traction boundary

conditions were applied at the outlets. This choice has been

shown to have minimal influence on the aneurysm flow [47].

Simulation time step was selected such that the cardiac cycle

was divided into 12 000 time steps. The first two cycles were

ignored and the following six cycles were used for averaging

the haemodynamics.

2.1.2. Abdominal aortic aneurysm
One AAA model constructed from magnetic resonance angio-

graphy and used in prior studies [10,48] was selected. The

inlet of the model was set to the infrarenal level. SimVascular

was used to create a computational mesh with 4.7 M tetrahedral

elements and three layers of boundary layer meshing. Owing to
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Figure 1. The three-dimensional computer models, corresponding computational mesh and the waveforms used as inlet boundary condition are shown (AAA model
on the left and cerebral aneurysm model on the right). The highlighted red region shows the region of interest (aneurysmal region) where the RT calculation is
done.
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the second-order tetrahedral elements used, our mesh corresponds

to a standard linear tetrahedral mesh with approximately 37 M

elements (an order of magnitude higher than most AAA

studies [49,50]). Patient-specific flow rate measurements at

the infrarenal artery were available [10,48] and used as inlet

boundary condition. Resistance boundary conditions were

imposed at the outlets to reach equal flow rate distribution

at the common iliac arteries. The time step divided the cardiac

cycle into 2000 time steps. The ICA time step was finer due to the

Courant–Friedrichs–Lewy condition. The first two cycles were

ignored and the final cardiac cycle was used in post-processing.

2.2. Residence-time based non-Newtonian model
Herein, the three rheology models are defined. First, a Newto-

nian rheology model is used with a constant dynamic viscosity

of mN ¼ 0.04 P. Next, the CY shear-thinning non-Newtonian

model [51] is considered, which has been used in prior

studies [52,53]. The CY model is defined as follows:

mCY ¼ 0:0345þ (0:56� 0:0345) � (1:þ (1:902 � _g)1:25)(0:22�1:)=1:25,

ð2:1Þ

where _g is an invariant of the strain rate tensor ( _g ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

p
).

Finally, our novel RT based non-Newtonian model is

presented. The major motivation behind this model is the time-

scale required for RBCs to form rouleaux structures, which are

responsible for the shear-thinning behaviour of blood. According

to experimental studies, once the blood shear rate is dropped

from physiological shear rate to approximately zero, it requires

a significant time to form aggregates [23,34,35]. The reported

time-scale for normal blood is 3–5 s [34] and as high as one

minute in some studies [35]. These experimental studies imply

that blood not only needs low shear rate to demonstrate its

strong shear-thinning behaviour, but it also needs to reside in a

low shear rate region for a certain amount of time. In order to

model such aggregation processes, one needs to model individual

RBCs and account for their interaction with blood constituents.

With the current computational power, this is not a feasible

task for the spatial scale of large arteries. Therefore, it is assumed

that these cells are passively advected by the flow, and we calcu-

late RT using Lagrangian particle tracking of passive tracers. We

assume that the clock for RBC aggregation starts once they enter

the aneurysmal region (low shear rate region). That is, the aggre-

gation process begins once the tracers are inside the aneurysm.

This is a safe assumption since the above experimental studies
measure the RBC aggregation time by setting the shear rate to

approximately zero (much lower than the shear rate values

inside an aneurysm). Our goal is to detect locations inside the

aneurysmal region with the property that tracers entering these

locations are tracers that have stayed inside the aneurysm for a

long time prior to reaching that location. Such locations are

likely to accompany RBCs that have spent enough time in a

low shear rate region, and therefore may form rouleaux. Towards

this goal, a backward particle RT is defined:

PRTbwd(x0, t0; G ) ¼min (t) [ (0, 1) s.t. x(x0, t0 � t) � G, ð2:2Þ

where the initial tracer position is x(x0, t0), and the tracers are inte-

grated backward in time to find backward trajectories x(x0, t0 2 t).
G is specified to be the aneurysmal region (red region in figure 1).

We and others have used PRT in prior studies to quantify blood

flow stagnation [54,55]; however, for our purpose, we need to

modify this definition to backward time integration. Namely,

we need to check for each spatial location at each intra-cardiac

time-point to see if the tracer in that location is a tracer that has

been inside the aneurysm for a long time. We use this definition

as an indication of rouleaux formation likelihood. To calculate the

spatio-temporal distribution of PRTbwd, tracers are seeded at each

computational node at several intra-cardiac time-points (20

equally spaced intra-cardiac time-points). These tracers are inte-

grated backward in time until they leave the pre-defined

aneurysmal region where we record the integration time and

map it to the initial location of tracer release. The tracers seeded

on the surface nodes (no-slip wall) were perturbed in the wall

normal direction to enable integration. Our calculation is based

on the Newtonian model. The process is shown in figure 2.

