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Aims: Spontaneous coronary artery dissection (SCAD) is an increasingly diagnosed cause of myocardial infarction
with unclear pathophysiology. The aim of the study was to test if vascular segments site of SCAD present
distinctive local anatomy and hemodynamic profiles.

Methods: Coronary arteries with spontaneously healed SCAD (confirmed by follow-up angiography) underwent
three-dimensional reconstruction, morphometric analysis with definition of vessel local curvature and torsion,
and computational fluid dynamics (CFD) simulations with derivation of time-averaged wall shear stress (TAWSS)
and topological shear variation index (TSVI). The (reconstructed) healed proximal SCAD segment was visually
inspected for co-localization with curvature, torsion, and CFD-derived quantities hot spots.

Results: Thirteen vessels with healed SCAD underwent the morpho-functional analysis. Median time between
baseline and follow-up coronary angiograms was 57 (interquartile range [IQR] 45-95) days. In seven cases
(53.8%), SCAD was classified as type 2b and occurred in the left anterior descending artery or near a bifurcation.
In all cases (100%), at least one hot spot co-localized within the healed proximal SCAD segment, in 9 cases
(69.2%) > 3 hot spots were identified. Healed SCAD in proximity of a coronary bifurcation presented lower
TAWSS peak values (6.65 [IQR 6.20-13.20] vs. 3.81 [2.53-5.17] Pa, p = 0.008) and hosted less frequently TSVI
hot spots (100% vs. 57.1%, p = 0.034).

Conclusion: Vascular segments of healed SCAD were characterized by high curvature/torsion and WSS profiles
reflecting increased local flow disturbances. Hence, a pathophysiological role of the interaction between vessel
anatomy and shear forces in SCAD is hypothesized.

1. Introduction

Spontaneous coronary artery dissection (SCAD) is an emergently
recognised clinical condition, leading to acute myocardial infarction
(MI), cardiac arrest, and cardiac death in a mostly younger patient
population with a higher female prevalence [1,2]. Being

angiographically recognised as a luminal narrowing with or without the
presence of a radiolucent flap or a false lumen retaining contrast me-
dium [3], pathophysiological mechanics of SCAD still remain unclear. In
fact, whereas a spontaneous intimal tear and intramural hematoma are
the two recognised main pathophysiological mechanisms of the intimo-
medial flap and false lumen generation [4], the underlying biological

Abbreviations: CFD, Computational fluid dynamics; MI, Myocardial infarction; QCA, Quantitative coronary angiography; SCAD, Spontaneous coronary artery
dissection; ROI, Region of interest; TAWSS, Time-averaged WSS; TSVI, Topological shear variation index; VMTK, Vascular modeling toolkit; WSS, Wall shear stress.
* Corresponding author at: Andreas Griintzig Heart Catheterization Laboratory, University Heart Center, University Hospital Zurich, Ramistrasse 100, CH-8091

Zurich, Switzerland.
E-mail address: christian.templin@usz.ch (C. Templin).
1 Equal contribution.

https://doi.org/10.1016/j.ijcard.2023.05.006

Received 7 March 2023; Received in revised form 16 April 2023; Accepted 5 May 2023

Available online 16 May 2023

0167-5273/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:christian.templin@usz.ch
www.sciencedirect.com/science/journal/01675273
https://www.elsevier.com/locate/ijcard
https://doi.org/10.1016/j.ijcard.2023.05.006
https://doi.org/10.1016/j.ijcard.2023.05.006
https://doi.org/10.1016/j.ijcard.2023.05.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijcard.2023.05.006&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Candreva et al.

events triggering these phenomena remain to be elucidated. Among
others, hormonal conditions, systemic inflammatory diseases, and
arteriopathies were identified as predisposing conditions for SCAD
development [3]. Moreover, it was reported that a tortuous coronary
anatomy is highly prevalent in SCAD, pointing towards a role of adverse
anatomical features in the mechanisms for arterial dissection [5]. In this
regard, as anatomy shapes blood flow [6], the association between SCAD
and vascular anatomical features suggests an involvement of local he-
modynamic forces in SCAD.

