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ABSTRACT

Objective- Carotid restenosis is a common complication occurring after carotid endarterectomy
(CEA). This study aimed to explore the potential of local hemodynamic disturbances and carotid
bifurcation geometry to predict long-term restenosis at 60 months after CEA.

Methods- Thirteen carotid bifurcations with a stenosis greater than 70% were submitted to CEA.
Arteriotomy repair was performed with patch graft (PG) angioplasty in 9 cases, with primary
closure (PC) in 4 cases. MRI acquisitions were performed within a month after surgery for
hemodynamic and geometric characterization. Personalized computational fluid dynamic
simulations were performed and hemodynamic disturbances were quantified in terms of
exposure to low and oscillatory wall shear stress (WSS). Each carotid geometry was characterized
automatically in terms of flare (i.e., the expansion at the carotid bulb) and tortuosity proximal to
the bifurcation. Based on hemodynamics and geometry, cases were classified into three categories
of “geometric” or “hemodynamic” restenosis risk. At 60 months after CEA, eligible participants
underwent duplex ultrasound scan and peak systolic velocity measurement for the detection of
restenosis, with extraction of intima-media thickness from five selected locations along the carotid
bifurcation.

Results- More unfavorable hemodynamic conditions established in PG than PC cases. Carotid flare
was found to be significantly associated with the exposure to low WSS and therefore considered
to define the geometric restenosis risk. No significant associations were found for tortuosity. The
two cases characterized by the highest flare and the largest exposure to low WSS developed
restenosis >50% at 60 months. A high correspondence was found between morphological DUS
observations of myointimal thickening or new atheroma development and low and oscillatory
WSS regions.

Conclusions- The quantitative analysis of hemodynamics and geometry holds potential for the
stratification of patients at risk for development of late restenosis after CEA. Moreover, it can help
the understanding of the mechanistic processes underlying restenosis development, potentially
guiding the clinical decision between PG vs. PC. Our findings suggest that arteriotomy repair

should avoid an artificial flare, that is linked with restenosis via the generation of flow
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disturbances. Geometric characterization from imaging data is a convenient, fast and easy method

that can be integrated in the clinical practice.

Keywords: Cerebrovascular, Carotid pathophysiology, endarterectomy, recurrent stenosis,

computational fluid dynamics, Wall shear stress

INTRODUCTION

Restenosis, i.e. the recurrence of narrowing of the arterial lumen at the same site of the previous
carotid endarterectomy (CEA), is an important complication affecting CEA outcome. Its overall
incidence is 5.8%, with 8.0% of symptomatic patients.1-2In the first two years after surgery, when
the risk for restenosis is higher,3# restenosis is usually intended as development of myointimal
hyperplasia, while intermediate (2 to 5 years) and late (>5 years) restenosis are deemed similar
to primary atherosclerotic lesions. >

To minimize the risk of narrowing of the arterial lumen, the use of patch grafts (PG) for the closure
of the longitudinal arteriotomy has been proposed as an alternative to primary closure (PC).
Notwithstanding the recommendation for routinary use of PG by current guidelines,®7 doubts
have been raised over its effectiveness. In fact, on one hand PG insertion lowers the restenosis risk
in the early postoperative period, when PC technical defect might result in lumen narrowing.1 On
the other hand, PG involves longer cross-clamping time,? association of neurocognitive deficits®
and higher risk of infection or pseudoaneurysm development.1® A selective use for PG based on
gender or on the measure of carotid diameters has also been suggested.!! However, although the
clinically convenient geometric measurement of the carotid diameter could be helpful for practical

purposes, it could result in an oversimplification of the decision criteria.
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Reliable decision criteria should be based on the understanding of the mechanistic processes
underlying restenosis development. Among several factors, local hemodynamic disturbances are
thought to contribute to the development of late restenosis after CEA.12 This is supported by
several evidences proving a key role of wall shear stress (WSS), i.e. the tangential friction stress
exerted by the flowing blood on the endothelial cells lining the vessel lumen.13 In particular, WSS
having low average magnitude and large oscillatory (directional) changes contributes to
atherosclerosis development at the carotid bulb.13-14 Currently, WSS is most reliably assessed
through image-based computational fluid dynamics (CFD). As an integration, or even an
alternative, to CFD-based WSS estimation, previous studies proposed specific geometric attributes
of the carotid bifurcation as surrogate markers of the burden of low and oscillatory WSS.15-17

