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A B S T R A C T   

Background: The combination of medical imaging and computational hemodynamics is a promising technology to 
diagnose/prognose coronary artery disease (CAD). However, the clinical translation of in silico hemodynamic 
models is still hampered by assumptions/idealizations that must be introduced in model-based strategies and that 
necessarily imply uncertainty. This study aims to provide a definite answer to the open question of how to 
properly model blood rheological properties in computational fluid dynamics (CFD) simulations of coronary 
hemodynamics. 
Methods: The geometry of the right coronary artery (RCA) of 144 hemodynamically stable patients with different 
stenosis degree were reconstructed from angiography. On them, unsteady-state CFD simulations were carried 
out. On each reconstructed RCA two different simulation strategies were applied to account for blood rheological 
properties, implementing (i) a Newtonian (N) and (ii) a shear-thinning non-Newtonian (non-N) rheological 
model. Their impact was evaluated in terms of wall shear stress (WSS magnitude, multidirectionality, topological 
skeleton) and helical flow (strength, topology) profiles. Additionally, luminal surface areas (SAs) exposed to 
shear disturbances were identified and the co-localization of paired N and non-N SAs was quantified in terms of 
similarity index (SI). 
Results: The comparison between paired N vs. shear-thinning non-N simulations revealed remarkably similar 
profiles of WSS-based and helicity-based quantities, independent of the adopted blood rheology model and of the 
degree of stenosis of the vessel. Statistically, for each paired N and non-N hemodynamic quantity emerged 
negligible bias from Bland-Altman plots, and strong positive linear correlation (r > 0.94 for almost all the WSS- 
based quantities, r > 0.99 for helicity-based quantities). Moreover, a remarkable co-localization of N vs. non-N 
luminal SAs exposed to disturbed shear clearly emerged (SI distribution 0.95 [0.93, 0.97]). Helical flow topology 
resulted to be unaffected by blood rheological properties. 
Conclusions: This study, performed on 288 angio-based CFD simulations on 144 RCA models presenting with 
different degrees of stenosis, suggests that the assumptions on blood rheology have negligible impact both on 
WSS and helical flow profiles associated with CAD, thus definitively answering to the question “is Newtonian 
assumption for blood rheology adequate in coronary hemodynamics simulations?”.   

1. Introduction 

Coronary artery disease (CAD) is the leading cause of morbidity and 
mortality in higher income countries and among the most investigated 
fields in cardiovascular medicine, with a remarkable impact on health 

systems cost worldwide [1]. CAD consists in an inflammatory status 
caused by a complex interplay of systemic, biological, and biomechan
ical factors promoting lipid deposition at the arterial wall and leading to 
atherosclerotic plaque growth, which may result in clinical adverse 
events. In the context of coronary atherosclerosis, local flow 
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disturbances have been associated with plaque initiation and progres
sion and have been advocated as drivers of clinical events across the 
spectrum of CAD manifestations [2–4]. 

In the last decades, the coupling of computational fluid dynamics 
(CFD) and medical imaging has allowed to profile with high spatio
temporal resolution local hemodynamics in coronary arteries [5,6]. 
Personalized CFD models have been extensively applied to investigate 
the action exerted by friction forces, namely the wall shear stress (WSS), 
at the blood-endothelium interface, with findings supporting the 
so-called ‘hemodynamic risk hypothesis’ [7] of coronary atherosclerosis, 
which links specific WSS profiles to coronary plaques initiation, pro
gression, and rupture. In detail, WSS profiles characterized by low 
cycle-average magnitude values have been associated with, e.g., local 
endothelial dysfunction and plaque progression [8–10], while WSS 
profiles characterized by high cycle-average magnitude values have 
been linked to plaque vulnerability [11]. More recently, a role in coro
nary pathophysiological processes has also emerged for (i) the vari
ability in the contraction/expansion action exerted by the WSS on the 
endothelium along the cardiac cycle [3,12], and (ii) the intravascular 
helical flow establishing in healthy coronary vessels, which has been 
suggested to be atheroprotective [13,14]. 

The emerged evidence supporting the hemodynamic risk hypothesis 
for coronary arteries has highlighted the potential of personalized in 
silico modelling to lead a technological paradigm shift in CAD man
agement, proposing itself as a non-invasive tool for a deeper under
standing of the pathophysiology of the atherosclerotic process, 
supporting clinical decision, and predicting patient outcome by means 
of advanced patient-specific simulations. 

However, the clinical translation of computational hemodynamics is 
hampered by still insufficient evidence in demonstrating the full reli
ability of simulated results and predictions [15,16]. The deep reason for 
this lies in the unavoidable assumptions/idealizations, which become 
sources of uncertainty that may entail the generality of the in silico-
derived results. 

In this regard, a source of uncertainty is represented by the as
sumptions done to model the rheological properties of blood. It is 
consolidated knowledge that blood has a non-Newtonian behavior with 
thixotropic, viscoelastic, and shear-thinning characteristics [17]. Thix
otropy is associated to time scales longer than the period of the pulsatile 
flow cycle [17] and thus deemed to have a limited impact on coronary 
hemodynamics. The viscoelastic behavior at physiological hematocrit 
values is dominated by the viscous contribution with respect to the 
elastic one [18]. Therefore, the purely viscous behavior of blood as a 
shear-tinning fluid (i.e., the dynamic viscosity decreases with at 
increasing shear rates up to a value where dynamic viscosity becomes 
shear rate independent) [19,20] has to be considered the dominant 
non-Newtonian effect. However, the real need for adopting a 
shear-thinning non-Newtonian constitutive equation to model blood 
rheology in coronary in silico models is still debated. A paucity of studies 
has focused on blood rheology effects in coronary CFD, comparing the 
implementation of Newtonian vs. shear-thinning non-Newtonian 
modeling strategies (in general in terms of WSS profiles), often gener
alizing findings obtained on small-sized dataset (N<20) [21–23] or in 
other arterial segments [24]. 