Personalized computational fluid dynamics (CFD) simulations have
recently gained scientific momentum as valuable investigational tool of
the intracoronary hemodynamics [7,8], allowing the calculation of the
wall shear stress (WSS) acting at the level of the endothelium-blood
interface. WSS profiles were related to adverse coronary events [9],
even in vessels presenting non-flow-limiting lesions [10]. WSS-based
quantities have demonstrated to be capable to reflect near-wall flow
disturbances, e.g. identifying coronary lesions prone to cause a MI [11].

In the present study, morphometric analysis and personalized CFD
simulations were used to investigate local anatomy and hemodynamics
at sites of healed SCAD lesions.

2. Methods
2.1. Study population

Consecutive patients with healed SCAD without intracoronary
intervention were included in the study. Healed SCADs were defined
angiographically as a complete healing of the dissection (‘restitutio ad
integrum’) at a planned angiographic control (‘second look’) following
the first coronary angiogram — when the diagnosis of SCAD was made
(‘index procedure’). All included patients provided informed consent
and were enrolled retro- or prospectively in the InterSCAD Registry at
the University Hospital of Zurich (Zurich, Switzerland).

2.2. SCAD classification and localization

Coronary angiographies were visually assessed by trained personnel
(MW, TG and CT). The type of SCAD was adjudicated on the index
angiography as per current international consensus [3]. Next, the SCAD
proximal initiation point was visually identified at the baseline angi-
ography and localized on the healed vessel segment at the angiographic
second look.

2.3. Three-dimensional vessel reconstruction and morphometry
assessment

Three-dimensional (3D) quantitative coronary angiography (QCA)
reconstructions including bifurcations with side branch diameter larger
than 1 mm were performed using two angiographic end-diastolic frames
at least 25° apart, combining the QAngio XA Bifurcation RE software
(Medis medical imaging systems, Leiden, The Netherlands) and a
custom-made algorithm [12]. The vessel centerline, which represents
the main geometric attribute of the vessel, was reconstructed using the
vascular modeling toolkit (VMTK, Orobix, Bergamo, Italy). Then, a
centerline-based morphometric analysis of coronary arteries was per-
formed, with local vessel curvature and torsion values [13] obtained
from the reconstructed 3D vessel centerline according to previous
studies [14-16]. Briefly, considering a point on a curve in a 3D space (in
our case, the vessel centerline), curvature measures how quickly the
vessel curves, while torsion measures how quick the vessel twists. Cur-
vature and torsion mathematical definitions are reported in the Sup-
plementary Material.

2.4. Angiography-based blood flow simulations

On the same 3D vessels reconstructions transient CFD simulations
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were performed adopting the finite volume-based code Fluent (Ansys
Inc., Canonsburg, PA, USA). Details on the adopted CFD schemes are
reported in the Supplementary Material.

From simulated data, the luminal surface distribution of the time-
averaged WSS (TAWSS) and of the topological shear variation index
(TSVI) were calculated as in previous studies [7,17]. Briefly, TAWSS
represents the value of the WSS magnitude applied to the luminal sur-
face averaged along the cardiac cycle. TSVI quantifies the variability of
the contraction/expansion action exerted by the WSS on the endothe-
lium along the cardiac cycle [17,18]. The mathematical formulations of
TAWSS and TSVI are reported in the Supplementary Material.

2.5. Anatomical and hemodynamic hot spots assessment and co-
localization scoring

Hot spots of curvature and torsion were identified as those local peak
values along the centerline belonging to the 90™ and 98™ percentile,
respectively, of the corresponding vessel-specific quantity distribution
(Supplementary Fig. 1). A higher percentile (98™) was assumed for
torsion given its typical peaked distribution along arterial centerlines.
Hot spots of TAWSS and TSVI were identified in terms of luminal surface
areas exposed to values belonging to the 90™ percentile of the corre-
sponding vessel-specific quantity distribution. Vessel segments and
luminal surface areas exposed to peak values were visually mapped on
the reconstructed 3D vessels geometry as red areas.