To define our RT non-Newtonian model, first, we define a

RT threshold required for rouleaux formation (RTth). Next, a

hybrid viscosity model is defined where we assume that the vis-

cosity is determined from the CY non-Newtonian model in high

backward RT regions and from the Newtonian model in other

regions:

mRT(x, t) ¼ mCY, if PRTbwd(x, t; G ) � RTth

mN, if PRTbwd(x, t; G ) , RTth:

�
ð2:3Þ

The time step used in CFD simulations is much smaller than the

time interval for which PRTbwd is calculated. Therefore, linear

interpolation is used to calculate PRTbwd at all time steps

based on the pre-calculated 20 PRT time-points. Oasis was

modified to model the above hybrid viscosity using pre-

calculated PRTbwd values, which were computed using a
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Figure 2. Tracers are seeded on the computational nodes in the region of interest (aneurysmal region). The tracers are integrated backward in time until they leave
the region of interest. Subsequently, backward RT is calculated and mapped to tracer initial location. The red dots demonstrate tracers that are initially densely
seeded in the aneurysm and subsequently integrated backward in time.
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customized version of an in-house code (FlowVC [56]). Differ-

ent levels of RTth are prescribed on the order of reported

experimental data to study the effect of this parameter.

2.3. Data post-processing
To compare the near-wall haemodynamics, we calculate time-

average wall shear stress (TAWSS) and oscillatory shear index (OSI)

TAWSS ¼ 1

T

ðT

0

ktkdt ð2:4Þ

and

OSI ¼ 1

2
1�
k(1=T)

Ð T
0 tdtk

TAWSS

 !
, ð2:5Þ

where t is the wall shear stress vector. To quantify the variation

between the non-Newtonian models and the Newtonian model,

the relative point-wise difference is calculated between the haemo-

dynamic values for all computational nodes in the region of interest.
3. Results
Based on reported rouleaux formation time-scales in the lit-

erature [23,34,35], RTth was varied between 1.5 s and 10 s.

Namely, RT non-Newtonian simulations were carried out

for RTth ¼ 1.5, 3 s (ICA aneurysm model) and RTth ¼ 1.5, 5,

10 s (AAA model). Lower values were used for the ICA

model due to its lower RT. In this section, qualitative and

quantitative comparisons between the Newtonian model

and the other rheology models are presented. TAWSS and

OSI results are shown in figures 3 and 4, respectively. The

general qualitative features are similar in all models. As

expected, with an increase in RTth, the RT non-Newtonian

model becomes very similar to the Newtonian model. Differ-

ences in TAWSS qualitative patterns can hardly be detected

between all of the RT non-Newtonian models and the New-

tonian model. Qualitative differences in the OSI results are

minor but higher than the TAWSS results.

The velocity streamlines at a cross section inside the aneur-

ysm sac are shown in figure 5. A similar observation is made

where the distinctions in the velocity patterns between the RT

non-Newtonian and Newtonian models are minor, and less

than the differences in the CY non-Newtonian and Newtonian

models. In short, the qualitative differences in haemodynamics

between the Newtonian and non-Newtonian models are fairly

minor and using a more realistic RT non-Newtonian model

makes the qualitative patterns hardly distinguishable.

To study the quantitative difference between all of the non-

Newtonian models and the Newtonian model, the point-wise
relative difference was calculated for all of the computational

nodes in the region of interest (red region in figure 1). That

is, the Newtonian model is taken as reference, and the relative

change in haemodynamics between this model and all of the

other models is quantified. The results shown in figure 6

demonstrate a significant decrease in quantitative differences

between the Newtonian and RT non-Newtonian models

when compared with the differences between the Newtonian

and CY non-Newtonian model. The variation in OSI is

higher than TAWSS with the 99th percentile relative differ-

ences in the ICA aneurysm model reaching as high as 250%

and 80% for the CY non-Newtonian and RT non-Newtonian

models, respectively.

