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ABSTRACT  

Objective: To describe and analyze hemodynamic modifications in patients submitted to carotid 

endarterectomy (CEA) with different carotid closure techniques, using a computational fluid-

dynamic (CFD) strategy, in order to identify disturbed flow conditions potentially involved in the 

development of restenosis. 

Methods: Data from 8 carotid geometries in 7 asymptomatic patients who underwent CEA were 

analyzed. In six cases (A-F), CEA was performed using patch graft (PG) closure, while in two 

cases (G and H) direct suture (DS) closure was performed. Three-dimensional carotid geometries, 

derived from postoperative Magnetic Resonance Angiography, were reconstructed using a level-

set segmentation technique. Where PG was originally used it was virtually removed, creating a 

virtual DS scenario (PG vs virtual-DS) while, on the contrary, in cases submitted to DS closure, a 

virtual PG was inserted (DS vs virtual-PG). Modified geometries were designed using 

visualization-dedicated software. CFD analysis was performed using the finite elements library 

LifeV and velocity data obtained from Doppler Ultrasound waveforms.  

To compare hemodynamic effects, wall shear stress-based quantities were considered indicators 

of disturbed flow and thus favorable conditions for the development of restenosis. In particular, 

oscillatory shear index (OSI) and relative residence time (RRT) were calculated both for original 

and virtual scenarios. 

Results: For the six original PG cases, we measured the following: Mean of averaged-in-space 

OSI of 0.07 ± 0.01 for PG and 0.03 ± 0.02 for virtual-DS (difference 0.04 ± 0.01; P=.0016). Mean 

of the percentage of area with OSI > 0.2 (%A-OSI > 0.2) 10.08% ± 3.38% (PG) and 3.80% ± 
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3.22% (virtual-DS) (difference 6.28 ± 1.91; P= .008). Mean of the averaged-in-space RRT 5.48 ± 

3.40 1/Pa (PG) and 2.62 ± 1.12 1/Pa (virtual-DS) (difference 2.87 ± 1.46; P =.097). Mean %A 

RRT > 4 1/Pa of 26.53% ± 12.98% (PG) and 9.95% ± 6.53% (virtual-DS) (difference 16.58 ± 5.93; 

P= .025). 

For the two original DS cases we measured the following: Averaged-in-space OSI 0.02 and 0.04 

(DS) and 0.03 and 0.02 (virtual-PG), %A-OSI > 0.2, 0.9% and 7.6% (DS) and 3.0% and 2.2% 

(virtual-PG), averaged-in-space RRT 1.8 and 2.0 1/Pa (DS) and 2.9 and 1.9 1/Pa (virtual-PG), %A-

RRT > 4.0 1/Pa: 6.8% and 9.8% (DS) 9.4% and 6.2% (virtual-PG). These results revealed 

generally higher disturbed flows in the PG configurations with respect to the DS ones. 

Conclusions: OSI and RRT values were higher in PG cases with respect to virtual-DS ones, while, 

in direct contrast, the virtual insertion of PG gave conflicting results that were primarily 

determined by the original carotid geometries. 
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INTRODUCTION 

 

The carotid bifurcation has a complex geometry that influences the local hemodynamics and 

consequently the development of atherosclerotic risk. 1-3  A similar situation occurs after carotid 

endarterectomy (CEA), where the geometric structure derived from the closure technique deeply 

influences hemodynamics, possibly leading to restenosis due to hyperplasia. 4  

Flow patterns with low and oscillating wall shear stresses (WSS) can promote both atheromatous 

plaque formation 5-7 and myointimal hyperplasia, the leading causes of restenosis development. 8-

11 The choice of closure technique is an important issue in this process. Patch graft (PG) can be 

incorporated either routinely or selectively as in case of small diameter carotids). In any case, the 

question still arises as to whether it is better to employ PG or direct suture (DS).  