The region of interest (ROI) spanned not beyond 3 mm upstream and
downstream from the SCAD proximal initiation point localized on the
reconstructed vessel luminal surface: in case a morphometric- or WSS-
based quantity hot spot fell within such segments as per visual assess-
ment by three independent observers (AC, MLR and UM), positive co-
localization of the given quantity hot spot with the proximal SCAD re-
gion was adjudicated with a tick mark (‘V’), see Fig. 1. Conversely, a
missing co-localization of a given quantity peak with the ROI was
marked with an ‘X’. A co-localization scoring system was implemented
and based on the sum of positive co-localization ‘V’ marks, hence
ranging from O (i.e., absence of hot spots in the ROI) to 4 (i.e., co-
localization of all hot spots, of curvature, torsion, TAWSS and TSVI,
with the identified segment around SCAD initiation).

2.6. Statistical methods

Statistical analyses were performed on a per-patient and -vessel
basis. Bifurcation involvement was used for group-wise comparison.
Continuous variables with normal distribution are presented as mean +
standard deviation (SD) and non-normally distributed variables as me-
dian (inter-quartile range [IQR]). Categorical variables are presented as
percentages. Chi-squared test was used for comparing categorical vari-
ables, while Student’s tests or Mann-Whitney tests as appropriate for
continuous ones. A p-value <0.05 was considered significant. All ana-
lyses were performed using R statistical software (R Foundation for
Statistical Computing, Vienna, Austria).

3. Results

From January 1997 to December 2021, 146 patients with
angiographically-confirmed SCAD were screened for study inclusion
criteria. A spontaneous and complete healing of the SCAD was angio-
graphically documented in 20 subjects (13.7%). Coronary angiography
recordings satisfied the criteria for CFD simulations in 13 cases (8.9%),
Fig. 2. The angiographic follow-up was performed at 57 (IQR 45-95)
days.

3.1. Baseline characteristics

Thirteen patients with thirteen SCAD lesions were included in the
analysis. In all but one case (92.3%) an acute trigger at the index event
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Fig. 1. Case example of co-localization of the hot

TAWSS (Pa) TSVI (m™) Curvature Torsion ' of the four tested variables. U L Th
ol 10 0 1000 spots of the four tested variables. Upper panel: The
90 pe,cenﬁ,e- -WE,,ME 90 p,!,nme a0 p:emi,e coronary artery with spontaneously healed dissection

is reconstructed from the projections from the
angiographic second look and the localization of the
proximal SCAD initiation point (arrow and dashed

SCAD proximal
initiation point

line) is obtained from the index angiography. Time-
averaged wall shear stress (TAWSS) and topological
shear variation index (TSVI) distribution are repre-
sented on the vessel luminal reconstruction in a color-

coded fashion, while peak values of the curvature and
torsion indices are represented in red on the vessel
centerlines. Lower panel: Zoom of the proximal re-
gion of the healed coronary dissection. TAWSS and
TSVI peaks are presented as red stains on the recon-
structed vessel luminal surface. The co-localization of
the hot spots of the morphometric and WSS-based
quantities under investigation is assessed visually.
The amount of hot spots co-localizing in the proximity

\\ 'l: of the proximal SCAD initiation point is obtained and
4 summed up to give the result of the hot spot score (in
Zpom of the wer & ~ y & _ y_ £ _)_/ A this case 4). (For interpretation of the references to
proximal hea!ed A color in this figure legend, the reader is referred to the
SCAD region web version of this article.)
\.
\ \
TAWSS TSVI Curvature Torsion Hot spot
W] Hot spot Hot spot Hot spot Hot spot Score
semi-quantitative
scoring system v v v v 4
The InterSCAD Registry Zurich Fig. 2. Study flow chart. Patients were consecutive enrolled in
one Swiss tertiary center. Morphometry and computational
Jan 1997 — Dec 2021 fluid dynamics (CFD) analysis were performed on those pre-
(Patient N = 146) senting a healed spontaneous coronary dissection (SCAD) with
available coronary angiography at the follow-up. In four cases
Excluded three-dimensional (3D) reconstruction was not possible (in 2
P!

Angiographic follow-up
(Pat N=92)
PCI (Pat N = 20)

SCAD not healed (Pat N = 13)

cases the SCAD was located in a side branch with <1 mm vessel
diameter; in 1 case because of excess in vessel tortuosity; in 1
case for absence of two projections 25° apart with minimal
lesion foreshortening).

n/a

Angiographic Follow-up Available
(Patient N = 20)

Excluded
DICOM n/a (Pat. N = 3)

3D-Reconstruction n/a (Pat. N = 4)

Morphometry and CFD Analysis
(Patient N = 13)

could be identified, Table 1. Mean age was 46 (IQR 42-62) years, and 10
(76.9%) patients were women. SCAD presented in most cases as non-ST
segment elevation myocardial infarction (NSTEMI, 61.5%). Angio-
graphically, type 2b was the most prevalent SCAD variant (53.8%).
Baseline parameters were well balanced among patients with healed
SCAD regions with and without proximity to a coronary bifurcation,
Table 1.