In the present study, we aim to establish whether the post-CEA hemodynamics and geometry can
predict the risk of late restenosis development. In detail, in a cohort of 13 carotid bifurcations
submitted to CEA with two different closure techniques (PG and PC), firstly image-based
computational hemodynamic simulations were performed to explore the potential of low and
oscillatory WSS to predict late clinical outcomes at 60 months. Secondly, geometric attributes of
the carotid bifurcation predicting WSS disturbances were selected and linked to late restenosis, in
an effort to define mechanistic-based criteria that can be easily translated into the clinical practice

to guide the choice between PG vs. PC.

METHODS

Ethics Statement
The study has been approved by the [.LR.C.C.S. Fondazione Policlinico Ethics Committee according
to institutional ethics guidelines. All the patients gave their signed consent for the publication of

data.

Patient population data
Thirteen consecutive carotid bifurcations with a stenosis >70% were submitted to CEA in 12

patients. All cases were asymptomatic, one case (8.3%) had contralateral occlusion of the internal
4
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carotid artery (ICA) and three cases (25.0%) have been previously submitted to contralateral CEA.
Ages, gender, localizations of carotid blockage, diameters of ICA and closure techniques, are listed
in Table I. All CEAs were performed under regional block anesthesia.

PG angioplasty was performed in 9 cases (PG1-9) using 6x75mm polyester collagen-coated patch
(Ultra-thin Intervascular®, Mahwah, U.S.A), tailored and distally trimmed to give a smoothly
tapered transition. Cases PG1 and PG2 (right and left carotid in the same patient, respectively)
were submitted to obliged PG according to guidelines, while in remaining cases PG was preferred
to PC since ICA diameter was lower than 5.0 mm.

PC was the first choice in three cases (PC1, PC3, PC4) for lesions limited to the carotid bulb (CB)
or with ICA diameter =5.0 mm. For case PC2, initially scheduled for PG, we adopted PC for
intraoperative lack of patient’s collaboration in absence of major neurological concerns.

All the patients were then submitted to duplex ultrasound scan (DUS) follow-up at 3, 24 and 60
months and velocities are all reported in Table II. In case DUS results showed >50% stenosis by
the European Carotid Stenosis Trial (ECST) standard, or a peak systolic velocity (PSV) of >130
cm/s,18 magnetic resonance angiography (MRA) was conducted. Cases exhibiting >50% stenosis
on the MRA examinations by the North American Symptomatic Carotid Endarterectomy Trial
(NASCET) standard were defined as cases of restenosis. Follow-ups at 3 and 24 months resulted
negative to the detection of restenosis. During the follow-up period, two patients died respectively
for myocardial infarction (PG4), and pancreatic carcinoma (PG8) at 36 months. After 60 months,
all eligible patients were submitted to DUS follow-up. Intima-media thickness (IMT) was extracted
offline at the following locations ICA distal the CB; CB; distal end of the common carotid artery
(CCA), i.e., the flow divider (FD); CCA at 1cm and 2cm below the distal end of the CCA (FD-1cm and
FD-2cm, respectively) (Table II). No symptoms of cerebrovascular ischemia secondary to

restenosis were observed in any patient during the follow-up period.

From acquisition of clinical images to 3D model reconstruction.

MRI acquisitions were performed within a month after surgery with a Siemens 1.5T Avanto MR
scanner with the following sequences and planes: Turbo Spin Echo T1 weighted axial (TR 7.50, TE
8.9, FA 144, slice 4 mm, matrix 320 224 pixels); True Fisp single shot axial (TR 873.94, TE 1.36, FA

5
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80, slice 4 mm, matrix 256 256 pixels) and coronal (TR 1781.93, TE 1.4, FA 72, slice 3 mm, matrix
256 256 pixels) images; Turboflash 2D retrospectively electrocardiographically-gated axial
images (TR 46.35, TE 1.3, FA 70, slice 6 mm, matrix 272 245 pixels).