Today, computational fluid dynamics (CFD) allows, thanks to tremendous advances in both 

mathematical models and computational resources, to perform qualitative and quantitative 

predictions of fluid flows, based, e.g., on the Finite Element Method.  An interesting challenge for 

CFD studies is the carotid bifurcation, because WSS, which is not measurable by radiological or 

ultrasound technologies, might be accurately analyzed and calculated. 12  

The aim of this study was to provide a comparative CFD analysis between the two closure 

techniques performed in real carotid geometries. We have virtually designed DS closure in patients 

where PG was originally inserted. This allowed us to compare some WSS-based indices and to 

assess the effect of the closure technique on hemodynamics. Moreover, we considered the opposite 

scenario, in which PG closure was virtually drawn in two cases where DS had originally been 
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performed. 

 

 

METHODS 

Ethics Statement  

The study has been approved by the I.R.C.C.S. Fondazione Policlinico Ethics Committee 

according to institutional ethics guidelines. All the patients gave their signed consent for the 

publication of data. 

Clinical data 

We have studied 8 carotid geometries (cases A to H in what follows) in 7 asymptomatic patients 

(6 females and 1 male), who underwent to CEA for carotid stenosis greater than 70%. 

In all cases CEA was performed using a standard surgical technique that included longitudinal 

arteriotomy, 2.5x optical magnification and systemic heparin under regional block anesthesia. 

Cases A and B were submitted to obligatory PG according to Guidelines 13-14, while in cases C-F, 

PG was used because of the presence of an ICA smaller than 5 mm. As a control, we analyzed two 

additional cases (G and H) submitted to DS because of the presence of an ICA diameter greater 

than 5 mm. In all cases, the carotid plaque was localized in the carotid bulb, but in one case (A) 

the plaque spread also to the CCA, while in 4 cases (B-D and F) the plaque spread to the ICA 

(Table I).  

The PG insertion in cases A-F was performed using a 6 x 75 mm polyester collagen-coated patch 

(Ultra-thin Intervascular®, Mahwah, U.S.A) properly tailored and distally trimmed (last 3 mm) of 
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33% to give it a smoothly tapered transition. Sutures were all performed with a 6-0 non-absorbant 

monofilament polypropylene standard running suture line (Everpoint-M, Ethicon, Sommerville, 

U.S.A.). The closure of the arteriotomy for both PG and DS was measured in length and 

photographed, to record its localization and longitudinal positioning (Fig. 1a). No perioperative 

complications were observed and no shunts were necessary. 

By means of a sterile caliper in the operative field, the average thickness of the suture line was 

determined to be equal to 1 mm in the PG cases. When DS was performed, the resulting suture 

line was more precise in order to spare the arterial wall; accordingly, we have measured an average 

bite of 0.8 mm.  

Acquisition of Doppler Ultrasound signals  

After CEA, all the bifurcations were sampled with Carotid Doppler Ultrasound (DUS) using an 

iU22 ultrasound scanner and linear 8 MHz probe (Philips Ultrasound, Bothwell, U.S.A). Velocities 

were measured 2 cm retrograde from the bifurcation in the common carotid artery (CCA), and 2 

cm downstream from the bifurcation in the ICA with a beam-to-flow angle less than or equal to 

60° at the center of the vessel, to record measures along the longitudinal axis.  

Acquisition of radiological images and generation of the modified scenarios.  

Three-dimensional carotid geometries, derived from postoperative Magnetic Resonance 

Angiography (MRA), performed with a 1.5 T Avanto MR scanner (Siemens, Munich, Germany) 

one month after CEA, were reconstructed using a level-set segmentation technique (VMTK 

http://www.vmtk.org) in order to obtain surface models of the boundary lumen (Fig. 1b-c).  

A possible corresponding DS configuration was virtually designed for PG cases (A-F), as if the 

http://www.vmtk.org/
http://www.vmtk.org/
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patch had not been inserted during CEA. We refer in what follows to PG and virtual-DS to indicate 

the PG and DS configurations of cases A-F, respectively. To convert the closure configurations 

scenarios, we used the software Paraview (http://www.paraview.org).  