In this still unclear picture, the overarching hypothesis of this study 
is that shear-thinning non-Newtonian blood rheological properties 
might impact the coronary hemodynamics in such a way that might not 
be accounted for assuming Newtonian rheological properties in coro
nary CFD simulations. The formulated hypothesis is here tested on a 
dataset of patient-specific angiography-based CFD models of 144 right 
coronary arteries presenting different degrees of stenosis. Technically, 
two unsteady-state simulations were carried out on each reconstructed 
anatomy, assuming for blood Newtonian and shear-thinning non-New
tonian rheological properties, respectively. The influence that modeling 
assumptions on blood rheology have on right coronary hemodynamics is 
analyzed in terms of near-wall and intravascular hemodynamic 

quantities with a suggested link to coronary biological adverse events. 

2. Materials and Methods 

2.1. Patients’ enrollment, data collection and 3D vessel reconstruction 

The study enrolled 224 hemodynamically stable patients with cor
onary artery disease from 11 international centers. Right coronary ar
teries (RCAs) were considered for the study. The characteristics of the 
patients are summarized in Table 1. 

The study was approved by each local medical hospital and con
ducted in accordance with the World Medical Association Declaration of 
Helsinki (64th WMA General Assembly, Fortaleza Brazil, October 2013) 
and Medical Research involving the human subject act (WMO). All pa
tients gave their written informed consent. 

A schematic overview of the study design is provided in Fig. 1. Pa
tients underwent invasive coronary cineangiography. All angiograms 
were acquired and reviewed at a core laboratory. Patients presenting 
with an acute coronary syndrome with the RCA as culprit vessel were 
excluded. Additionally, an initial screening of the angiographic images 
allowed the exclusion of cases with overlapping or foreshortening of the 
segment of interest. After exclusion criteria, 144 RCA vessels were 
considered and their 3D geometries were reconstructed from two cra
nial, end-diastolic angiographic projections, with a minimum angle of 
25◦ between them, using the clinical software QAngio XA Bifurcation RE 
(Medis medical imaging systems, Leiden, The Netherlands). Based on 
the importance of side branches for the characterization of coronary 
hemodynamics [25–27], each side branch with a diameter larger than 1 
mm was reconstructed and merged to form the complete RCA geometry 
using VTK (Kitware, Inc., Clifton Park, NY, USA) and VMTK (Orobix, 
Bergamo, Italy) libraries, as detailed elsewhere [28]. Briefly, the main 
vessel was segmented and reconstructed considering one side branch at 
a time. Then, the Voronoi diagrams of the single branching vessels were 
merged into one single diagram from which the complete 3D geometry 
including all side branches [28] was obtained. 

Table 1 
Patients’ clinical characteristics  

N = 144 subjects 
Age (years) 70 (54-86) 
Sex  

Men 108 (75.0%) 
Female 36 (25.0%) 

Diabetes mellitus 45/141 (31.9%) 
Hypertension 107/140 (76.4%) 
Dyslipidemia 92/141 (65.2%) 
Smoker  

Current 37/141 (26.2%) 
Former 48/141 (34.0%) 
No 56/141 (39.7%) 

Previous MI 1/137 (0.7%) 
Previous PCI 78/143 (54.5%) 
Previous CABG 3/142 (2.1%) 
EF (%) 60.0 (54.7-62.3) 
STEMI 11/138 (8.0%) 
non-STEMI 13/138 (9.4%) 
Unstable Angina 27/138 (19.6%) 
AS (%) 56.1 (37.2-75.1) 

class C1 46 (31.9%) 
AS (%) 39.0 (27.8-50.2) 
class C2 77 (53.5%) 
AS (%) 58.2 (48.2-68.2) 
class C3 21 (14.6%) 
AS (%) 74.1 (68.1-80.1) 

Data are n (%), n/Nav (%), or median (IQR). n: number of patients in the cate
gory; Nav: number of patients for whom the clinical information is available; MI: 
myocardial infarction; PCI: percutaneous coronary intervention; CABG: coro
nary artery bypass graft; EF: ejection fraction; STEMI: ST-segment elevation 
myocardial infarction; AS: area stenosis. 
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2.2. Computational hemodynamics 

The finite volume method was applied to solve the governing 
equations of fluid motion in their discretized form under unsteady-state 
conditions using the general purpose CFD software Fluent (Ansys Inc., 
Canonsburg, PA, USA). The software ICEM CFD (Ansys Inc., Canons- 
burg, PA, USA) was used to discretize the fluid domain by using tetra
hedral elements with curvature-based refinement and 5 near-wall pris
matic layers. The meshing parameters were derived from a previous grid 
independence analysis [13,14], resulting in a mesh cardinality of 3.15 
million elements on average. Blood was assumed as a homogeneous, 
incompressible fluid, with a density ρ equal to 1060 kg/m3. For each 3D 
coronary geometry two simulation strategies were adopted to model the 
rheological properties of blood: (i) assumption of Newtonian (N) 
behavior, prescribing a constant, shear rate independent blood dynamic 
viscosity μ equal to 0.0035 Pa⋅s, corresponding to a hematocrit value of 
0.43, representative of the physiological hematocrit range variation 
(0.35-0.51) [29]; (ii) assumption of shear-thinning non-Newtonian 
(non-N) behavior, simulated by adopting the Carreau model, largely 
used in computational models of coronary hemodynamics [30,6]. The 
non-N Carreau model describes the relationship between viscosity and 
shear rate (γ̇) as follows: 

