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2. Abstract and key terms 

 

Arterial hemodynamics is markedly characterized by the presence of helical flow patterns. 

Previous observations suggest that arterial helical blood flow is of physiological significance, and 

that its quantitative analysis holds promise for clinical applications. In particular, it has been 

reported that distinguishable helical flow patterns are potentially atheroprotective in the carotid 

bifurcation as they suppress flow disturbances. In this context, there is a knowledge gap about the 

physiological significance of helical flow in coronary arteries, a prominent site of atherosclerotic 

plaque formation. This study aimed at the quantitative assessment of helical blood flow in 

coronary arteries, and to investigate its possible associations with vascular geometry and with 

atherogenic wall shear stress (WSS) phenotypes in a representative sample of 30 swine coronary 

arteries. This study demonstrates that in coronary arteries: (1) the hemodynamics is characterized 

by counter-rotating bi-helical flow structures; (2) unfavorable conditions of WSS are strongly and 

inversely associated with helicity intensity (r=-0.91; p<0.001), suggesting an atheroprotective role 

for helical flow in the coronary tree; (3) vascular torsion dictates helical flow features (r=0.64; 

p<0.001). The findings of this work support future studies on the role of helical flow in 

atherogenesis in coronary arteries. 
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3. Introduction 

 Early observations1,2,3,4 using in vitro models suggested that arterial hemodynamics is 

markedly characterized by the presence of helical flow patterns. These in vitro data were 

confirmed in vivo using several different imaging modalities (as summarized in Table 1). As an 

example, a recent study using Color Duplex scanning observed in a cohort of 42 healthy volunteers 

that: (1) helical flow was present in 90% of the cases in the common carotid artery and the 

infrarenal aorta, and in 81% of the cases in the internal carotid artery; (2) 97% of the subjects had 

more sites with helical flow5. Furthermore, phase contrast magnetic resonance imaging (MRI) has 

allowed to highlight that the aortic hemodynamics is markedly characterized by the presence of 

helical flow patterns (Table 1). All those observations suggest that helical flow in arteries has a 

physiological significance, and that its quantitative analysis holds promise for clinical applications. 

35 

The acknowledgment of a beneficial nature to helical flow in arteries is consistent with the 

fundamental role recognized for helicity in the organization/stabilization of both laminar and 

turbulent flows by the fluid mechanics theory.36 In this regard, the onset of helical blood flow has 

been explained in terms of energy expenditure, i.e., distinguished helical blood flow patterns 

might be the consequence of an optimization in physiological transport process in the 

cardiovascular system, assuring an efficient perfusion as a result.14,16 Furthermore, the forward-

directed rotational fluid motion might stabilize blood flow, thereby minimizing flow disturbances 

and thus surface exposure to low and oscillatory wall shear stress (WSS), a condition which is 

known to influence endothelial function33 creating a pro-atherogenic environment.37 This last 

consideration motivated the investigation of the existence of a relationship between arterial 

helical flow and low and oscillatory WSS. For that purpose, in recent years hemodynamic 

indicators were introduced to enable the quantitative analysis of helical blood flow patterns in 

arteries. 38 Findings in the human carotid bifurcation39,40 and in the human aorta41 showed that a 

high helical flow intensity suppresses flow disturbances, and thereby is potentially protective for 

atherosclerotic plaque build-up. Moreover, numerical studies suggested that helical flow 

influences transport and transfer of atherogenic particles to the vessel wall, ultimately 

contributing to the distribution of atherosclerotic plaques at the luminal surface.42,43 

Until now, there is paucity of studies on the nature of helical blood flow patterns in coronary 

arteries. In this study we (1) assess the quantitative amount of helical blood flow, and (2) 

investigate if correlations exist among helical flow, vascular geometry and descriptors of disturbed 



shear stress in a representative sample of swine-specific computational hemodynamic models of 

coronary arteries. The study aims at bridging the gap of knowledge still existing on the 

atheroprotective nature of helical flow in coronary arteries44.  