In particular, on the boundary lumen surface we have virtually done the following: 

● pinpointed the PG previously inserted at the carotid bifurcation after CEA; 

● removed the PG, subtracting 6 mm from the carotid circumference and 4 mm from its distal 

end (last 3 mm) as result of its 30% trimming (Fig. 2a-c); 

● added 1.0 mm for each side, i.e. 2.0 mm, as the effect of the removal of the PG’s double suture 

line from the carotid wall; 

● subtracted 0.8 mm, i.e., the loss of carotid wall tissue to perform the DS line.  

To provide preliminary results about the potential validity of the arguments highlighted in this 

work, the opposite scenario was also considered: starting from the geometries of two patients 

where DS was originally performed, PG was virtually inserted (DS versus virtual-PG). In these 

cases, the original configurations have been provided by the DS ones, and the modified scenarios 

by the PG ones. To obtain conversion from DS to PG, we have done the following: 

● pinpointed the DS previously performed at the carotid bifurcation after CEA; 

● added 6.0 mm (i.e the width of the PG) to the carotid circumference and 4.0 mm (as result of 

30% PG trimming) to its distal end (last 3 mm); 

● subtracted 2.0 mm, i.e. the space needed to insert the PG for the double suture line on the 

arterial wall (1.0 mm for each side);  

● added 0.8 mm, i.e. the space needed on the arterial wall for the bites of the single suture line 

http://www.paraview.org/
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in DS. 

For all the geometries considered (original and virtual), a tetrahedral volumetric mesh was 

generated for each patient (Fig. 1d and Fig. 2d). Mesh dimensions of original and modified 

geometries are reported in Table 2. 

 

Numerical simulations and fluid-dynamic indices.  

Blood dynamics were modeled by assuming blood as an incompressible homogeneous Newtonian 

fluid, under laminar and rigid wall assumptions. A CFD analysis was performed by using the finite 

elements library LifeV (http://www.lifev.org). Velocity data obtained from DUS signals have been 

used to prescribe patient-specific boundary conditions at the inlet (CCA) and outlet (ICA) both in 

the original and in the modified scenarios. In particular, flow rates have been estimated by means 

of the formula proposed by Ponzini et al. 15 and consequently prescribed by means of the Lagrange 

multiplier method.  16-17 At the ECA, we imposed a zero stress condition. We performed a 

refinement study with respect to time and space discretization parameters, by testing that the results 

on WSS remained the same, up to a tolerance of 2%, when separately and independently reducing 

the time and space steps.  

 

Hemodynamic indices 

The computed blood velocity was then elaborated to compute the WSS at the lumen boundary and 

the related indices used to assess the risk of restenosis, i.e., the oscillatory shear index (OSI) and 

relative residence time (RRT). These quantities are good indicators of low and oscillating WSS, 

http://www.lifev.org/
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which is known to possibly lead to myointimal hyperplasia. 8, 10-11 In particular, we have computed 

the averaged-in-space OSI and RRT. To better emphasize the hemodynamic behaviour, we have 

also computed the percentage area (%A) of the lumen boundary surface with OSI values above 

0.2 and with RRT above 4.0 1/Pa, thresholds that have been identified as reliable values to 

discriminate between disturbed and non-disturbed flow. 18-19  

Statistical analysis was then performed using JMP 11.2.0 (SAS Institute Inc, NC, USA). Student's 

T-test was used to determine statistically significant differences between two independent means 

of sampled data. 

 

 

RESULTS 

Analysis of Oscillatory Shear Index 

Fig. 3 reports the spatial distribution of OSI for each patient in both the original and virtual 

scenarios. These results visually highlight the change in OSI distribution at the carotid bifurcation 

after the virtual intervention. 

To better emphasize this behaviour, we show the averaged in space OSI and percentage of surface 

area (%A) with OSI > 0.2 for all the configurations (Table III). The averaged-in-space OSI was 

computed over the six cases (A-F) where PG were virtually removed, converting the intervention 

to the virtual-DS option. Then, a comparison between PG and virtual-DS results was performed. 