μ = μ∞ + (μ0 − μ∞)
(
1 + (λ γ̇)2)n− 1

2 (1)  

where the nominal high shear rate viscosity μ∞ was set equal to the 
Newtonian one (0.0035 Pa⋅s), μ0 = 0.25 Pa⋅s, λ= 25 s, and n = 0.25 [29]. 
The shear rate is defined as follows: 

γ̇ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2D(v) : D(v)

√
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2tr
(
D(v)2)

√
(2)  

D(v) =
∇v +∇vT

2  

where v is the velocity vector, D(v) is the rate of deformation tensor, and 
(:) indicates the double dot product. 

Overall, 288 unsteady-state CFD simulations were performed. The 

coronary vessel walls were assumed rigid, the no-slip condition was 
prescribed on the walls. Concerning the boundary condition definition, 
the 3D contrast velocity method was applied to determine the patient- 
specific average flow rate [11,31]. Technically, the method consists in 
counting the angiographic frames required for contrast to travel from 
the vessel ostium to a standardized distal coronary landmark, as detailed 
elsewhere [11]. The cycle-average flow rate (Qin) can be estimated using 
the number of frames (Nframes) and the 3D distance (L) of the coronary 
landmark from the ostium as follows: 

Qin = A⋅
L⋅f

Nframes
(3)  

where A is the area of the inlet surface and f is frame rate of acquisition 
of the angiographic images. 

A generalized time-dependence of flow rate waveform from Doppler- 
based velocity measurements in RCAs [31] was prescribed, by scaling it 
with respect to the estimated patient-specific value of Qin. A schemati
zation of inflow blood flow rate definition is provided in Figure S1 of the 
Supplementary Material. The resulting inlet flow rates were applied in 
terms of parabolic velocity profile, as suggested in previous studies [28]. 
A mean physiological hear rate of 60 bpm was considered. A 
diameter-based scaling law was applied to estimate the patient-specific 
flow split at each side branch [32], and the latter was imposed as 
outflow boundary condition. 

A second-order accuracy scheme was applied to solve both the mo
mentum and pressure equations with the COUPLED pressure-velocity 
coupling scheme. The backward Euler scheme was adopted for time 
integration, with a fixed time increment (the cardiac cycle was dis
cretized in 100 time-steps). Convergence was achieved when continuity 
and momentum residuals fell below 10− 5 [13,14]. 

2.3. Near-wall and intravascular hemodynamics 

The impact of the two adopted models of blood rheology on CFD 
simulations was evaluated in terms of near-wall and intravascular he
modynamics. The hemodynamic quantities herein considered for the 
analysis are summarized in Table 2. 

Fig. 1. Schematic diagram of the study design. Based on exclusion criteria, 80 patients of the 224 enrolled were excluded from the study. For each patient, coronary 
angiography was used to reconstruct the 3D geometry of the right coronary artery and to assess the contrast velocity-based average flow rate value. Newtonian and 
non-Newtonian models of blood rheology were adopted in CFD simulations to obtain near-wall and intravascular hemodynamic quantities. v: velocity; TAWSS: time- 
averaged wall shear stress; OSI: oscillatory shear index; RRT: relative residence time; TSVI: topological shear variation index; transWSS: transverse wall shear stress; 
ax: axial; sc: secondary; hi (i=1-4): helicity-based quantities; LNH: local normalized helicity. 
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Based on the widely accepted role of WSS as biomechanical factor 
influencing coronary vascular pathogenesis [2,10,33], several 
WSS-based quantities proposed in the literature were considered. In 
detail, the impact of the assumptions done on blood rheological prop
erties was evaluated in terms of the three canonical WSS-based quanti
ties, namely time-average wall shear stress magnitude (TAWSS), 
oscillatory shear index (OSI) [34], and relative residence time (RRT) 
[35]. WSS multidirectionality was quantified also in terms of transverse 
WSS (transWSS) [36], defined as the cycle-average WSS component 
acting orthogonal to the cycle-average WSS vector direction. A vessel 
centerline-based decomposition of the WSS was also considered, as 
proposed elsewhere [13]. In detail, the WSS vector projections locally 
aligned with the centerline of the vessel (the so-called axial WSS, WSSax) 
and orthogonal to it (the so-called secondary WSS, WSSsc) were 
computed. Their magnitude was averaged along the cardiac cycle and 
expressed as TAWSSax and TAWSSsc, respectively. 

To complete the analysis, based on the recently emerged role of WSS 

topological skeleton features on coronary pathophysiology [3,12], the 
variability in the contraction/expansion action exerted by the WSS on 
the endothelium along the cardiac cycle T was quantified in terms of the 
topological shear variation index (TSVI) [2,12]. 

Luminal surface areas (SAs) exposed to disturbed hemodynamics 
(low shear area: LSA, high shear area: HSA, oscillatory shear area: OSA, 
residence time area: RTA, transverse shear area: transSA, low axial shear 
area: LaxSA, high axial shear area: HaxSA, high secondary shear area: 
HscSA), and to high variation in WSS contraction/expansion action 
along the cardiac cycle (topological shear variation area: TSVA) were 
identified, based on objective thresholds on the patient-specific luminal 
distributions: both the 20th and 80th percentiles of TAWSS and 
TAWSSax; the 80th percentile of OSI, RRT, transWSS, TAWSSsc, and 
TSVI. The threshold values were obtained from non-Newtonian simu
lations data, here considered as reference. 