Probability density histograms of the strain rate history

and average velocity experienced by tracers are shown in

figure 7. To distinguish between the tracers that meet the

RT threshold and tracers that do not meet the threshold,

two sets of histograms are shown. Strain rate history is

defined as the Lagrangian integral of Frobenius norm of the

strain rate tensor (
Ð
kSkdt). This definition is identical to

the platelet activation potential measure used in prior

studies [57]. Average velocity is defined as the average vel-

ocity that each tracer experiences along its path inside the

region of interest. The histograms show that tracers meeting

the RT threshold are more likely to experience higher

accumulated strain rates and lower average velocities.
4. Discussion
This study proposed a novel RT-based non-Newtonian

model to account for the rouleaux formation time-scale in

image-based CFD models. Our model is a significant

improvement over traditional non-Newtonian models that

assume a strong shear-thinning behaviour. Blood’s strong

shear-thinning behaviour is due to rouleaux formation,

which requires significant flow stagnation [23]. To the best

of our knowledge, our study is the first study to propose a

hybrid rheology model where the strong shear-thinning

behaviour is only activated in regions with considerably

high flow stagnation. The important motivation behind our

study is that regions of low shear rate do not necessarily

imply high flow stagnation. Shear rate is an instantaneous

Eulerian measure that cannot quantify transport proper-

ties [58]. A Lagrangian backward particle RT measure is

proposed that identifies temporally varying points inside an

aneurysm with the property that trajectories visiting these

points have travelled for a long time inside the aneurysmal

region (low shear rate region) before reaching that point.
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0 tmTAWSS

Figure 3. TAWSS contours for the AAA (top row) and ICA aneurysm (bottom row) models. The tm value in the colour bar range is set to 0.7 and 20 Pa for the AAA
and ICA aneurysm models, respectively. The different rheology models are shown in the figure.
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These high RT points are likely to accompany rouleaux struc-

tures because RBCs have had ample time to form aggregates.

The major finding from our study is that traditional

shear-thinning non-Newtonian models used in the literature

exaggerate the non-Newtonian behaviour of blood. Our RT

non-Newtonian model reduced the strong non-Newtonian

behaviour and produced results qualitatively indistinguish-

able and quantitatively closer to the Newtonian model. This

has very important implications in patient-specific CFD

simulations of blood flow and suggests that caution must

be made when performing non-Newtonian blood flow mod-

elling. Based on our new model, we suggest that researchers

take the following steps:

(1) Check to ensure that their region of interest is accompanied

by notable regions with low shear rate (lower than 50 s21).

(2) Quantify the spatio-temporal distribution of backward RT

to detect regions accompanied by RT higher than the

experimentally reported values for rouleaux formation.

(3) If the majority of the domain is accompanied by high

backward RT, then use a traditional non-Newtonian

model. If a small to moderate percentage of the domain

is accompanied by high backward RT, then use the pro-

posed RT non-Newtonian model. Finally, if a minor

portion of the domain (or none) is accompanied by

high RT, then use a purely Newtonian model.
Another interesting finding from our study is the strong

qualitative similarity between the CY non-Newtonian and

Newtonian models. Quantitatively, the high differences were

limited to the OSI measure and did not occur in the majority

of the domain. Our study was based on a minimally dissipa-

tive code with a spatial and temporal resolution of an order of

magnitude higher than what is traditionally used in the litera-

ture. These high-resolution solution strategies have recently

been used in cerebral aneurysms using Oasis (the same CFD

code used here) [15,38,42]. Interestingly, these high-resolution

models have shown that the Newtonian rheology assumption

has a much smaller effect on the haemodynamics compared to

the solution strategy and boundary conditions [15]. It is likely

that the normal-resolution solution strategies in the literature

accompany artificial numerical diffusion that dissipates the

flow, reduces shear rate, and therefore amplifies the non-

Newtonian effects. Our high-resolution results support this

but add rouleaux formation time-scale, the key player in

blood’s non-Newtonian behaviour, which has been overlooked

in prior patient-specific CFD studies.

Regions of high particle RT typically occur near the vessel

wall where the velocity is close to zero due to the no-slip con-

dition. Interestingly, the near-wall regions usually have high

shear rate, therefore reducing the shear-thinning effects, even

though the flow stagnation can be high. To enable PRT calcu-

lation on surface nodes, these tracers were perturbed into the
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Figure 4. OSI contours for the AAA (top row) and ICA aneurysm (bottom row) models. The different rheology models are shown in the figure.

velocity

Newtonian non-Newtonian RTth = 1.5 s

Newtonian non-Newtonian RTth = 1.5 s RTth = 5 s RTth = 10 s
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Figure 5. Velocity vectors for the AAA (top row) and ICA aneurysm (bottom row) models at the shown cross sections and intra-cardiac time-points. Surface stream-
lines of the velocity vectors projected to the cross section are shown. The streamlines are coloured based on the total velocity vector. The Vm value in the colour bar
range is set to 4 and 10 m s21 for the AAA and ICA aneurysm models, respectively. The different rheology models are shown in the figure.
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domain. It is noteworthy that accurate three-dimensional

particle tracking immediately next to the vessel wall is a

numerically challenging task [59]. A small inward wall-

normal velocity needs to be prescribed on the vessel wall

to avoid tracers sticking on the wall. Also, diffusion effects

can become important next to the wall [59]. It is likely that

our three-dimensional particle tracking method underesti-

mates PRT immediately next to the vessel wall. It remains
to be investigated how significant the non-Newtonian effects

will be in this extremely thin region with potentially high

shear rates.