An average in space OSI of 0.07 ± 0.01 for PG versus 0.03 ± 0.02 for virtual-DS (difference 0.04 

± 0.01; P =.0016) was obtained. The same analysis for the %A-OSI > 0.2 was performed, obtaining 
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10.08 ± 3.38 % for PG versus 3.80 ± 3.22 % for virtual-DS (difference 6.28 ± 1.91; P =.008) (Table 

III). 

In the opposite scenario, i.e., for the two DS cases (G and H) where the PG was virtually inserted 

(DS versus virtual-PG), the averaged-in-space OSI values were 0.02 and 0.04 for DS versus 0.03 

and 0.02 for virtual-PG, respectively, while for %A-OSI > 0.2, 0.9 % and 7.6 % for DS versus 3.0 

% and 2.2 % for virtual-PG were obtained. 

 

Analysis of Relative Residence Time  

Fig. 4 shows the RRT for each patient both in the original and in the virtual configurations. Also 

in this case, the results demonstrate a substantial reduction of the values related to WSS after the 

virtual removal of PG. To better emphasize this phenomenon, in Table IV we show the averaged-

in-space RRT and %A-RRT > 4.0 1/Pa, for all the configurations considered.  

In the six cases (A-F), where PG was virtually removed (PG versus virtual-DS), the averaged in 

space RRT was determined to be 5.48 ± 3.40 1/Pa for PG and 2.62 ± 1.12 1/Pa for virtual-DS 

(difference 2.87 ± 1.46; P = .097). The %A-RRT > 4 1/Pa resulted 26.53 ± 12.98 % for PG and 

9.95 ± 6.53 % for virtual-DS (difference 16.58 ± 5.93; P = .025) (Table III). 

In the opposite scenarios (G-H) where DS was virtually transformed in PG, the averaged-in-space 

RRT values were 1.8 and 2.0 1/Pa for DS and 2.9 and 1.9 1/Pa for virtual-PG, respectively, while 

%A-RRT > 4.0 1/Pa resulted 6.8% and 9.8% for DS versus 9.4% and 6.2 % for virtual-PG. 

 

DISCUSSION 
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Background 

Carotid endarterectomy is an effective surgical procedure used to reduce the risk of stroke in the 

case of an atherosclerotic plaque narrowing the carotid artery, but the optimal closure technique 

remains controversial. Since its introduction, PG was proposed to reduce recurrences rates 20-21 

both in the early postoperative period, to avoid technical defects that could narrow the lumen 

caused by DS, and in the late postoperative period, when PG should minimize the hemodynamic 

effects of restenosis. PG should never be used to enlarge the site of CEA but rather to recreate the 

original shape of carotid bifurcation. 20  

PG incorporation needs a double suture line that increases carotid clamping time with an 

augmented risk of cerebral ischemia and patient discomfort in case of loco-regional anesthesia. 22 

Moreover, the insertion of alloplastic material raises blood losses and the risk of severe 

complications such as infections or pseudo-aneurysms. 23-24 Indeed, the longer time required for 

carotid cross-clamping could increase the occurrence of neurocognitive deficits. 25  

Actually, the standard use of PG has been endorsed by the guidelines of the most relevant scientific 

society of vascular surgery, 13-14 as well as in several textbooks of vascular surgery, supported by 

the evidence of reduced 30-day and long term risk of stroke, deaths and lower rates of return to 

surgery obtained by meta-analysis of the outcomes of randomized clinical trials. 26 However, while 

a subsequent update which included more recent studies still supported the routine use of PG, it 

highlighted less robust results maintaining “just a borderline significant benefit" for PG. 27 

Moreover, many further recent studies reported no higher complication rates or worse clinical 
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outcomes when PG was preferred. 28-31 Despite those recommendations, survey of vascular 

surgeons reported that individual preferences on this issue still vary widely. 32  

Hemodynamics is a well known determining factor in the growth of carotid atheromatous disease. 