Intravascular hemodynamics was characterized in terms of strength, 
and relative rotational direction of helical blood flow structures adopt
ing the well consolidated helicity-based quantities [37] summarized in 
Table 1. In detail, the net amount and the intensity of helical flow were 
quantified in terms of cycle-average helicity (h1) and helicity intensity 
(h2), respectively [37]. Additionally, signed (h3) and unsigned helical 
rotation balance (h4) were calculated as measure of the prevalence 
(identified by the sign of h3) or only the strength (h4) of relative rota
tions of helical flow structures [37]. 

The quantitative analysis of intravascular hemodynamics was sub
stantiated by visualization of intravascular flow structures by means of 
local normalized helicity (LNH) [37], expressed as the normalized in
ternal product between local velocity and vorticity vectors (Table 1): as 
a signed quantity, the visualization of LNH isosurfaces can be used to 
discriminate left- and right-handed helical blood flow structures [13,14, 
28]. 

The impact of the assumptions done in modelling blood rheological 
properties in computational models of coronary hemodynamics was 
investigated at the atherosclerotic lesion level of each model, expected 
to be mostly affected by such assumption. As detailed elsewhere [3], 
adopting 3D quantitative coronary angiography (QCA) the lesion 
segment was unambiguously defined as the coronary segment including 
the minimum lumen area (MLA) section of the vessel and delimited 
proximally and distally by the intersection of the measured lumen area 
curve with its linear regression, identifying the reference interpolated 
lumen area curve (Fig. 2). 

2.4. Statistical analysis 

The agreement between N and non-N simulation strategies was 
evaluated in terms of Bland-Altman plots [38] applied at the lesion level 
to paired hemodynamic quantities, taking non-N simulations as refer
ence. This allowed to evaluate if the two simulation strategies are 
equivalent, in terms of the investigated hemodynamic quantities. 
Additionally, the Pearson correlation coefficients (r) were used to test 
the existence of linear relationships between N and non-N paired he
modynamic quantities. Significance was assumed for p < 0.05. The 
statistical analysis was performed within the Matlab environment (The 
MathWorks Inc., USA). 

Finally, the co-localization between N and non-N SAs at the vessel 
level was quantitatively assessed by the similarity index (SI) [39]. The SI 
ranges between 0 (the SAs given by the two simulations have no spatial 
overlap) and 1 (the SAs are equivalent and perfectly spatially 
overlapped). 

3. Results 

The analysis was performed grouping the RCA vessels into three 
classes, based on the percentage area stenosis (%AS) value as measured 
by QCA (Table 1): class C1, %AS < 50%; class C2, 50% ≤ %AS ≤ 70%; 
class C3, %AS > 70%. 

Table 2 
Definition of hemodynamic quantities involved in the analysis.  

Near-wall hemodynamic quantities 
Time-Averaged Wall Shear Stress 

(TAWSS) TAWSS =
1
T

∫T

0

|WSS|dt 

Oscillatory Shear Index (OSI) 
OSI = 0.5

[

1 −

(
|
∫ T

0 WSSdt|
∫ T

0 |WSS|dt

)]

Relative Residence Time (RRT) RRT =
1

TAWSS⋅(1 − 2⋅OSI)
=

1
1
T

⃒
⃒
⃒
⃒

∫ T

0
WSSdt

⃒
⃒
⃒
⃒

Topological Shear Variation Index (TSVI) 
TSVI =

{
1
T

∫T

0

[DIVWSS − DIVWSS]
2dt

⎫
⎬

⎭

1/2 

Transverse Wall Shear Stress (transWSS) 
transWSS =

1
T

∫T

0

⃒
⃒
⃒
⃒
⃒

WSS⋅

(

n ×

∫ T
0 WSSdt

|
∫ T

0 WSSdt|

)⃒
⃒
⃒
⃒
⃒
dt 

Axial Wall Shear Stress (WSSax) 
WSSax =

WSS⋅C′

|C′|

C′

|C′|
Secondary Wall Shear Stress (WSSsc) 

WSSsc =
WSS⋅S
|S|

S
|S|

; S =
C′ × R
|C′‖ R|

Time-Averaged WSSax (TAWSSax) 
TAWSSax =

1
T

∫T

0

|WSSax|dt 

Time-Averaged WSSsc (TAWSSsc) 
TAWSSsc =

1
T

∫T

0

|WSSsc|dt 

Intravascular hemodynamic quantities 
Average Helicity (h1) h1 =

1
T V

∫

T

∫

V

|v⋅ω| dV dt 

Average Helicity Intensity (h2) h2 =
1

T V

∫

T

∫

V

|v⋅ω| dV dt 

Signed balance of counter-rotating 
helical flow structures (h3) 

h3 =
h1

h2
− 1 ≤ h3 ≤ 1 

Unsigned balance of counter-rotating 
helical flow structures (h4) h4 =

|h1 |

h2
0 ≤ h4 ≤ 1 

Local Normalized Helicity (LNH) LNH =
v ⋅ω
|v|⋅|ω|

WSS is the WSS vector; T is the period of the cardiac cycle; DIVWSS is the 
divergence of the normalized WSS vector; n is the unit vector normal to the 
arterial surface at each element; C’ is the vector tangent to the centerline; R is 
the vector perpendicular to C’ directed from the centerline to the generic point at 
the arterial surface, lying of the same vessel’s cross-section; S is the vector 
orthogonal to vectors R and C’; v is the velocity vector; ω is the vorticity vector; 
V is the arterial volume. 
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Fig. 2. QCA-based definition of the atherosclerotic lesion. The vessel cross-section presenting the minimum lumen area (MLA) was identified as the section located in 
correspondence of the absolute minimum of the (measured) lumen area curve along the RCA centerline. The proximal and distal cross-sections delimiting the lesion 
segment were identified by the intersections between the lumen area curve along the RCA centerline and its regression line located immediately upstream and 
downstream of the MLA section, respectively. A 3D visualization of the lesion segment identified according to the QCA-based approach is here reported for an 
explanatory RCA model. 