4. Materials and Methods 

Animal Population and Imaging 

Ten adult familial hypercholesterolemia Bretoncelles Meishan mini-pigs with a low-density 

lipoprotein receptor mutation were fed a high fat diet. For each animal model, the right (RCA), the 

left anterior descending (LAD), and the left circumflex (LCX) coronary artery were imaged at 

baseline using computed coronary tomography angiography (CCTA) and intravascular ultrasound 

(IVUS), as detailed in the Supplemental Methods. In each artery, blood flow velocity was measured 

at several locations with the ComboWire (Volcano Corp., Rancho Cardova, CA, USA).  

Ethical approval was obtained to perform the pig study (EMCnr. 109-14-10) and the study was 

performed according to the National Institute of Health guide for the Care and Use of Laboratory 

animals.45 

Geometry Reconstruction  

The scheme applied for coronary arteries models reconstruction is summarized in Figure 1. 

Technical details are presented in the Supplemental Methods (Figure S.1). In short, IVUS images 

were segmented into lumen contours  and stacked upon the 3D CCTA centerline. Additional 

luminal regions proximal to the IVUS segment up to the aorta and at least two diameters distal to 

the IVUS-based models were segmented using the CCTA images.46  

The 30 reconstructed luminal surfaces of the coronary arteries (10 RCA, 10 LAD, and 10 LCX) are 

presented in Figure 2. Computational hemodynamics was performed on all models including the 

side branches. However, data analysis was performed in the main branch of the RCA, LAD and LCX 

segments only. To do that, in the post-processing step side branches were removed using the 

open-source Vascular Modeling Toolkit (VMTK, http://www.vmtk.org/). 

Morphometric Descriptors 

A robust centerline-based analysis of coronary arteries geometry was applied (see Supplemental 

Methods), as proposed elsewhere.40 In detail, here the average values of curvature (𝜅̅) and torsion 

(𝜏̅) along the vessel were considered, which are known to have an influence on arterial 

hemodynamics.40 
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Computational Hemodynamics 

The governing equations of fluid motion, the Navier-Stokes equations, were numerically solved in 

their discrete form by applying the finite volume method. The adopted discretization schemes are 

detailed in the Supplemental Methods (an explanatory example of the applied mesh strategy is 

presented in Figure S.2, Supplemental data). Blood was assumed as an incompressible, 

homogeneous fluid with density ρ equal to 1060 kg/m3, and its non-Newtonian behavior was 

modeled assuming it as a Carreau fluid.47,48 Arterial walls were assumed to be rigid with no-slip 

condition. The derivation of boundary conditions from in vivo Doppler velocity measurements 

adopted here represents an accurate method to obtain personalized coronary artery 

computational models.49 Technically, in each artery the instantaneous maximum blood flow 

velocity was measured at several locations upstream and downstream of each side branch with 

the ComboWire. At each measurement site, maximum velocity  data were used to estimate the  

flow rate as proposed elsewhere.50 As condition at the inflow boundary, the most proximal 

measurement-based flow rate value was prescribed in terms of time-dependent flat velocity 

profile (Figure S.3, Supplemental data). At each side branch a flow ratio was applied as outflow 

boundary, based on difference between upstream and downstream velocity-based flow rate 

measurements. In those vessel segments where velocity measurements were inaccurate or not 

available, the Huo-Kassab diameter-based scaling law51 was used to estimate the flow ratio to be 

prescribed (an explanatory example of the applied outflow boundary conditions is presented in 

Figure S.4, Supplemental data). 

 Hemodynamic Descriptors 

Helical flow in the 30 coronary artery models was characterized in terms of strength, size and 

relative rotational direction by applying different helicity-based descriptors, listed in Table 2. In 

detail, cycle-average helicity (h1) and helicity intensity (h2), signed (h3) and unsigned helical 

rotation balance (h4) were calculated as reported elsewhere.39 Average helicity descriptors h1 and 

h2 indicate the net amount and the intensity of helical flow, respectively, while the helical rotation 

balance descriptors measure the prevalence (identified by the sign of descriptor h3) or only the 

strength (h4) of relative rotations of helical flow structures. 

The luminal distribution of three “established” WSS-based descriptors, namely time-averaged wall 

shear stress (TAWSS), oscillatory shear index (OSI),24 and relative residence time (RRT)52 was 

computed (Table 3). Two “emerging” descriptors of WSS multidirectionality were also considered. 