From the acquired set of images, the 3D geometry of the carotid bifurcations was reconstructed

using the Vascular Modeling Toolkit software (VMTK, www.vmtk.org), as detailed elsewhere.1?

Computational Fluid Dynamics.

Blood was modelled as an incompressible homogeneous Newtonian fluid, under laminar and rigid
wall assumptions. Technically, the governing equations of fluid motion were numerically solved
in meshes made of tetrahedral volumetric elements, using of P1 bubble-P1 finite elements and the

library LifeV (http://www.lifev.org). In all cases, mesh size was set equal to about 0.2 cm after a

mesh refinement study.1® Patient-specific flow rate waveforms were extracted from echo-color
Doppler at the CCA and ICA and imposed as boundary conditions in the numerical simulations.1?
From the instantaneous WSS distribution at the luminal surface, two WSS-based descriptors were
calculated, i.e. the time-averaged WSS (TAWSS), and the oscillatory shear index (OSI).14 20 These
hemodynamic descriptors quantify the occurrence of low and oscillatory shear stress,
respectively, at the luminal surface.

For disturbed shear quantification, each carotid bifurcation was split in its constituent branches
(i.e., CCA, ICA and external carotid artery, ECA), as outlined in previous studies.1® To delimit the
bifurcation region, the models were automatically clipped at sections located at 3, 5 and 2 radii
along the CCA, ICA and ECA length, respectively (CCA3, ICAS and ECA2) (Fig. 1A). Data from all
cases were pooled to identify the 20t percentile value of TAWSS, and 80t percentile values of OS],
to determine thresholds for disturbed shear. The burden of disturbed WSS was quantified by the
surface area exposed to OSI above (TAWSS, below) the corresponding threshold value, and
divided by the model surface area.2? These hemodynamic descriptors are denoted Low Shear Area

(LSA) and Oscillatory Shear Area (OSA).


http://www.vmtk.orgvmtk.or/
http://www.lifev.org/
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Geometric analysis

The analysis of the carotid bifurcation geometry was based on the vessel centerline, considered
here the main geometric attribute of a vessel. Technically, the centerline was defined as the locus
of the centers of the maximal inscribed spheres along the vessel itself. 21 Centerlines were
calculated automatically as a set of discrete 3D points, which was used as input to obtain an
analytical representation through 3D free-knots regression splines.22-23

Geometric descriptors previously demonstrated to be capable of predicting the underlying
“disturbed” hemodynamics16-17 were calculated automatically. These descriptors quantify the
bifurcation flare (i.e., the expansion), and the tortuosity of the CCA proximal to the bifurcation.”
Physically, a large expansion at the bifurcation promotes flow separation and in general flow
disturbances, 17 that however can be limited by a curved or tortuous upstream tract thanks to the
beneficial stabilizing effect of helical flow.23-24 In detail, two descriptors quantifying flare were
calculated. The first one, FlareA, was defined as the ratio between the maximum cross-sectional
area at the CCA branch proximal to the flow divider (CCAmax) and the CCA3 area, to measure the
expansion of the CB with respect to the CCA (Figure 1A). The second flare descriptor (FlareR) was
defined as half the difference between the two major axes of CCAmax and CCA3 (Lmax and L3,
respectively), divided by the distance between the two planes, to take into account the abruptness
of the expansion (Fig. 1B).