Fig. 3. Luminal surface area distributions of Newtonian vs. non-Newtonian near-wall hemodynamic quantities (Part 1). Distributions at the luminal surface of 
TAWSS, OSI, RRT, and TSVI are reported for one representative coronary model for each %AS class. A zoom view at the lesion level is also reported. 
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3.1. Near-wall hemodynamics 

The distributions at the luminal surface of the WSS-based quantities 
obtained from N and non-N simulations are presented in Figs. 3 and 4 for 
one explanatory RCA case per %AS class, namely vessels P1 (class C1), 
P2 (class C2) and P3 (class C3). In detail, for each class the RCA model 
with %AS value closest to the median value of the class was selected. 
Overall and independent of the %AS, the N and non-N simulations 
present very similar luminal surface distributions of the WSS-based 
quantities TAWSS, OSI, RRT, TSVI (Fig. 3), transWSS, TAWSSax, and 
TAWSSsc (Fig. 4). This observation can be extended to all the 144 RCAs 
under investigation. 

The qualitative findings in Figs. 3 and 4 are confirmed by the 
quantitative analysis reported in Figs. 5 and 6, where distributions of the 
values of the WSS-based quantities are reported for 9 coronary vessels, 
selected according to the following scheme: the distributions obtained 
with N and non-N simulations on vessels P1, P2 and P3, representative of 
the median vessel of %AS classes C1, C2 and C3, respectively, are pre
sented with cases representing the 25th percentile (vessel P4, class C1; 
vessel P6, class C2, and vessel P8, class C3) and the 75th percentile 
(vessel P5, class C1; vessel P7, class C2, and vessel P9, class C3) of each 
%AS class. The results in Figs. 5 and 6 confirm that the distribution of all 
the WSS-based quantities in the N and non-N case are very similar in 
shape (all right-skewed distributions with the same number of peaks). 
The expected overall increase of TAWSS and TSVI values with %AS 
emerged from the analysis (Fig. 5), while an overall modest WSS mul
tidirectionality was expressed by OSI (mostly lower than 0.005, Fig. 5) 
and transWSS (lower than 1 Pa, Fig. 6). 

The impact of the rheological properties set for simulating coronary 

blood flows was evaluated comparing the median values of the luminal 
distributions of the WSS-based quantities at lesion level in terms of 
Bland-Altman plots, where data from non-N simulations were adopted 
as reference. Summarizing the results of the Bland-Altman plots (Figs. 7 
and 8), it emerged that independent of the %AS class and for all the WSS- 
based quantities, the differences within 2 standard deviations from the 
mean difference interval were remarkably small, compared to the range 
of mean values (horizontal axis). In terms of bias, Figs. 7 and 8 high
lighted the absence of a considerable mean bias for OSI, RRT, TSVI, 
transWSS, and TAWSSsc, while a negative bias around 0.1 Pa emerged 
for TAWSS and TAWSSax. This indicated that using a Newtonian model 
for blood rheology might underestimate WSS magnitude, particularly 
where TAWSS and TAWSSax values are lower. 

The values of Pearson’s product moment correlation (Figs. 7 and 8) 
highlighted the existence of: (1) a positive linear trend for OSI (r=0.57, 
p<0.001, class C1), RRT (r≥0.92, p<0.001, all %AS classes), TSVI 
(r≥0.72, p<0.001, class C1 and C3), indicating that the error (i.e., the 
difference between N and non-N data) might increase with the 
increasing values of such WSS-based quantities and in particular in pa
tients with low or high %AS; (2) a negative (always weaker than positive 
trends per point before) linear trend for TAWSS (r=-0.37, p=0.01, class 
C1), OSI (r=-0.45, p<0.001, class C2), transWSS (r=-0.43, p<0.001, 
class C2), TAWSSax (r=-0.50 and -0.24, p<0.001 and p=0.03, for class 
C1 and C2, respectively), and TAWSSsc (r=-0.46, p<0.001, class C2), 
indicating that the error might decrease with the increasing values of 
such WSS-based quantities and in particular in patients with low or 
moderate %AS. Overall, data from the Bland-Altman plots should be 
interpreted reminding that OSI values range between 0 and 0.5 while the 
other WSS-based quantities here considered are not bounded superiorly, 

Figure 4. Luminal surface area distributions of Newtonian vs. non-Newtonian near-wall hemodynamic quantities (Part 2). Distributions at the luminal surface of 
transWSS, TAWSSax, and TAWSSsc are reported for one representative coronary model for each %AS class. A zoom view at the lesion level is also reported. 
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by construction. 
The comparison between paired WSS-based quantities from N and 

non-N simulations was extended to all the luminal nodal values of the 
RCA models at the lesion level, where the existence of linear relation
ships was evaluated in terms of Pearson’s correlation coefficient. Overall 
and independent of %AS, a very strong linear relationship emerged 
between N and non-N based paired near-wall quantities (r>0.94, 
p<0.001, for all the WSS-based quantities except for RRT, 0.70≤ r 
≤0.80, p<0.001; Figures S2 and S3 in the Supplementary Material). 