The first is the transversal WSS (transWSS),53 defined as the average WSS component acting 

orthogonal to the time-averaged WSS vector direction, and the second is its normalized version, 

the Cross Flow Index (CFI)54 (Table 3). As in previous studies,39,55 data from all simulations were 

pooled to define objective thresholds for ‘disturbed shear stress’. From combined data, the lower 

tertile (i.e., the 33th percentile) for TAWSS, and the upper tertile (i.e., the 66th percentile) for OSI, 

RRT, transWSS, and CFI were identified. For each model, the percentage of surface area (SA) 

exposed to OSI, RRT, transWSS, and CFI values belonging to the upper (TAWSS lower) tertile was 

quantified. These areas were denoted as OSI66, RRT66, transWSS66, CFI66, and TAWSS33, 

respectively. Intravascular flow was investigated in terms of helical flow amount and topology.  

The quantitative analysis, based on the hemodynamic descriptors in Tables 2 and 3, was 

substantiated by visualizations of near-wall and intravascular quantities. The normalized internal 

product between local velocity and vorticity vectors (Table 4), labeled as local normalized helicity 

(LNH),38 was used to visualize helical blood flow inside the coronary segments. The LNH allows to 

visualize left- and right-handed fluid structures in arteries39,41 and isosurfaces of cycle average LNH 

values were used throughout the manuscript. Moreover, two more descriptors visualizing WSS 

multidirectionality were evaluated considering the cycle-average values of the projections of WSS 

vector respectively along (1) the “axial direction” (WSSax), identified as the direction of the tangent 

to the vessel’s centerline, and (2) the secondary direction (WSSsc), orthogonal to the axial direction 

and related to secondary flow (Table 4).56 

Statistical analysis 

Bivariate correlations among WSS-based, helicity-based and geometric descriptors were 

determined in Matlab environment (The MathWorks Inc., USA) by using Spearman rank ordering. 

Regression analysis was used to identify relationships between each pair of descriptors and 

reported as Spearman correlation coefficients. Significance was assumed for p<0.05.  



5. Results 

Helical blood flow patterns were visualized using the isosurface of cycle-average LNH, with blue 

and red colors indicating left-handed and right-handed helical flow rotation, respectively (Figure 

3). Notably, all 30 coronary artery models presented two distinguishable counter-rotating helical 

flow structures. It can be also appreciated that: (1) in most of the cases, counter-rotating cycle-

average helical flow structures are distributed all along the length of the artery; (2) despite inter-

individual variations, no marked differences among the coronary artery types is present. 

Figure 4 shows for 3 different types of coronary arteries from animal model C (see Figure 2) the 

visualizations of the LNH cycle-average isosurfaces, and the maps of the cycle-average secondary 

(WSSsc) and axial (WSSax) WSS vector projections. As for LNH, also for the WSSsc blue and red 

colors identify the left and right-handed direction, respectively. For WSSax the blue and red colors 

identify the backward and forward flow direction, respectively. Interestingly for the LAD and RCA 

there was a clear match between LNH and WSSsc direction of rotation, however for the LCX this 

was less evident. Furthermore, Figure 4 shows that WSSax is mainly positive, meaning that the WSS 

vector is predominantly aligned with the forward flow direction. Secondary and axial WSS 

distributions are presented in the supplemental Figure S.5 for all the 30 coronary artery models. 

The results presented in Figure 4 and Figure S.5 suggested that the bi-helical arrangement of 

intravascular blood flow delineates the near-wall hemodynamics of coronary arteries. 

To complete the intra-individual analysis of representative animal model C, also the luminal 

distribution of the other computed WSS-based descriptors were presented in Figure 5. Notably, 

OSI, transWSS and CFI values at the luminal surface were low, suggesting that WSS is scarcely 

multidirectional in the three different types of coronary arteries of animal C (Figure S.6 and Table 

S.1, Supplemental data). Figure 5 highlights that the location of the low WSS regions in the 

coronary arteries was more focal in the LAD and RCA, but less in the LCX. Moreover, TAWSS and 

RRT showed a similar distribution, independent of coronary artery type, which was also the case 

for CFI and transWSS. 