Regions affected by low and oscillating WSS are associated with monocyte activation, increased 

vasoconstriction, oxidative stress, higher cellular turnover and apoptosis. 33 All these biological 

responses are mediated by endothelial cells with the elicitation of inflammatory processes that 

possibly lead to myointimal hyperplasia. Induction of myointimal hyperplasia is due to mechanical 

injury to the arterial wall and contributes to the growth of restenosis. 34 

OSI and RRT are robust WSS-derived indices of disturbed flow, widely used to investigate the 

role of hemodynamics at the carotid bifurcation in the development of atheromatous plaque and 

restenosis. 2, 35  

Archie et al., in their pioneering studies about the geometric changes of bifurcation after CEA, 

reported that PG has two major effects on carotid bifurcation geometry: an increase of bulb length 

and a more gradual transition of diameter toward the ICA. These geometrical modifications allow 

for a transitional reduction of diameter from the terminal common carotid bulb to the more distal 

internal carotid artery, while DS shows irrelevant effects with respect to preoperative geometry. 4 

The first mathematical models regarding the conditions of carotid arteries after CEA were 

proposed by Hyun et al. 9 This work focused on the analysis of WSS, particle deposition measures 

and their related long-term atherosclerotic restenosis potential.  

Harloff et al., studying carotid bifurcations of healthy patients matched with patients submitted to 

eversion CEA using 4D MRA data, found that WSS is influenced by the individual carotid 
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geometries and that eversion CEA of previously high-grade ICA stenosis tends to recover WSS 

distributions similar to the physiological values observed in normal carotids. 36 

Kamenskiy et al., using CFD analysis in patients submitted to conventional CEA versus eversion 

CEA, observed that PG, by increasing bulb cross-sectional area and length, modifies carotid 

geometries. They reported wider areas of high OSI as a consequence of the abrupt diameter 

transition from PG to the distal native artery. 37  

Harrison et al., comparing in-vitro carotid bifurcation models of healthy bifurcations with DS and 

two different PG sizes (5 and 8 mm), observed that DS hemodynamic forces produced flow 

patterns similar to the healthy subjects and, when PG was used, that the tighter one offered a better 

hemodynamic behavior. 38  

In our previous studies, we have analysed by means of CFD the fluid–dynamics in carotid 

bifurcations after CEA. Both OSI and RRT values were higher when PG was preferred to DS and 

also the resulting areas with disturbed flow were wider. The highest absolute computed values 

were observed after indiscriminate PG closure regardless of carotid diameters. DS did not create 

negative hemodynamic conditions with potential adverse effects on long-term outcomes. 39-40 

However, in those studies we did not perform the virtual modification proposed in this work, so 

that we could not compare PG and DS in the same geometries. 

Computational studies of carotids have been performed on healthy and diseased vessels for two 

decades. In more recent times, many authors have stressed the importance of the use of patient-

specific data in order to obtain reliable numerical results. 12, 39, 41-42  In particular, the use of real 

geometries and velocity data prescribed at the inlet and outlet remains a critical issue in order to 
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obtain reliable results in numerical simulations. However, for the cases considered in this work, 

we could obtain patient-specific clinical data to be used in the numerical simulations only in one 

of the two scenarios considered (PG or DS), depending on the real closure technique considered 

for the patient. The original contribution of this work was to virtually design the alternative closure 

technique for each patient, obtaining an otherwise impossible comparative CFD study of the two 

closure techniques.  

 

Analysis of the results 

Referring to Table I, for all the cases reported, it is important to note that CEA was always 

performed in the bulb region and so, when PG was inserted to close the arteriotomy, it resulted in 

enlargement an already wider anatomical location.  

In our analysis, in all cases in which the PG was virtually removed and converted to the DS option, 

a statistically significant decrease in both OSI and %OSI > 0.2 was observed (Table III).  

Colorimetric maps of the OSI values clearly display a consistent reduction after PG virtual removal 

as well as focal peaks that can be observed in cases A, C and E, next to the lower side of the suture 

line toward the CCA region (Fig. 3). 