3.2. Intravascular hemodynamics 

Helical blood flow patterns as obtained from N and non-N simula
tions in the three representative RCA models P1, P2 and P3, are visu
alized in terms of cycle-average LNH isosurfaces in Fig. 9. By visual 
inspection, the expected [13,14] two distinguishable counter-rotating 
helical flow patterns characterizing the simulated RCA hemodynamics 
clearly appear as not being dependent on %AS class, with their structure 
being not affected by the rheology-modelling strategy (Fig. 9). 

The Bland-Altman plots were used to evaluate the impact of the 

Fig. 5. Comparison of the luminal distributions of near-wall hemodynamic quantities from Newtonian and non-Newtonian CFD simulations (Part 1). Probability 
density functions and median values are presented using half violin plots visualization. To better appreciate differences in the distributions, a scale break was applied 
on the y axis for some quantities (OSI, RRT, and TSVI). The RCAs are grouped with respect to %AS: <50% (C1 - green colored); between 50% and 70% (C2 - yellow 
colored); >70% (C3 - red colored). Three representative cases per each %AS class are reported: cases P1, P2 and P3, representative of the median vessel of %AS 
classes C1, C2 and C3, respectively, are presented with cases representing the 25th percentile (vessel P4, class C1; vessel P6, class C2, and vessel P8, class C3) and the 
75th percentile (vessel P5, class C1; vessel P7, class C2, and vessel P9, class C3) of each %AS class. 
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differently simulated rheological properties on helicity-based quantities 
at the lesion level (Fig. 10). As for WSS-based quantities, data from non- 
N simulations were adopted as reference. Overall, it emerged that in
dependent of the %AS and for all the helicity-based quantities, the 
provided differences within 2 standard deviations from the mean dif
ference interval were remarkably small, compared to the range of mean 
values (horizontal axis, Fig. 10). Moreover, the absence of a consistent 
bias clearly emerged for h1, h2, h3 and h4. The values of Pearson’s 
product moment correlation highlighted (Fig. 10) a positive linear trend 
in Bland-Altman plots of all the helicity-based quantities, which was 
stronger for cycle-average helicity h1 (r=0.89 and 0.55, p<0.001, for 
class C1 and C2, respectively) and helicity intensity h2 (r≥0.65, p<0.01, 
all %AS classes), and weaker for quantities related to helical structures 
topology h3 (r≥0.46, p<0.01, class C1 and C2) and h4 (r=0.28, p=0.01, 
class C2). This indicates that the error (in terms of difference between N 
and non-N simulations) tends to increase with the increasing magnitude 
of hi quantities, in particular in RCA models with low-to-moderate %AS. 
Overall, data from the Bland-Altman plots should be interpreted 
reminding that h3 values range between -1 and 1, and h4 values range 
between 0 and 1, while h1 and h2 are not bounded superiorly, by 
construction. 

The analysis was completed testing for the existence of linear re
lationships between paired intravascular quantities from N and non-N 

simulations at the lesion level of the RCA models. Overall and inde
pendent of %AS, a very strong linear relationship emerged between N- 
and non-N- based paired intravascular hi quantities (r> 0.99, p<0.001; 
Figure S4, Supplementary Material). 

3.3. Analysis at the luminal surface area extension level 

Fig. 11 reports the boxplots of similarity index values assessing the 
co-localization between N- and non-N-based disturbed SAs performed at 
vessel level. No remarkable differences emerged in the extension of 
disturbed SAs as obtained from N and non-N simulations. Median 
[interquartile range] SI values close to one resulted for all the investi
gated near-wall hemodynamic quantities (SILSA=0.94 [0.91, 0.98]; 
SIHSA=0.98 [0.97, 0.99]; SIOSA=0.96 [0.94, 0.97]; SIRSA=0.94 [0.91, 
0.98]; SITSVA=0.95 [0.93, 0.98]; SItransSA=0.91 [0.88, 0.94]; 
SILaxSA=0.94 [0.91, 0.98]; SIHaxSA=0.98 [0.96, 0.99]; SIHscSA=0.98 
[0.97, 0.99]). The overall median value of SI equal to 0.95 clearly 
highlighted the strong similarity of N- and non-N-based paired SAs. 

4. Discussion 

In the context of coronary artery disease, endothelial shear stress has 
emerged as a biomechanical marker of atherosclerosis, by virtue of its 

Fig. 6. Comparison of the luminal distributions of near-wall hemodynamic quantities from Newtonian and non-Newtonian CFD simulations (Part 2). Probability 
density functions and median values are presented using half violin plots visualization. The RCAs are grouped with respect to %AS: <50% (C1 - green colored); 
between 50% and 70% (C2 - yellow colored); >70% (C3 - red colored). Three representative cases per each %AS class are reported: cases P1, P2 and P3, repre
sentative of the median vessel of %AS classes C1, C2 and C3, respectively, are presented with cases representing the 25th percentile (vessel P4, class C1; vessel P6, 
class C2, and vessel P8, class C3) and the 75th percentile (vessel P5, class C1; vessel P7, class C2, and vessel P9, class C3) of each %AS class. 
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involvement in the onset and progression of adverse biological events 
[3,11,40,41]. Additionally, coronary helical flow has emerged as 
instrumental in suppressing flow disturbances [14], thus playing an 
atheroprotective role [13]. 