The visualization of SAs exposed to low WSS (TAWSS33) highlights wide inter-individual variations 

(Figure 6). In some cases the luminal surface is largely exposed to low WSS (e.g., case J-LDA, case 

G-LCX, case E-RCA) whereas other arteries are hardly exposed (e.g., case I-LDA, case H-RCA). The 

distribution of SAs exposed to OSI66, RRT66, transWSS66, CFI66 for all the 30 coronary artery 

models is presented in the Supplemental data (Figure S.7). 



The correlation coefficients between each possible couple of disturbed shear stress and geometry 

descriptors are summarized in Table 5. The WSS-based percentage SAs (exposed to) were 

significantly correlated to each other, with the sole exception of OSI66 and RRT66. 

In this study, RRT66 was considered to be equivalent to TAWSS33. This consideration was based 

on the strong association that emerged between RRT66 and TAWSS33 (Table 5), suggesting that 

RRT was markedly biased by TAWSS. The definition of RRT as a combination of OSI and TAWSS 

(Table 3), and the very low OSI values characterizing the investigated coronary arteries (Figure S.6 

and Table S.1, Supplemental data), support the observation that RRT66 is a replica of TAWSS33, in 

the coronary arteries investigated. 

As a consequence of the low transWSS values characterizing the hemodynamics of the 

investigated coronary arteries, and by construction, a significant association emerged between 

transWSS66 and CFI66 (r=0.74, p<0.001). Interestingly, also a significant association was observed 

for OSI66 with transWSS66 (r=0.59, p<0.001) and CFI66 (r=-0.81, p<0.001). 

Furthermore our data showed that larger SAs exposed to low WSS corresponded to smaller SAs 

exposed to multidirectional WSS, as confirmed by the moderate negative associations of TAWSS33 

with OSI66 (r=-0.37, p<0.05), transWSS66 (r=-0.84, p<0.05), and CFI66 (r=-0.39, p<0.05). 

Low and oscillatory WSS areas were neither correlated to curvature nor torsion of the artery 

(Table 5). Since transWSS66 (r=-0.37, p<0.05) and CFI66 (r=-0.49, p<0.05) were negatively 

associated with curvature, our data suggest that curvature in coronary arteries serves to suppress 

WSS multi-directionality. 

Regression analysis revealed significant associations between helicity-based vs. WSS-based 

descriptors (Table 6). Notably, h2 was strongly and negatively associated with TAWSS33 (r=-0.91, 

p<0.001), indicating that the higher the h2 is, the lower the SA of an individual coronary artery 

exposed to low WSS.  

In contrast, positive regression coefficients were found for the significant associations of h2 with 

OSI66, CFI66 and transWSS66 (Table 6). For clarity, it must be reported here that the threshold 

values (66th percentile) identified for OSI (0.002), CFI (0.066) and transWSS (0.039 Pa) are very low 

in the 30 coronary arteries investigated, suggesting that WSS multidirectionality is not a feature 

marking out their local hemodynamics (Figure S.6 and Table S.1, Supplemental data).  

Associations similar to h2, although weaker, were observed for h1 (Table 6). An explanation for this 

is that overall there is a preferential, even if moderate, cycle-average direction of rotation in the 



observed bi-helical blood flow patterns establishing in the 30 coronary arteries, as confirmed by 

the positive sign of average h3 value and by average h4 value (h4 = 0.112).  

Regarding geometric attributes, Table 6 also shows that neither h1 nor h2 were associated with 

curvature. Torsion was found to be positively correlated with helicity h1 (r=0.49, p<0.01), with 

signed (h3) helical rotation balance (r=0.64, p<0.001), and more weakly with its unsigned (h4) 

version (r=0.49, p<0.05), suggesting an important role of vascular torsion in promoting helical flow 

in coronary arteries.  

The nature of the association of h2 with WSS and geometry can be better appreciated in scatter 

plots reported in Figure 7. It emerges that: (1) a non-linear decreasing trend relates h2 with 

TAWSS33 (and RRT66 as well), i.e., the percentage SA exposed to low WSS; (2) an almost (positive) 

linear trend describes the observed association of h2 with transWSS66; (3) trends in the observed 

associations are not specific for the different types of coronary arteries. 

The observed associations between helicity-based descriptors and percentage of luminal SAs that, 

based on thresholds, are subjected to more ‘disturbed shear stress’ (Table 6), are confirmed when 

considering luminal surface area-averaged values of the WSS-based descriptors (Table S.2, 

Supplemental data).  