Focusing on the quantification of tortuosity, the CCA centerline was split at the so-called “inflection
point”, i.e. the point proximal to the flow divider where the typically sigmoidal-shaped CCA-ICA
centerline changes concavity, and at the CCA3 centerline point (Fig. 1C). The first tortuosity
descriptor, named Tort3D, was defined as L/D-1, 1 where L is the curvilinear distance between
the two points and D is the Euclidean distance between them (Fig. 1C). The second tortuosity
descriptor (Tort2D) quantify the planar tortuosity of the CCA. 17 The centerline between CCA3 and
the inflection point was projected onto a plane fitting the centerline segment with a least square
minimization method. Tort2D was then calculated applying the definition of tortuosity to the

projected centerline segment (Fig. 1D).
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Choice of geometric descriptors and comparison with follow-up clinical data

The relationship between burden of disturbed hemodynamics and the combination of flare and
tortuosity descriptors were quantified by multiple linear regression analysis. The quality of the
regression was evaluated with the coefficient of determination R?2, adjusted by the number of
independent predictors (equal to 2). The relative contribution of the predictors was determined
from the standardized regression coefficients (. Successively, hemodynamic and geometric
descriptors correlated with LSA or OSA were used to stratify the patients in tertiles to define three
classes of “hemodynamic restenosis risk” and “geometric restenosis risk”. Through such
stratification, the ability of the hemodynamic and geometric analysis to successfully identify
patient clinical presentation at 60 months follow-up was tested. To compare the risk stratifications
with the clinical outcomes at 60 months, maximum IMT values were likewise ranked in three

classes.

RESULTS

Analysis of Geometry, Hemodynamics and their relationship

The values of flare and tortuosity descriptors for PG and PC groups are reported in Table III. As an
average, PG cases presented higher values than PC of both FlareA (2.60£1.42 vs. 1.33+0.10) and
FlareR (0.23%0.11 vs. 0.16+0.03). This is not unexpected as the inserted PG substitutes a portion
of the endarterectomized wall, which is removed in PC. Conversely, PG and PC groups presented
more similar values for Tort2D (0.031+0.023 vs. 0.042+0.019, respectively) and Curv2D
(0.070+£0.040 vs. 0.070£0.022, respectively).

Visualizations of WSS-based hemodynamic descriptors allow to observe that LSA and OSA are
mostly localized at the carotid bulb in correspondence of the expansion. The quantitative analysis
summarized by the bar diagrams (right panel) highlights that PG patients exhibit larger average
values of LSA and OSA than PC patients (Fig. 2), confirming previous reports of more unfavorable
hemodynamic conditions establishing in PG than PC subjects.25-26 The interaction between the
combination of flare and tortuosity vs. disturbed hemodynamics was investigated by performing

multiple linear regressions over the 13 cases, with LSA or OSA as dependent variables and flare
8
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and tortuosity descriptors as independent variables (Table III). Notwithstanding the small sample
size, a significant direct relationship emerged between flare descriptors and LSA, as indicated by
the statistical significant R? and standardized correlation coefficients f (P<0.05) but not OSA
(P>0.05) (Table IV).

Restenosis risk assessment and comparison with clinical outcomes

By virtue of the link with disturbed hemodynamics, emerged from the regression analysis, FlareA
was considered for restenosis risk stratification (FlareR is not considered in this section for the
sake of synthesis). The 13 cases were ranked in three classes using lower and upper FlareA
distribution tertiles, defining high, intermediate, and low “geometric restenosis risk”. Furthermore,
LSA and OSA distribution tertiles were similarly used to evaluate the “hemodynamic restenosis
risk” (Fig. 3). Maximum IMT values were likewise ranked in three classes when the follow-up data
were available. From the ranking, shown in Figure 3, it is evident that the high geometric and
hemodynamic risk associated to PG1 and PG2 was reflected by high values of maximum IMT.
Moreover, FlareA and LSA correctly classified 7 cases out of the 11 patients who survived during
follow-up. OSA correctly classified 6 cases out of 11.

At 60 months, DUS showed the presence of an after CEA restenosis >70% in PG1, and >50% in PG2
(reminding that belong to the same case) (Fig. 4 a-b) that was confirmed by MRA and intra-
operatory arteriography (Fig. 4 c-d). Moreover, a clear correspondence emerged between the area
exposed to low and oscillatory WSS, shown through contours of TAWSS and OSI (Fig. 4 e-f), and
the restenosis location (as indicated by the arrows).