The inability of current medical technologies in accurately 
measuring in vivo those biomechanical markers in coronary arteries [42, 
43] can be overcome incorporating personalized computational hemo
dynamics simulations into the clinical practice, with the final aim of 

Fig. 7. Bland-Altman plots to evaluate the equivalence of the near-wall hemodynamic quantities from paired Newtonian and non-Newtonian CFD simulations (Part 
1). For each near-wall hemodynamic quantity, the Bland-Alman plot of N vs. non-N median values at the lesion level is reported. Bias and 95% limits of agreements 
are also displayed (black line and grey dashed lines, respectively). Bland-Altman plots are presented for each %AS: <50% (green colored); between 50% and 70% 
(yellow colored); >70% (red colored). For significant (p<0.05) linear trend of the error, Pearson correlation coefficient (r) and regression line are displayed. 
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Fig. 8. Bland-Altman plots to evaluate the equivalence of the near-wall hemodynamic quantities from paired Newtonian and non-Newtonian CFD simulations (Part 
2). For each near-wall hemodynamic quantity, the Bland-Alman plot of N vs. non-N median values at the lesion level is reported. Bias and 95% limits of agreements 
are also displayed (black line and grey dashed lines, respectively). Bland-Altman plots are presented for each %AS: <50% (green colored); between 50% and 70% 
(yellow colored); >70% (red colored). For significant (p<0.05) linear trend of the error, Pearson correlation coefficient (r) and regression line are displayed. 

Fig. 9. Visualization of helical flow profile as obtained from Newtonian and non-Newtonian CFD simulations. Cardiac cycle-average LNH isosurfaces are reported for 
one representative coronary model for each %AS class. Blue and red colors identify the left- and right-handed rotational direction of helical fluid structures, 
respectively. A zoom view at the lesion level is also reported. 
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improving/enabling prognostics as well as preemptive treatment stra
tegies [2]. To pursue this goal and to promote computational hemody
namics as a medical technology, the budget of uncertainty associated 
with modeling must be mandatorily delineated [16] and an overall 
standardization strategy must be identified. 

Aiming at contributing to this achievement, in this study a compar
ative analysis between two different strategies which are largely adop
ted to model the rheological properties of blood in coronary 
hemodynamics simulations was performed. In detail, the impact of 
assuming Newtonian vs. shear-thinning non-Newtonian rheological 

Fig. 10. Bland-Altman plots to evaluate the equivalence of the intravascular helical flow patterns from paired Newtonian and non-Newtonian CFD simulations. For 
each helicity-based quantity, the Bland-Alman plot of N vs. non-N values at the lesion level is reported. Bias and 95% limits of agreements are also displayed (black 
line and grey dashed lines, respectively). Bland-Altman plots are presented for each %AS: <50% (green colored); between 50% and 70% (yellow colored); >70% (red 
colored). For significant (p<0.05) linear trend of the error, Pearson correlation coefficient (r) and regression line are displayed. 
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properties for blood was evaluated on a large dataset of patient-specific 
angiography-based in silico models of right coronary arteries in terms of 
near-wall and intravascular hemodynamic quantities which have been 
linked to biological adverse events. 

The main findings of the study suggest that in coronary hemody
namics simulations, assumptions done on blood rheology (Figs. 3–11): 
(i) have negligible impact on WSS profiles in terms of both magnitude 
and multidirectionality (quantified in terms of OSI, transWSS, and 
TAWSSsc); (ii) do not affect the variability in WSS contraction/expan
sion action at the endothelium during cardiac cycle, quantified in terms 
of TSVI; (iii) have scarce impact on helical flow topology and intensity; 
(iv) scarcely affect the extent of the luminal SAs exposed to disturbed 
hemodynamics. 

The present analysis was performed on a dataset of 144 RCA ge
ometries, and it represents the largest study to date on the impact of 
blood rheology on coronary hemodynamic quantities of biological/ 
clinical interest. This study suggests that the adoption of a shear- 
thinning non-Newtonian model could be unnecessary, independent of 
the degree of stenosis (within the explored range) of the coronary vessel. 
This result is in contrast with previously reported findings on the sig
nificant underestimation of WSS offered by the adoption of a Newtonian 
model, when compared to a non-Newtonian one [21–23,44,45]. In this 
regard, Johnston and coworkers [22] suggested that the implementation 
of a non-Newtonian model is needed to study the coronary flow with 
greater accuracy and detail, while Thondapu and colleagues [21] 
claimed that non-Newtonian behavior of blood is operational, yielding 
marked differences in hemodynamics indices such as WSS and WSS 
gradient. Additionally, Liu and Tang [44] claimed out that the blood 
rheological properties have considerable effect on WSS magnitude, 
especially where disturbed flow is observed, while Apostolidis and col
leagues [45] reported significant differences (up to 50%) between the 
simulation output of Newtonian and non-Newtonian models. Very 
recently, Kandangwa et al. [23] suggested that simulating artery motion 
and non-N blood rheological behaviour in a computational model of the 
RCA hemodynamics might have not negligible impact on OSI and 
transWSS and a limited effect on TAWSS. All these reference studies as 

well as the body of literature available on the argument suffer from the 
very limited number of cases investigated (e.g., 4 patient-specific ge
ometries were analysed by Johnston et al. [22], 16 by Thondapu et al. 
[21], 1 by Liu and Tang [44]; 1 idealized geometry was analysed by 
Apostolidis et al. [45]). Moreover, such studies emphasized instanta
neous differences of paired N vs. non-N simulated WSS data [21,22,44] 
rather than cycle-average WSS-based quantities, although the latter are 
the ones emerged to be linked to CAD manifestations. Additionally, the 
reported global non-Newtonian importance factor [46], weighting the 
difference of N vs. non-N dynamic viscosity, resulted in a very low 
time-average value (<0.3) [22], suggesting a poor-to-moderate impact 
of the shear-thinning phenomenon on cardiac-cycle average WSS 
profiles. 