3.2. Anatomical and hemodynamic hot spots co-localization and scoring
system

Hot spot adjudication is presented in Fig. 3. From the analysis of the
co-localization of the morphometry and WSS hot spots with the SCAD
initiation segment emerged that 69.2% of the ROI hosted > 3 hot spots.
SCAD ROIs scored on average 2.84 (+ 0.66) hot spots and did not differ
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Table 1
Baseline characteristics of patients with SCAD with and without proximity to a
bifurcation.

Total SCAD SCAD w/o SCAD with p-
(Patient or Bifurcation Bifurcation value
Vessel N = (Patient or (Patient or (two-
13) Vessel N=6) Vessel N =7) sided)
Age, yrs 46 (42-62) 44 (42-65) 47 (38-62) 0.886
Female gender, n (%) 10 (76.9%) 6 (100.0%) 4 (57.1%) 0.067
BMI, Kg/m2 27.3+6.73 23.4 £ 4.01 30.7 £ 6.97 0.369
LVEF, % 55.1 +£6.34 50.8 £ 5.34 58.7 £ 4.82 0.306
Serum creatinine, 6624138 627+£911  69.3+17.0  0.358
pmol/L
Type of ACS:
- NSTEML n (%) 8 (61.5%) 3 (50.0%) 5 (71.4%) 0.429
- STEMIL n (%) 5 (38.5%) 3 (50.0%) 2 (28.6%)
Type of SCAD:
- Type 1, n (%) 1 (7.7%) 0 (0.0%) 1 (14.3%)
- Type 2a, n (%) 5 (38.5%) 3 (50.0%) 2 (28.6%) 0.529
- Type 2b, n (%) 7 (53.8%) 3 (50.0%) 4 (57.1%)
Type of Vessel:
- LAD, n (%) 7 (53.8%) 2 (33.3%) 5 (71.4%)
- LCX, n (%) 5 (38.5%) 4 (66.7%) 1 (14.3%) 0.133
- RCA, n (%) 1(7.7%) 0 (0.0%) 1 (14.3%)
Coronary artery
disease, n (%) 0(0.0%) - -
Dlﬁii‘;;thy’ nop 4608w 1(16.7%) 3 (42.9%) 0.308
Fibromuscular
dysplasia, n (%) 0(0.0%) B -
Systemic
inflammatory 1 (7.7%) 1 (16.7%) 0 (0.0%) 0.261
disease, n (%)
Connective tissue
disorder, n (%) 0(0.0%) - -
Hy(f]’/:;thym‘d‘sm’ t 1(7.7%) 1(16.7%) 0 (0.0%) 0.261
Hypertension, n (%) 5 (38.5%) 1 (16.7%) 4 (57.1%) 0.135
T2DM, n (%) 0 (0.0%) - -
Active smoking, n (%) 4 (30.8%) 1 (16.7%) 3 (42.9%) 0.296
Dyslipidemia, n (%) 6 (46.2%) 1 (16.7%) 5 (71.4%) 0.048
ACE-Inhibitor, n (%) 2 (15.4%) 1 (16.7%) 1 (14.3%) 0.906
Aspirin, n (%) 2 (15.4%) 0 (0.0%) 2 (28.6%) 0.155
Oral anticoagulation, 1(7.7%) 1(16.7%) 0 (0.0%) 0.261
n (%)
Statin, n (%) 2 (15.4%) 1 (16.7%) 1 (14.3%) 0.906
Oral Antidiabetics or
Insulin, n (%) 0(0.0%) - -
Hormonal
replacement 0 (0.0%) - -
therapy, n (%)
Betablocker, n (%) 0 (0.0%) - -
Calcium-Antagonist, 0 (0.0%) B B

n (%)

BMI = Body mass index; LAD = Left anterior descending coronary artery; LCX =
Left circumflex coronary artery; LVEF = Left ventricular ejection fraction;
NSTEMI = Non-ST elevation myocardial infarction; RCA = Right coronary ar-
tery; SCAD = Spontaneous coronary artery dissection; STEMI = ST elevation
myocardial infarction; T2DM = Type-2 diabetes mellitus.

between lesions with and without proximity to coronary bifurcations
(2.86 + 0.69 vs. 2.83 + 0.75, p = 0.954), Table 2.