Clinical DUS measurements of the maximum IMT values at the end of the 60 months follow-up
period are all reported in Table II. Moreover, a clear correspondence emerged between the area
exposed to low and oscillatory WSS, shown through contours of TAWSS and OSI (Fig. 4 e-f), and
the restenosis location (as indicated by the arrows). A marked IMT (maximum IMT equal to 2.6
mm, Table II) was observed at follow-up for PG3, which was characterized by a high geometric
restenosis risk, high LSA risk but intermediate OSA risk. Marked IMT was observed at follow-up
also for PG6 (maximum IMT equal to 2.1 mm, Table II), classified as intermediate restenosis risk

by its FlareA value and LSA, but high risk by OSA. Moreover, a focal restenosis process at the FD at

9
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follow-up was observed for PC2, classified as intermediate restenosis risk by its FlareA value and
LSA, and high risk by OSA. In all the remaining cases (PG5, PG7, PG8, PG9, PC1, PC3, PC4), we
observed a moderate IMT (Table II).

Morphological DUS observation of the endoarterectomized regions were reported for all cases
together with the TAWSS and OSI distributions at the luminal surface to appreciate the co-
localization between disturbed hemodynamics and DUS observations of myointimal thickening or
new atheroma development (Fig. 5). Generally, in all cases a remarkable co-localization was
observed with LSA (ten out of eleven cases), while OSA results appeared weaker (six out of eleven

cases) (Table V).

DISCUSSION

Severe late restenosis after CEA constitutes a major problem. Nonetheless, mechanisms for the
development of carotid restenosis after CEA are still being defined. Among the involved risk
factors, the establishment of flow disturbances at the bifurcation has been often interpreted by
the surgeons as an harbinger of potential complications after CEA.27

To the best of our knowledge, this is the first study that (1) linked disturbed hemodynamics after
CEA to verified cases of late restenosis, and (2) explored the clinical translation of such a link
through surrogate geometric predictors of disturbed hemodynamics. According to this study,
hemodynamic and geometric analyses hold potential for the stratification of patients at risk for
development of late restenosis. In particular the investigated descriptors LSA, OSA and FlareA
resulted associated to the clinical outcomes at 60 months follow-up. Misclassifications were
limited to contiguous categories and regarded all descriptors for PG9 and PC4, while PC2 was
correctly classified by OSA only and PG7 by FlareA only (Figure 3). Moreover, geometric restenosis
risk was overestimated for case PG5 (i.e., risk was represented in a conservative way), but the
hemodynamic restenosis risk for this case was correctly estimated. Interestingly, the PG in case
PG5 is placed distally to the CB, as the pre-CEA blockage was localized in the ICA. As a consequence,
its “intermediate-risk” FlareA value was relative to the native CB, which was exposed to a low

amount of disturbed WSS, and it did not develop, neither primary atherosclerotic lesion nor

10
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restenosis. Furthermore, the present CFD analysis based on LSA and OSA quantification allowed
us also to predict with a good approximation the location of maximum IMT, regardless of its
severity. The differences in the association between clinical outcomes and LSA or OSA suggest
different vascular responses to low vs. oscillatory WSS.28

Several investigations focused at the hemodynamic alterations consequent to variations of carotid
bifurcation geometry after CEA. Kamenskiy et al. observed wider areas of high OSI as a
consequence of the abrupt diameter’s transition from PG level to the native artery after PG
insertion, consistently with the idea of flare promoting disturbed WSS.2? Harloff et al. investigating
carotid bifurcation of previously high-grade ICA stenosis, reported that eversion CEA tends to
restore WSS to physiological values.3? Domanin et al. observed higher values of OSI in patients
submitted to CEA when PG was inserted with respect to PC, both in obliged and selective use of PG
based on the measures of the ICA or the proximal localization of the plaque. 25 The opposite
scenarios, explored by virtually adding or removing the PG, did not highlight disadvantages for the
PC choice from an hemodynamic point of view.26