  



6. Discussion 

 In the last decade quantitative approaches have started to be massively applied to 

investigate the physiological significance of arterial helical flow. However, despite the qualitatively 

description of a relationship between helical flow and atheroma formation in coronary arteries,1 

only recently a patient-specific computational study on a small dataset (N=3) has suggested a link 

between helical flow and WSS in human coronary artery segments. 47 

Here,  the existence of correlations among helical flow, vascular geometry and disturbed 

shear stress was explored in a representative dataset of 30 swine-specific models of coronary 

arteries. Among the main findings, it is reported for the first time that distinguishable counter-

rotating helical flow patterns were present in all the models under investigation. This suggests that 

helical flow arrangement is a feature characterizing physiological intravascular hemodynamics in 

coronary arteries (Figure 3). Such arrangement in helical structures characterized by high helicity 

intensity (h2) stabilizes blood flow imparting low WSS multidirectionality and minimizing the 

luminal surface exposed to low WSS, thus indicating that helical flow is instrumental in 

suppressing flow disturbances in coronary arteries. More in detail, since the rotating direction of 

helical flow patterns dictates the luminal distribution of WSSsc (Figure 4, Figure S.5 in 

Supplemental data), it emerges that bi-helical flow patterns could influence endothelial shear 

stress orientation, in coronary arteries. A preferential direction of rotation of the bi-helical flow 

structures is promoted by vascular torsion, while vascular curvature moderately suppresses an 

already scarcely multidirectional WSS (Table 5). In fact, very low values of OSI, transWSS and CFI 

were found (Figure S.6 and Table S.1, Supplemental data), suggesting a predominant role of low 

WSS as hemodynamic determinant of plaque formation in coronary arteries. Previous findings 

support the role of low WSS in promoting endothelial dysfunction,57,58,59,60,61 although the 

influence of multidirectional shear stress on endothelial function needs to be investigated more 

in-depth.  

In recent years, computational hemodynamics has made a remarkable contribution to highlight 

the physiological significance of helical blood flow naturally streaming in arteries. In particular, an 

in silico study on a dataset of 50 models of human carotid bifurcations showed that high helicity 

intensity is instrumental in suppressing flow disturbances, and thereby is potentially 

atheroprotective.39 These findings were supported by the observation that helical flow production 

in the common carotid artery, reinforcing helicity in the carotid bifurcation, provides further 

contribution to reduce the likelihood of flow disturbances.40 Similar findings have been reported 



using computational fluid dynamics in the healthy aorta, suggesting a key role for helical blood 

flow in (1) reducing luminal areas exposed to low and oscillatory shear stress,41 and (2) influencing 

near-wall transfer of atherogenic particles and oxygen.42,43 Moreover, computational 

hemodynamics findings showed that helical blood flow could be posture-dependent.62 Parallel to 

basic studies on its physiological significance, the analysis of helical blood flow has been 

increasingly adopted to better understand how cardiovascular diseases,32,63,64 or ageing,18 alter the 

arterial flow physics. 

Several limitations could weaken the findings of this study. Among them, the assumption of rigid 

vascular wall might have affected TAWSS estimation. However, studies applying fluid-structure 

interaction approaches reported that TAWSS spatial distribution is preserved using rigid walls.65 

Moreover, the cardiac-induced motion of coronary arteries was neglected. This idealization was 

based on previous findings demonstrating that myocardial motion has a minor effect on coronary 

flow and WSS distribution with respect to the blood pressure pulse.66,67 Moreover, it can markedly 

affect instantaneous WSS and OSI wall distribution, with minor effects on TAWSS.68 Therefore, it is 

expected to have minor impact on the here reported observations.41 The relatively modest 

number (N=30) of coronary artery models investigated could limit the generality of the study. 

However, the existence of hemodynamic features which are common to all coronary arteries here 

clearly emerges as the presence of distinguishable helical blood flow patterns, and low WSS 

multidirectionality. Finally, here swine, not human models, have been used to characterize helical 

flow in coronary hemodynamics and to investigate whether a causal relationship between helical 

flow and shear stress exists. However, the close similarity between the human and pig coronary 

anatomy, in addition to the wide adoption of swine model in studies of coronary disease over the 

past decades,69 support the translation of the findings of this study to human coronary arteries. 