It is important to note that even though our model shows a

significant reduction in non-Newtonian effects, it may be per-

ceived that our model still overestimates the non-Newtonian

behaviour. We assumed that RBC aggregates start to form as

soon as they are inside the aneurysmal region. In correspondence
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with the experimental studies discussed above, this implies that

the aneurysmal region should have zero shear rate to make the

correspondence accurate, but we know that the shear rates are

not necessarily zero and sometimes even high shear rates

emerge. Therefore, it is likely that we are underestimating the

rouleaux formation time-scale, and therefore overestimating

the non-Newtonian effects. The observation that RBC disag-

gregation occurs much faster than aggregation [23] further

supports this conjecture. A more accurate model needs to

track the shear rate history of advected tracers (similar to

Lagrangian platelet activation potential measures [57,60,61]).

The shear rate history for our data is reported in figure 7.

However, for such models to become useful, experimental

studies need to provide us with quantitative information

about rouleaux formation time-scale when RBCs experience

a certain shear rate history as opposed to suddenly being

exposed to zero shear rate.

Our study is based on simplifying assumptions and model-

ling improvements are possible. Our model assumes that in the

absence of rouleaux structures blood exhibits a purely Newto-

nian behaviour. This is not necessarily true and weak shear-

thinning behaviour is possible due to RBC deformation [30].

However, 92% of blood shear-thinning behaviour requires

aggregation, and the weak shear-thinning behaviour itself

might also require a specific time-scale [23]. Nevertheless,

assuming a weak shear-thinning model instead of constant

viscosity might improve our rheology model. Polymer net-

work theory has been used to develop advanced constitutive

models for rouleaux formation and breakage [62,63]. Incorpor-

ation of such models into our framework can improve our

purely phenomenological model. The PRT calculation in our

study was based on the Newtonian model. A more accurate

strategy is to modify the PRT results based on the RT non-

Newtonian model in an iterative procedure. Additionally,

our model activates non-Newtonian behaviour based on a

hard PRT threshold. A probabilistic approach where non-

Newtonian behaviour depends on PRT based on a stochastic

model will likely offer improvements. Our study is based on

two aneurysm models. Different aneurysm morphologies

can create different flow patterns, and therefore our new

model needs to be tested in more geometries. Nevertheless,

the general conclusions are likely to remain unchanged. That

is, accounting for rouleaux formation time-scale in non-

Newtonian models reduces the non-Newtonian effects. The

precise amount of this reduction will depend on patient-

specific morphology and flow rates, and it is possible that

some aneurysm models promote rouleaux formation and the
non-Newtonian effects become more pronounced than the

models studied here. Finally, our results need to be validated

with carefully collected experimental data. This will likely be a

challenging task. In vitro blood flow measurements in large

arteries have been carried out using particle image velocimetry

to study shear-thinning effects [64]. However, these studies use

blood-analogue fluids that cannot model RBC aggregation and

rouleaux formation. In vivo blood flow measurement tech-

niques such as four-dimensional flow magnetic resonance

imaging [65] offer an alternative strategy; however, it is not

clear if the differences between our non-Newtonian and New-

tonian models are meaningful when compared to inherent

in vivo measurement errors.
5. Conclusion
We have developed a new non-Newtonian model to account

for rouleaux formation time-scale in blood shear-thinning be-

haviour. It was demonstrated that current shear-thinning

non-Newtonian models in the literature overestimate the

non-Newtonian effects. Our highly resolved simulations

using a minimally dissipative solver in one image-based cer-

ebral aneurysm and one AAA model showed that activating

shear-thinning behaviour only in regions of high flow stagna-

tion produces haemodynamics qualitatively similar and

quantitatively closer to the Newtonian model. In short, this

study suggests that current non-Newtonian blood flow

models in large arteries should be revisited, and the New-

tonian model is likely appropriate for haemodynamics

calculation in aneurysms unless significant regions of high

backward RT coexisting with low shear rates are identified.
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