The RRT values computed after virtual DS closure decreased, compared to the values obtained 

with the original PG closure, although the differences did not reach the level of statistical 

significance as described in the Results section. Only in one case (E), where PG was originally 

inserted at the bulb level, we have observed a slight reduction of RRT values after virtual DS 

closure (respectively 2.3 1/Pa versus 2.2 1/Pa) (Table IV). With regard to %RRT > 4.0 1/Pa, in all 
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cases studied, the values measured for PG were significantly higher with respect to the values 

computed for virtual-DS (Table IV).  

Comparing the colorimetric maps of RRT for virtual-DS with those obtained for the original PG, 

we observed in most cases a clear reduction in the magnitude of RRT and in the area with disturbed 

flow (A-D and F). A less significant result, with a different spatial distribution, was observed only 

in case E, probably due to the site where CEA was originally performed (Fig. 4). In particular, the 

focal point of the higher values of RRT were toward the CCA, but virtual-DS closure changed 

their localization to more pronounced peaks along the midline. 

In the opposite scenario, after the virtual addition of the PG, we observed different hemodynamic 

behaviors. While in the first case (G), a rise of WSS-related indices passing from the DS to virtual-

PG were discernable, in the second case (H) these values were unexpectedly reduced (Tables III 

and IV).  

Furthermore, colorimetric maps confirmed this observation, showing in G a wider area of disturbed 

flow values, while in H a slight reduction of this phenomenon was observed (Fig. 3 and 4).  

Even after the real DS closure, case H in fact showed for both OSI and RRT a particular “double 

shot” distribution at the opposite poles of the suture line, without evident involvement of the bulb 

region. Thus, in this particular case the virtual insertion of PG did not change local hemodynamics, 

but rather it further enhanced the focalization of disturbed flow in these two opposite areas. 

From the hemodynamic point of view, the analysis of the virtually modified geometries generally 

seems to support the benefits of the selective use of PG, avoiding its use when CEA is performed 

only at the CCA or bulb level, or when ICA diameter is greater than 5.0 mm. 43 In fact, PG removal 
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did not seem to create potentially negative hemodynamic effects on the carotid bifurcation, but 

rather it seemed to allow for a reduction of the disturbed flow. On the contrary, the insertion of PG 

in an already wider carotid bifurcation could enhance disordered flow development, potentially 

involved in restenosis. 

In any case, PG still maintains its fundamental clinical role, mainly in selected cases, to overcome 

specific technical problems occurring during CEA or in the presence of smaller diameter carotid 

arteries and for lesions confined to the distal ICA.  

A potential limitation of this study is the assumption of rigid walls in the computational 

experiments despite the fact that it is well accepted for non-stenotic carotids since this assumption 

has little influence on the value of WSS and should not affect the results of our comparisons. The 

results of our CFD analysis have been previously validated in 6 of the 8 cases presented here, as 

the values of velocity determined with CFD matched values of ICA peak systolic velocity 

measured by DUS, deviating by less than 10%. 39    

We also realize that the threshold value used in our evaluation was smaller than the values reported 

in the literature (6.0 1/Pa), however the qualitative conclusions were comparable. 19  

Other limitations of this study are related to the impossibility to perform direct validation of CFD 

results in the virtual geometries, and to the absence of assessment of the biological factors involved 

in the evolution of restenosis. 

 

 

Conclusions 
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The purpose of this study was to investigate the effects of the virtual removal or addition of PG 

after CEA on carotid hemodynamics.  

We have found that the obligatory use of PG, compared in the same carotid bifurcation to the 

virtual DS, seemed to create negative hemodynamic patterns possibly leading to development of 

myointimal hyperplasia or atherosclerosis. The formation of disturbed flow is strictly dependent 

on arterial geometries. Thus, an indiscriminate artificial enlargement due to the PG insertion in the 

carotid section could create pernicious flows which paradoxically could enhance restenosis instead 

of preventing it.  