Surrogate markers for disturbed WSS have been proposed based on specific geometric attributes
of the carotid artery, by virtue of their influence on local flow patterns.16 31-33 Bijari et al.
demonstrated that flare and proximal CCA curvature are independent predictors of LSA and OSA33
and wall thickness at the carotid bulb.l” Archie observed that PG insertion resulted in CB
geometric modifications with respect to the pre-CEA geometry, with an increase of the CB length,
and a change of CB shape from elliptical to round.34 Here, flare emerged as significant predictor of
exposure to disturbed hemodynamics, recapitulating the detrimental effect of flare in promoting
disturbed WSS.16.33 These findings are widened by the association between flare and long-term
clinical outcomes, supporting that the introduction of a large and sudden expansion # should be
avoided. In other words, an artificial enlargement of the carotid bifurcation would increase the
amount of disturbed flow, potentially leading to abnormal responses of the endarterectomised
arterial wall. This is particularly true in PG arteriotomy repair strategies. Furthermore, the
statistical analysis revealed an inverse relative contribution of tortuosity to disturbed

hemodynamics (as indicated by the negative standardized coefficients in Table IV), although not

11
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significant. This summarized the beneficial effect of inlet tortuosity in mitigating WSS
disturbances.23-24

It is worth noting that previous studies demonstrated the reproducibility of the geometric
characterization of the carotid bifurcation, 24 that was performed here automatically. Therefore,
the quantitative geometric characterization described here could be easily and robustly obtained
from imaging data, and employed at a large scale for explorative studies, clinical trials and
ultimately clinical routine. In this sense, FlareR was considered here based upon the idea that
FlareR can be measured from one 2D planar view, and thereby it represents an easy to measure
geometric indicator. The robustness of our findings was checked repeating the geometric
restenosis risk stratification using FlareR instead of FlareA: comparable results were obtained in

terms of LSA and OSA prediction and restenosis risk stratification.

Limitations and future developments

Limitations are related to the small sample size, although sufficient for statistical significant
correlations to emerge, to the lack of randomization, and to the absence of any analysis of biologic
factors potentially involved in the physio-pathologic mechanism of restenosis. Therefore, the
proposed diagnostic criteria will need to be validated in a prospective trial. Moreover, in general
computational hemodynamics suffers from uncertainties (e.g., reconstruction errors), and
assumptions (e.g., Newtonian viscosity, rigid walls, as widely discussed elsewhere 15), that might
influence the relationships described in the present study. Additionally, no information about the
extension of the region subject to CEA surgical intervention (either with PG or PC) can be extracted

from the imaging data.

CONCLUSIONS

One main challenge for vascular surgeons is the prediction of the long-term outcomes of surgery.

The question of the proper use of PG in carotid surgery has been going for many years and

concerns about its use still persist.
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In this still unclear scenario, hemodynamics plays an important role in determining conditions for
the restenosis initiation processes to occur. In this direction, CFD has revealed to be an effective
tool to predict such conditions. Moreover, as arterial geometry shapes the flow, the analysis of
geometric descriptors could be a useful surrogate to predict, with a good accuracy, flow
disturbances and their consequences at the carotid bifurcation in the clinical practice. In this
sense, geometric analysis based on flare can be obtained by DUS or radiological imaging during
the preoperative clinical assessment in a convenient, fast and relatively easy way, allowing to
provide useful indications about the best closure technique to adopt on a case by case basis in a

time frame compatible with clinical procedures.

Disclosures: None
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FIGURES LEGENDS

Fig.1

A) CCAmax and CCA3 sections, whose areas define FlareA, are shown in red. CCAmax is normal to
the average of the internal (ICA) and external carotid artery (ECA) centerlines. B) FlareR was
calculated as half the difference between CCA3 and CCAmax major axes (Lmax and L3,
respectively), divided by the distance between the sections, indicated as L in the figure. C) The
centerline segment between the CCA3 centerline point and the inflection point was used to
calculate Tort3D as L/D-1, where L is the curvilinear distance between the two points and D is the
Euclidean distance between them. D) The centerline segment between CCA3 and inflection point
was projected to a least-squares plane. The projected segment on the fitting plane defines Tort2D

as L/D-1.