Moreover, helical flow features similar to the ones observed here were reported in a small 

number of image-based computational hemodynamic models of human coronary arteries,47 

confirming that swine models are representative of the human coronary circulation. 

The findings of this study support the future exploration of the links between the observed helical 

distribution of fatty and fibrous plaques in coronary artery segments and the hemodynamic 

factors involved in the local onset and progression of atherosclerosis in the coronary tree. In this 

sense, the present findings will contribute to answer to the still open questions raised since 

60s,1,70,71,72,73 regarding the observation of irregular spiral distributions of sclerotic bands in 

coronary arteries.  



In conclusion, this study demonstrates that hemodynamics of coronary arteries is characterized by 

distinguishable and counter-rotating bi-helical flow structures, whose topological features are 

associated with geometry (in terms of average torsion of the vessel). Remarkably, it emerges that 

unfavorable conditions of low wall shear stress are strongly and inversely associated with helicity 

intensity, as already observed in other arterial districts.39 
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Figure captions 

 

Figure 1 - Scheme applied for swine coronary artery geometries reconstruction for CT and IVUS images. 

 

Figure 2 - Geometry of the 30 swine coronary artery models. Labels from A to J identify the single swine 

model. For each swine, LAD, LCX and RCA geometries were reconstructed. 

 



 

Figure 3 - Intravascular fluid structures in the 30 coronary arteries. For each case, isosurfaces of cycle-

average LNH (LNH= ± 0.2) are presented. Distinguishable left-handed (LNH<0) and right-handed 

(LNH>0) helical flow structures can be observed in all coronary arteries. Labels from A to J identify 

the single swine model. For each swine, LAD, LCX and RCA geometries were reconstructed. 



 

Figure 4 – Visualization of LNH cycle-average isosurfaces, and of maps of cycle-average secondary (WSSsc) 

and axial (WSSax) WSS vector projections for the three different types of coronary arteries (LAD, 

LCX, RCA) from the representative animal model C (see Figure 2). As for LNH, also for the WSSsc 

blue and red colors identify the left and right-handed direction, respectively. For WSSax the red 

and blue colors identify the forward and backward flow direction, respectively. 



 



Figure 5 – WSS-based descriptors distribution at the luminal surface of the three different types of coronary 

arteries (LAD, LCX, RCA) from the representative animal model C (see Figure 2). Red color 

highlights those areas exposed to low TAWSS, and high OSI, RRT, transWSS and CFI. The very low 

values of OSI, transWSS and CFI at the luminal surface suggest that WSS is scarcely 

multidirectional. 

 

Figure 6 - Surface areas of the 30 swine coronary artery models exposed to TAWSS33. Labels from A to J 

identify the single swine model. For each swine, LAD, LCX and RCA geometries were 

reconstructed. Contour levels for TAWSS33 correspond to lowest tertile value of TAWSS 

distribution on the combined surface of all models.  

 



 

Figure 7 – Scatter plots of helicity intensity h2 vs. WSS-based descriptors, and average curvature and 

values. Red color indicates case C (Figure 2), used as representative example in Figures 4, 5. 



Tables – Introduction section 

Table 1 – In vivo observations of helical blood flow patterns in arteries, using several imaging modalities. 