3.3. Morphometry in healed SCAD proximal segments

In 12 (92.3%) vessels, anatomical hot spots co-localized with the
SCAD offset region. Curvature peaks were more prevalent in healed
SCAD regions (84.6%) than torsion peaks (61.5%). The location of
curvature and torsion hot spots was not affected by the proximity to a
coronary bifurcation (85.7 vs. 83.3%, p = 0.906 for curvature hot spot
with and without proximity to a coronary bifurcation, and 71.4 vs.
50.0%, p = 0.429 for torsion hot spot in ROI, respectively), Table 2.
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3.4. Wall shear stress profiles in healed SCAD proximal segments

In all cases, hot spots of TAWSS and/or TSVI co-localized with the
dissection ROL Both TAWSS and TSVI 90% percentile surface area peak
values in the ROI were quantitively higher in the subgroup where the
SCAD was not in proximity to a coronary bifurcation (for TAWSS: 3.81
Pa (IQR 2.53-5.17 Pa) vs. 6.65 Pa (IQR 6.20-13.20 Pa), p = 0.008; for
TSVL: 92.60 m'(IQR 74.04-109.05 m-'] vs. 128.98 m™’ (IQR
108.44-184.06 m'l), p = 0.138). TSVI hot spots site of SCAD were less
frequently found in proximity to coronary bifurcations than TAWSS
(57.1% vs. 100.0%, p = 0.034), Table 2.

4. Discussion

The present exploratory study highlighted that vessel segments in the
proximal parts of a healed SCAD region were characterized by (i) the
presence of local hot spots of curvature and/or torsion as well as of
TAWSS and/or TSVI; (ii) the increased prevalence of curvature rather
than torsion peaks; and (iii) the presence of local flow disturbances,
quantified by WSS.

4.1. Role of coronary anatomy in SCAD pathophysiology

SCAD has traditionally been associated with abnormal vessel ge-
ometry, and particularly with tortuosity [3]. Commonly seen in routine
angiographies, especially of elderly female patients with long-lasting
arterial hypertension [19], coronary tortuosity remains a clinical etiol-
ogy of unclear definition and clinical significance. It has been experi-
mentally associated with structural changes within the arterial wall (e.g.
elastin degradation or deficiency) [20], kinking, and looping arguably
originated by an unbalance between tractional, re-tractional, and
intraluminal forces applied to the vessel wall, leading ultimately to an
irreversible elongation of the vessel [21]. Tortuosity was associated with
delayed coronary perfusion [22], and myocardial ischemia in absence of
a severe atherosclerotic lesion [23].

Translating long-established notions from the cerebrovascular sys-
tem to the coronary tree [24], Eleid et al. proposed an analysis with
semi-quantitative tortuosity metrics in SCAD based on the visual
assessment of the coronary angiogram, which confirmed a strong asso-
ciation between coronary tortuosity and the presence or even the
recurrence of SCAD [5]. The same methodology was more recently
applied to vessel multiplanar reconstructions from coronary computed
tomography angiographies (CCTA), confirming once again an associa-
tion of coronary tortuosity and SCAD [25]. Conversely, in the present
investigation, a vessel centerline-based quantitative analysis performed
on 3D vascular geometries reconstructed from coronary angiography
was performed [13]. This approach allowed to determine the local
curvature and torsion values at any given position along the vessel
centerline, identifying in a mathematical manner areas of curvature
and/or torsion peaks and consequently allowing to quantify rigorously
vessel tortuosity. This made the morphometric analysis automatic,
quantitative, and operator independent.