Fig. 2

Exposure to disturbed WSS in the 13 models (PG patch graft, PC primary closure). The bifurcation
region is delimited by sections CCA3, ICA5 and ECAZ2 and indicated by black lines in the figure.
Quantitative analysis of LSA and OSA in the bifurcation region for the two groups is visualized with
bar diagrams in terms of mean * standard deviation. Top row: exposure to low WSS as expressed
by LSA. Red and black areas denote TAWSS values below respectively the 20th and 10th percentile
of the pooled TAWSS distribution on all models. Bottom row: exposure to highly oscillatory WSS,
as expressed by OSA. Red and black areas denote OSI values above respectively the 80th and 90th

percentile of the pooled OSI distribution on all models.

Fig. 3

Comparison between restenosis risk assessed by hemodynamic (LSA and OSA) and geometric
(FlareA) descriptors and maximum IMT, measured through clinical ultrasound imaging. Bar color
represents the restenosis risk stratification: red, high risk; orange, intermediate risk; green, low
risk. Top row, left panel: Restenosis risk stratification based on LSA. Top row, right panel:

Restenosis risk stratification based on OSA. Bottom row, left panel: Restenosis risk stratification
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based on FlareA. Bottom row, right panel: Maximum IMT, expressed in mm, shows a good
correspondence with LSA and FlareA data. Patients PG4 and PG8 died at three years from CEA

surgery for unrelated causes, thus no follow-up data are present.

Fig. 4

Clinical evidences of restenosis for PG1 and PG2 (note that the carotids belong to the same
patient). Panel a) and b): DUS analyses for PG1 and PG2 respectively indicated a severe restenosis
and PSV>130cm/s. Panel c) MRA examinations confirming the restenosis in both carotids. Panel
d): Intra-operatory arteriography. Panel e): contours of TAWSS (in Pa) and OSI for PG1
highlighted that the region where restenosis occurred was characterized by low and oscillatory

WSS, as underlined by the arrow.

Fig. 5
Contour maps of low and oscillatory WSS, as indicated by TAWSS (Pa) and OS], are shown together
with follow-up DUS images at 60 months, showing carotid IMT. In general, there is correspondence

between low and oscillatory WSS regions and maximum IMT regions.
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TABLES LEGENDS

Table L.
Age, classification of sex (F female; M male), localization of the carotid blockage (CCA Common
carotid artery; B Bulb; ICA Internal carotid artery; ECA external carotid artery), diameter

measurements at CCA, B, ICA and ECA, and closure technique (PG Patch graft; PC Primary closure).

Table II.

Doppler ultrasound analysis of carotid after 60 months: Peak systolic velocity, end diastolic
velocity, IMT measurements at the bifurcation division level (flow divider, FD), CCA at 2cm and
1cm proximal to the FD (FD-2cm and FD-1cm), at the carotid bulb (CB), at the ICA downstream of
the CB, and maximum IMT., and correspondence between the localization of maximum IMT with

LSA and OSA.

Table III.
Values of geometric descriptors: FlareA, FlareR, Tort3D and Tort2D.

Table IV.

Multiple regression between geometry vs hemodynamics.

Table V.

Correspondence between the localization
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Table I.