Arterial Segment Imaging Technique Reference 

Aorta 
Thoracic Aorta Color Doppler Ultrasound Frazin et al., 1990

4
 

Thoracic Aorta 4D phase contrast MRI Kilner et al., 1993
6
 

Thoracic Aorta 4D phase contrast MRI Bogren and Buonocore, 1994
7
 

Thoracic Aorta 4D phase contrast MRI Bogren et al., 1997
8
 

Thoracic Aorta 4D phase contrast MRI Houston et al., 2003
9
 

Thoracic Aorta 4D phase contrast MRI Bogren et al., 2004
10

 
Supra-renal Aorta MR Angiography Houston et al., 2004

11
 

Thoracic Aorta 4D phase contrast MRI Markl et al., 2005
12

 
Thoracic Aorta 4D phase contrast MRI Hope et al., 2008

13
 

Thoracic Aorta 4D phase contrast MRI Morbiducci et al., 2009
14

 
Ascending Aorta 4D phase contrast MRI Hope et al., 2011

15
 

Thoracic Aorta 4D phase contrast MRI Morbiducci et al., 2011
16

 
Thoracic Aorta 4D phase contrast MRI Bürk et al., 2012

17
 

Thoracic Aorta 4D phase contrast MRI Frydrychowicz et al., 2012
18

 
Thoracic Aorta 4D phase contrast MRI Geiger et al., 2012

19
 

Thoracic Aorta 4D phase contrast MRI Sigfridsson et al., 2012
20

 
Ascending Aorta Doppler Ultrasound Hansen et al., 2016

21
 

Infra-renal Aorta Color Duplex Scanning Stonebridge et al., 2016
5
 

Thoracic Aorta 4D phase contrast MRI Arnold et al., 2017
22

 
Thoracic Aorta 4D phase contrast MRI Garcia et al., 2017

23
 

Carotid arteries 
Carotid bifurcation Ultrasound Duplex Scanning Ku et al., 1985

24
 

Internal Carotid artery 4D phase contrast MRI Bammer et al., 2007
25

 
Internal Carotid artery 4D phase contrast MRI Wetzel et al., 2007

26
 

Internal Carotid artery 4D phase contrast MRI Markl et al., 2010
27

 
Common Carotid artery 4D phase contrast MRI Knobloch et al., 2013

28
 

External Carotid artery 4D phase contrast MRI Knobloch et al., 2013
28

 
Internal Carotid artery 4D phase contrast MRI Knobloch et al., 2013

28
 

Internal Carotid artery 4D phase contrast MRI Meckel et al., 2013
29

 
Common Carotid artery Color Duplex Scanning Stonebridge et al., 2016

5
 

Internal Carotid artery Color Duplex Scanning Stonebridge et al., 2016
5
 

Pulmonary arteries 
Right Pulmonary artery 4D phase contrast MRI Bogren and Buonocore, 1994

7
 

Right Pulmonary artery 4D phase contrast MRI François et al., 2012
30

 
Main Pulmonary artery 4D phase contrast MRI Bächler et al., 2013

31
 

Right Pulmonary artery 4D phase contrast MRI Bächler et al., 2013
31

 
Main Pulmonary artery 4D phase contrast MRI Schäfer et al., 2017

32
 

Right Pulmonary artery 4D phase contrast MRI Schäfer et al., 2017
32

 

Femoral arteries 
Femoral arteries Color Doppler Ultrasound Stonebridge et al., 1996

33
 

Femoral arteries 4D phase contrast MRI Frydrychowicz et al., 2007
34

 
Femoral arteries Color Duplex Scanning Stonebridge et al., 2016

5
 

Iliac arteries 
Iliac arteries 4D phase contrast MRI Frydrychowicz et al., 2007

34
 

Intracranial arteries 
Basilar artery 4D phase contrast MRI Bammer et al., 2007

25
 

 

 



Tables – Materials and Methods section 

Table 2 - Definition of helicity-based intravascular hemodynamic descriptors.  

Average Helicity (h1) ℎ1 =
1

𝑇𝑉
∫ ∫ 𝐯 ⋅ 𝛚 𝑑𝑉 𝑑𝑡    

𝑉𝑇

 

Average Helicity Intensity (h2) ℎ2 =
1

𝑇𝑉
∫ ∫ |𝐯 ⋅ 𝛚| 𝑑𝑉 𝑑𝑡   

𝑉𝑇

 

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 

v is the velocity vector; ω is the vorticity vector; T is the period of the cardiac cycle; V is the arterial volume. 