4.2. Role of local hemodynamics in SCAD pathophysiology

Investigations on intracoronary blood flow in the context of SCAD
are scarce. This is surprising, given the above discussed link between
arterial tortuosity and SCAD, and the well-known impact of arterial
anatomy in shaping local hemodynamics [7]. In fact, the presence of
sharp bends and non-planarity produces flow separation and stagnation
as well as secondary flows and flow recirculation, which in turn may
distill into deranged shear force patterns acting on the vessel wall [22].
Among the CFD studies focusing on the hemodynamics in SCAD vessels,
Di Donna et al. investigated the role of bifurcations upstream of a
dissected coronary segment, identifying that an angle between the left
anterior descending coronary artery (LAD) and the first adjacent branch
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ANATOMIC-FUNCTIONAL ANALYSIS OF THE PROXIMAL SCAD REGION
Patient TAWSS TSVI Curvature Torsion Hot spot
Hot spot Hot spot Hot spot Hot spot Score
1 v v v v 4
2 v v v 3
3 v v v 3
4 v v v 3
5 v v v v 3
6 v v 2
7 v v 2
8 v v 2
9 v v v 3
10 v v v 3
11 v v 2
12 v v v v 4
13 v v v 3

Fig. 3. Co-localization of morphometric and WSS hot spots with SCAD region. Results of the visual assessment of the co-localization of variable hot spots and
proximal dissection area (region of interest or ROI). A match is marked with a tick mark (‘V’), a missing match with an ‘X’. The count of matches ‘V’ give the resulting
hot spot score for the given vessel. TAWSS = Time-averaged wall shear stress; TSVI = Topological shear variation index.

< 90° can be a cause of increased instantaneous WSS (with diastolic
peaks > 2.66 Pa) on the downstream vessel wall, especially in the pri-
mary location of the dissection [25]. Here, we found that the cardiac
cycle-averaged WSS magnitude (i.e., TAWSS) with median peak > 5.00
Pa co-localized in each analyzed vessel with the proximal dissection end.
This evidence could suggest a direct mechanical effect of shear forces on
the local endothelium, possibly leading to an intimal tear with increased
wall permeability, smoot muscle cell stimulation and elastin degrada-
tion [26]. Notably, the mechanism initiated by high WSS action mech-
anism reconciliates with both theories on the inception of a SCAD, i.e.
originating from an endothelial tearing event (‘inside-out’) or from a
vasa vasorum hemorrhage within a elastin-depleted media layer
(‘outside-in’) [3].

In this study, coronary hemodynamics was also quantified by TSVI, a
topological skeleton feature of the WSS recently associated with early
atherosclerotic changes in coronary arteries and risk of plaque destabi-
lization [11,27]. TSVI was found markedly elevated especially in
dissected coronary segments not in proximity of a bifurcation, suggest-
ing a relevance of the complex blood-endothelium interaction pattern
captured by this quantity. In fact, TSVI quantifies the variability in the
contraction/expansion action exerted by the WSS on the endothelium
along the cardiac cycle [17,18]. Recent studies suggested a role for TSVI
in altering intracellular and cell-cell tensions [27]. The findings of the

study also suggested that the two different mechanisms quantified by
TAWSS and TSVI might act separately, but that also might concur to
determine the dissection.

4.3. Interaction between vessel geometry and local hemodynamics

The frequent co-localization of hot spots within the ROI might point
towards an involvement of the tested anatomic-functional variables in
SCAD pathophysiology. A hint might be found when considering the
presence or not of coronary bifurcation at the starting point of the
dissection. In fact, in these cases numerically higher values for the four
tested variables were reported, suggesting that more extreme geomet-
rical and hemodynamic conditions might be necessary in the event of a
SCAD in the absence of a vessel partition. Conversely, in the presence of
a bifurcation, milder curvatures, torsions, and even less intense shear
forces might suffice to favor the offset of a coronary dissection.

In conclusion, a practical implication derived from our data suggests
that when SCAD is clinically suspected, a quantitative analysis of the
anatomy of the vessel and of the WSS profiles could support the iden-
tification of sites prone to dissection propagation/rupture or even re-
dissection. In this regard, attention should be focused on areas down-
stream of bifurcations (particularly towards the daughter branch with a
larger deviation angle) and on non-partitioning coronary segments
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Table 2
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Morphometry and CFD descriptors of healed SCAD lesions with and without proximity to a bifurcation.