Patient ( ;—\ge) Sex Plaque Localization CCA O (mm) BULB O (mm) | ICA O (mm) ECA O (mm) Closure technique
years
PG1 65 F CCAB 6,00 6,00 5,00 3,80 PG
PG2 65 F B 6.00 5.90 5.40 4,00 PG
PG3 81 F B,ICA 680 5.40 4,20 3,50 PG
PG4 82 F B.ICA 6,60 5,40 4,00 3,80 PG
PG5 72 M ICA 6.69 4,83 4,50 397 PG
PG6 68 F B 5.82 5,04 4,50 4,10 PG
PG7 71 F B,ICA 6.00 6.00 4,90 3,26 PG
PGS 76 M B 7,00 5,15 4,00 3,86 PG
PG9 67 M B.ICA 6.33 6.20 4,80 2,40 PG
PC1 81 F B,ICA 7.48 7.52 4,74 4,00 PC
PC2 79 M B.ICA 6,17 7,00 5,00 325 PC
PC3 79 M CCA, B, ICA 8,00 8,80 7,00 5,00 PC
PC4 61 M B 6.88 7.62 6,60 5,40 PC
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Table II.

Peak End Degrecof | IMT@FD- | IMT@FD- | MT@ MT @ IMT @
botiane | SyStolic | diastolic | restenosis | 2em 1cm oD - A Max IMT
velocity | velocity (mm)
e/ | Gems) |0 | e | omm |
PG1 > 400 200 >70 0.8 1.8 1.9 5.9 2.0 5.9
PG2 160 90 >50 0.8 0.7 2.1 4.8 0.9 5.2
PG3 80 40 <30 1.0 1.0 2.6 1.0 1.4 2.6
PG4 | N/A | N/A | N/A | N/A | N/A | N/A | N/A | N/A | N/A
PG5 60 30 <30 1.0 1.3 1.3 1.4 0.7 1.4
PG6 80 40 <30 2.1 1.0 1.0 1.6 09 2.1
PG7 50 30 <30 0.6 0.9 0.9 1.4 1.0 1.4
PG8 | N/A | N/A | N/JA | N/A | N/A | N/A | N/A | N/A | NJA
PG9 90 40 <30 1.0 1.6 1.0 0.8 1.3 1.6
PC1 90 35 <30 0.9 0.9 0.9 0.9 0.9 1.4
PC2 70 35 <30 0.9 1.4 2.8 1.3 0.8 2.8
PC3 80 40 <30 0.7 0.8 0.9 0.9 0.6 1.2
PC4 60 40 <30 0.6 0.7 1.8 0.8 0.6 1.8
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Table I1T

FLARE DESCRIPTOR TORTUOSITY DESCRIPTOR
Patient FlareA FlareR Tort3D Tort2D
PG1 4.952 0.455 0.067 0.064
PG2 4.800 0.385 0.052 0.044
PG3 2.266 0.188 0.034 0.022
PG4 1.855 0.175 0.033 0.032
PG5 1.437 0.132 0.043 0.039
PG6 2.047 0.153 0.053 0.046
PG7 1.310 0.181 0.045 0.043
PG8 1.455 0.148 0.028 0.026
PG9 3.305 0.253 0.02 0.014
PC1 1.320 0.180 0.021 0.019
PC2 1.197 0.178 0.034 0.032
PC3 1.418 0.115 0.061 0.059
PC4 1.383 0.171 0.037 0.035
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Table IV.

LSA OSA
Adjusted R? B Flare Tortfosity Adjusted R? B Flare TortEosity
FlareA, Tort3D | 0.3586* 0.7437* -0.2551 0.1323 0.5737 -0.1995
FlareA, Tort2D | 0.3840* 0.7307* -0.2894 0.1402 0.5586 -0.2102
FlareR, Tort3D | 0.3444* 0.7296* -0.2398 0.0167 0.4600 -0.1477
FlareR, Tort2D | 0.3881* 0.7395* -0.3096 0.0341 0.4668 -0.1929

* P <0.05

27




1

Table V.

bationt Localization maximum LSA 0sA
IMT/restenosis Co-localization Co-localization

PG1 B/ICA High High
PG2 B/ICA High High
PG3 CCA High High
PG4 N/A N/A N/A
PG5 CCA High Moderate
PG6 CCcA High Moderate
PG7 B/ICA Moderate Moderate
PGS N/A N/A N/A
PG9 CCA/B High Moderate
PC1 B High Low
PC2 CCA/B High High
PC3 B High High
PC4 B/ICA High High
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