The emerged discrepancies between our findings and previous 
studies may be attributed in part to the analysis of idealized [45] cor
onary artery models [21,22,44] or, more probably, to the low cardi
nality of the analysed datasets, which might not be sufficiently 
representative of the variability of a population [21–23,44]. 

As a remarkable finding of the study, we highlight here that the 
obtained equivalence of paired N vs. non-N simulations in terms of WSS- 
based quantities emerges in all the three %AS interval values analysed. 
Finally, the emerged marked overlap (>80%) of paired N and non-N 
luminal SAs exposed to disturbed hemodynamics (Fig. 11) unambigu
ously testify the capability of the Newtonian rheological assumptions to 
identify colocalized luminal regions more prone to CAD onset/devel
opment, with a median co-localization of 95%. This might have clinical 
translational implications: since clinicians require absolute threshold 
values for CAD risk quantification and stratification [2,3,11], the re
ported findings suggest that the selected model for coronary blood flow 
rheology has a minor importance. This is especially true if modelling 
assumptions, computational settings and the definition of threshold 
values for the hemodynamic quantities of clinical interest undergo a 
standardization that would make computational hemodynamics simu
lations reproducible, i.e. capable to provide comparable results when 
applied to similar populations. 

Fig. 11. Co-localization analysis of WSS-based luminal SAs exposed to flow disturbances from paired Newtonian and non-Newtonian CFD simulations. Boxplot 
visualization of Similarity Index (SI) values is adopted, displaying median value, interquartile range, and distribution bounds. LSA: low shear area; HSA: high shear 
area; oscillatory shear area: OSA; residence shear area: RSA; topological shear variation area: TSVA, transverse shear area: transSA; low axial shear area: LaxSA; high 
axial shear area: HaxSA; high secondary shear area: HscSA. 
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4.1. Limitations 

Some limitations could weaken the findings of this study. The un
certainty and the level of idealization inherent in the computational 
hemodynamic modelling might have influenced the considered near- 
wall and intravascular hemodynamic quantities. In particular, the 
rigid walls assumption and the absence of the cardiac-induced motion of 
coronary arteries could have affected the WSS estimation. However, the 
impact of such assumption on the WSS distribution has been demon
strated to be minor, especially when considering time-averaged and/or 
integral WSS quantities [47]. In this regard and for the sake of 
completeness, it must be mentioned here a very recent single-case study 
suggesting that including both artery motion and non-N blood rheology 
in CFD simulations of the RCA hemodynamics might have consequences 
on secondary flow patterns that not linearly pile up and might amplify 
the impact of blood rheological properties on quantities measuring WSS 
multidirectionality [23]. 

Additionally, the lack of personalized instantaneous flow measure
ments and the assumptions made to manage the inflow boundary con
ditions could have affected WSS and velocity estimation. However, the 
use of generic Doppler velocity curves scaled to fit patient-specific inlet 
cross-section diameter was previously validated [32], and its impact on 
coronary hemodynamic quantities is expected to be even minor when 
using frame count data to determine the patient-specific cycle-average 
flow rate [31]. 

The limitations discussed above are expected to impact equally on N 
and non-N CFD simulations, with no effect on the reported findings. 

Another possible limitation of the study concerns the selection of a 
single value of Newtonian dynamic viscosity for all the patients, corre
sponding to a hematocrit value representative of the physiological he
matocrit range variation [29]. In the future, the influence of 
patient-specific hematocrit values on both shear-thinning and Newto
nian rheological model should be investigated more in depth. 

Finally, the study was focused only on patient-specific right coronary 
arteries, not involving left anterior descending (LAD) nor left circumflex 
(LCX) coronary vessels. However, a recent study [48] revealed a marked 
similarity of near-wall and intravascular hemodynamic quantities 
among the three main coronary arteries (i.e., RCA, LAD, and LCX), 
which suggests extending the present findings to all epicardial coronary 
segments. On the contrary, it is not possible to generalize the emerged 
evidence to smaller coronary segments, in which the shear-thinning and 
viscoelastic behaviors [49] of blood might gain relevance. This stimu
lates future investigation on the impact of N vs. non-N rheological 
assumption on the hemodynamics of smaller arteries and on the effect of 
the elastic response of blood viscoelasticity in coronary hemodynamics 
[49]. 

4.2. Conclusions 

In this study the impact of assumptions on blood rheology in 
personalized computer simulations of coronary hemodynamics is eval
uated on the largest dataset to date (144 right coronary arteries). The 
findings of the study clearly highlight that the assumptions on blood 
rheology have negligible impact on both WSS and helical flow profiles 
associated with coronary artery disease, thus definitively answering to 
the still vexata quaestio “Newtonian or shear-thinning non-Newtonian 
rheology in coronary hemodynamics simulations?”. The simpler and 
more computationally convenient assumption of Newtonian rheology 
for blood is acceptable when modelling coronary hemodynamics. 
Finally, the findings of the study are a further indication that stan
dardization of in silico strategies is a primary effort to be pursued to gain 
credibility and encourage translation to clinics of computational 
hemodynamics. 
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