Total SCAD
(Vessel N = 13)

SCAD w/o Bifurcation
(Vessel N = 6)

SCAD with Bifurcation
(Vessel N = 7)

p-value
(two-sided)

Morphometry ‘hot spot’ in ROI, n (%) 12 (92.3%)

1 0.18
- Curvature Peak Value, mm 0.16-0.29
- Curvature ‘hot spot’ in ROI, n (%) 11 (84.6%)
. 1 2.34
- Torsion Peak ValueValue, mm 1.97-2.52
- Torsion ‘hot spot’ in ROI, n (%) 8 (61.5%)
CFD ‘hot spot’ in ROI, n (%) 13 (100.0%)
5.17
- TAWSS Peak Value, Pa 3.81-6.33
- TAWSS ‘hot spot’ in ROI, n (%) 10 (76.9%)
a 108.44
- TSVI Peak Value, m 74.17-137.74
- TSVI ‘hot spot’ in ROI, n (%) 10 (76.9%)
0 0 (0.0%)
1 0 (0.0%)
‘Hot spot’ 2 4 (30.8%)
SCORE, n (%) 3 7 (53.8%)
4 2 (15.4%)
Average 2.84 + 0.66

6 (100.0%) 6 (85.7%) 1.000
0.23 0.16
0.18-0.32 0.14-0.29 0.445
5 (83.3%) 6 (85.7%) 0.906
2.46 2.06
2.34-2.79 1.49-2.39 0.073
3 (50.0%) 5 (71.4%) 0.429
6 (100.0%) 7 (100.0%) 1.000
6.65 3.81
6.20-13.20 2.53-5.17 0.008
4 (66.7%) 6 (85.7%) 0.416
128.980 92.60
.1
108.44-184.06 74.04-109.05 0.138
6 (100.0%) 4 (57.1%) 0.034
0 (0.0%) 0 (0.0%)
0 (0.0%) 0 (0.0%)
2 (33.3%) 2 (28.6%) 0.937
3 (50.0%) 4 (57.1%)
1 (16.7%) 1 (14.3%)
2.83 £ 0.75 2.86 + 0.69 0.954

The ‘Hot spot” score represents the sum of the ‘hot spots’ of different morphometry and CFD quantity present within the same ROIL For example, a score equal to two
means that two different ‘hot spots’ (e.g. one of Curvature and one of TSVI) co-localize within the same ROI. CFD = Computational fluid dynamics; ROI = Region of
interest; TAWSS = Time-averaged wall shear stress; TSVI = Topological shear variation index.

exhibiting extreme or sequential curvatures and torsions.
4.4. Limitations

This study faces some limitations. First, the number of patients
included in the final analysis is relatively small. While explained by
selection criteria of the retrospective screening, selection biases cannot
be excluded. Second, the underlying study assumptions might not be
generalizable. However, evidence exists for a post-SCAD complete
healing with restitutio ad integrum [1] and orthograde propagation of the
dissection was confirmed in the vast majority of cases [28]. Third, the
uncertainty and the level of idealization inherent in 3D reconstruction
and CFD simulations might have influenced the quantitative anatomical
analysis as well as the calculation of WSS-based quantities [29]. Last, no
information on vessel thickness and composition (e.g., presence of
atherosclerotic process and of vasa vasorum) was available, as intra-
vascular imaging was not routinely performed in these patients. Hence,
the influence of these variables on vessel wall tension and the associated
the risk of dissection could not be assessed. Further research should
address the relationship between vessel diameter, vessel composition,
vessel wall tension, and SCAD development.

5. Conclusion

Complex vascular anatomy and local flow disturbances were
analytically described in coronary artery segments site of a SCAD after
complete healing. The finding of a clear prevalence of high local values
of vessel curvature and/or torsion in regions where the dissection was
hypothesized to have originated suggested a pathophysiologic interac-
tion. Bifurcation site of dissection presented a milder co-localization
with local curvature/torsion peak values. Non-partitioning tortuous
vascular segments site of SCAD showed markedly deranged shear forces,
with high-magnitude WSS and high variability in the WSS contraction/
expansion action along the cardiac cycle, potentially able to affect
endothelium continuity. Hence, these results strongly support the hy-
pothesis of a strong interaction between vessel anatomy and shear forces
in the pathophysiology of SCAD.
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