 

  



Table 3 – Definition of WSS-based hemodynamic descriptors 

Time-Averaged WSS (TAWSS) TAWSS =
1

𝑇
∫ |𝐖𝐒𝐒|

𝑇

0

𝑑𝑡 

Oscillatory Shear Index (OSI) OSI = 0.5 [1 − (
|∫ 𝐖𝐒𝐒

𝑇

0
𝑑𝑡|

∫ |𝐖𝐒𝐒|
𝑇

0
𝑑𝑡

)] 

Relative Residence Time (RRT) RRT =
1

TAWSS ∙ (1 − 2 ∙ OSI)
=

1

1
𝑇 |∫ 𝐖𝐒𝐒

𝑇

0
𝑑𝑡|

 

Transverse Wall Shear Stress (transWSS) transWSS =
1

𝑇
∫ |𝐖𝐒𝐒 ∙ (𝐧 ×

∫ 𝐖𝐒𝐒
𝑇

0
𝑑𝑡

|∫ 𝐖𝐒𝐒
𝑇

0
𝑑𝑡|

)|
𝑇

0

𝑑𝑡 

Cross Flow Index (CFI) CFI =
1

𝑇
∫ |

𝐖𝐒𝐒

|𝐖𝐒𝐒|
∙ (𝐧 ×

∫ 𝐖𝐒𝐒
𝑇

0
𝑑𝑡

|∫ 𝐖𝐒𝐒
𝑇

0
𝑑𝑡|

)|
𝑇

0

𝑑𝑡 

WSS is the WSS vector; T is the period of the cardiac cycle; n is the unit vector normal to the arterial surface 

at each element. 

 

  



Table 4 – Definition of local normalized helicity (LNH), and of the projections of WSS vector respectively 
along (1) the “axial direction” (WSSax), identified as the direction of the tangent to the vessel’s centerline, 
and (2) the secondary direction (WSSsc), orthogonal to the axial direction and related to secondary flow. 
LNH, WSSax, and WSSsc are used here for visualization purposes. 

Local Normalized Helicity (LNH) LNH =
𝒗∙ 𝝎

|𝒗| ∙ |𝝎|
= 𝑐𝑜𝑠𝛾 

Axial WSS (WSSax) 𝐖𝐒𝐒𝑎𝑥 =
𝐖𝐒𝐒 ∙ 𝐂′

|𝐂′|

𝐂′

|𝐂′|
 

Secondary WSS (WSSsc) 𝐖𝐒𝐒𝑠𝑐 =
𝐖𝐒𝐒 ∙ 𝐒

|𝐒|

𝐒

|𝐒|
;   𝐒 =

𝐂′ × 𝐑

|𝐂′||𝐑|
 

v is the velocity vector; ω is the vorticity vector; 𝛾 is the angle between the velocity and vorticity; WSS is 

the WSS vector; C’ is the vector tangent to the centerline curve C at curvilinear abscissa s; R is the vector 

directed from the generic point at the arterial surface, lying on the vessel’s cross section identified by C’ at 

curvilinear abscissa s, and the point of application of C’. 

 

  



Tables – Results section 

Table 5 - Correlation coefficients between each possible couple of disturbed shear stress parameters (% 

surface area exposed)   and geometry (average curvature and torsion) descriptors. Statistically significant 

values are in bold. 

 %OSI66 %RRT66 %transWSS66 %CFI66 𝛋̅ 𝛕̅ 

%TAWSS33 -0.37* 1.00‡ -0.84* -0.39* 0.12 0.12 

 %OSI66 -0.34 0.59‡ 0.81‡ -0.28 0.18 

  %RRT66 -0.83‡ -0.37* 0.13 0.14 

   %transWSS66 0.74‡ -0.37* -0.05 

    %CFI66 -0.49* 0.13 

     𝛋̅ 0.13 

     * Pvalue< 0.05; † Pvalue< 0.01; ‡ Pvalue< 0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 6 - Correlation coefficients for percentage luminal surface areas expose to disturbed shear and 

helicity-based descriptors and for hemodynamic descriptors vs. geometry (average curvature and torsion). 

Statistically significant values are in bold. 

 h1 h2 h3 h4 

%TAWSS33 -0.48† -0.91‡ -0.05 -0.01 

%OSI66 0.50† 0.58‡ 0.39* 0.32 

%RRT66 -0.49* -0.90‡ -0.03 -0.01 

%transWSS66 0.49† 0.86‡ 0.13 0.13 

%CFI66 0.47† 0.51† 0.34 0.30 

𝛋̅ -0.12 -0.22 -0.01 0.11 

𝛕̅ 0.49† 0.09 0.64‡ 0.39* 

                     * Pvalue< 0.05; † Pvalue< 0.01; ‡ Pvalue< 0.001 
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