Predictive computational planning could drive the surgeon to improve the outcomes of CEA by 

reducing development of hemodynamic conditions favorable to recurrences. 
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FIGURES LEGENDS 

 

Fig.1  

Exemplification of the workflow (case B). a) Identification of the localization of the PG during 

surgery; b) Segmentation of carotid bifurcation after CEA provided by VMTK; c) Surface models 

of the carotid bifurcation; d) Volumetric mesh of the patched carotid bifurcation 

 

Fig. 2  

Exemplification of the workflow (case B - continuation). a) Measurement of PG; b) Localization 

of the surface model; c) Virtual subtraction of the PG from the surface model; d) Creation of the 

new volumetric mesh after removal of PG. 

 

Fig. 3 

Colorimetric maps of OSI distribution on the lumen boundary computed in PG and corresponding 

virtual-DS (cases A-F), and in DS and corresponding virtual-PG (cases G-H). 

 

Fig. 4 

Colorimetric maps of RRT distribution on the lumen boundary computed in PG and corresponding 

virtual-DS (cases A-F), and in DS and corresponding virtual-PG (cases G-H). 
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Tab 1 – Classification of sex (F female; M male), localization of the carotid blockage (CCA Common carotid artery; B Bulb; ICA 

Internal carotid artery), side (R right; L left) and original intervention (PG Patch graft; DS Direct suture). 

CASE  SEX  LOCALIZATION   SIDE  ORIGINAL   
    OF PLAQUE    INTERVENTION 

 

A  F  CCA, B   R  PG 

B  F  B   L  PG 

C  F  B, ICA   R  PG 

D  F  B, ICA   R  PG 

E  F  B   L  PG 

F  F  B, ICA   L  PG 

 

G  F  B, ICA   R  DS 

H  M  B   L  DS 
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Tab. 2 – Number of tetrahedra of the original and virtual computational meshes 

CASE  ORIGINAL INTERVENTION    VIRTUAL INTERVENTION  

   

                  Number of tetrahedra (x 105)    Number of tetrahedra  (x 105)   
  

A PG  1.3    DS  1.3 

B PG  1.0    DS  1.1 

C PG  1.8    DS  1.8 

D PG  2.0    DS  1.9 

E PG  2.4    DS  2.4 

F PG  6.6    DS  6.6 

 

G DS  3.5    PG  3.6 

H DS  2.4    PG  2.5 
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Tab. 3 Values of the averaged in space Oscillatory Shear Index (OSI) and percentage of area above the threshold in the original 

and virtual configurations  

CASE                Original Intervention     Virtual Intervention  
       

  OSI         %A with    OSI         %A with  

 OSI > 0.2 (%)     OSI > 0.2 (%) 

 

A PG  0.09  11.6  DS  0.03  4.7 

B PG  0.09  15.7  DS  0.02  1.7 

C PG  0.07  10.4  DS  0.06  6.8 

D PG  0.06   9.0  DS  0.01  0.2 

E PG  0.07   7.8  DS  0.05  8.1 

F PG  0.06   6.0  DS  0.02  1.3 

 

G DS  0.02   0.9  PG  0.03  3.0 

H DS  0.04   7.6  PG  0.02  2.2 
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Tab. 4 – Values of the averaged in space Relative Residence Time (RRT) and percentage of area above the threshold in the original 

and virtual configurations    

CASE  Original intervention                                                     Virtual intervention   

    
  RRT        %A RRT   RRT         %A RRT   

  (1/Pa)   > 4.0 1/Pa (%)  (1/Pa)  > 4.0 1/Pa (%) 
 

A PG                 5.7  34.6  DS  3.0  10.0 

B PG  11.3  43.6  DS  3.0                 8.9 

C PG   7.2  35.8  DS  4.4  21.5 

D PG   3.6  16.2  DS  1.3                 2.6 

E PG   2.2  13.0  DS  2.3  11.5 

F PG    2.9  16.0  DS  1.7   5.2 

 

G DS  1.8   6.8  PG  2.9   9.4 

H DS   2.0   9.8  PG  1.9   6.2 
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Figure 1 
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Figure 2 
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Figure 4 
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