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Abstract: Objective: The incidence of type B aortic dissection (TBAD) is increasing worldwide;
however, the underlying pathomechanisms are not conclusively understood. This study explores the
geometric architecture of the aortic arch and supra-aortic branches in TBAD patients as opposed to
non-TBAD patients. Methods: Patient characteristics were retrieved from archived medical records.
Computer-assisted tomography (CAT) scans of patients with TBAD and carotid stenosis (CS) from
two high-volume centers were analyzed. Various aortic arch parameters and take-off angles of
the supra-aortic branches of TBAD patients were measured following centerline normalization in
comparison CS patients. A compression index (C-index) was calculated from the para-sagittal, and
a torsion index (T-index) was calculated from the para-coronal take-off angles of the supra-aortic
branches to analyze aortic arch tortuosity. Results: A total of 199 CAT scans were analyzed, namely,
85 in the TBAD group and 114 in the CS group. The average age was 61.5 & 13.1 years among the
TBAD patients and 71 £ 9.3 years among the CS patients. We found a significantly higher proportion
of type III aortic arch configurations in TBAD patients compared with CS patients. Further, the aortic
arch angle was steeper in the TBAD group. In the para-sagittal plane, the left subclavian artery (LSA)
take-off angle was less steep in TBAD patients. In the para-coronal plane, the left carotid artery
(LCA) had a less steep take-off angle, while the LSA had a more obtuse take-off angle in the TBAD
group when compared with the CS group. In addition, the inter-vessel distance was increased in
TBAD patients. Finally, the T-index was increased, suggesting a significant torsion resulting from the
deviating take-off angles of the supra-aortic branches supplying the left half of the body as opposed
to the innominate artery (IA) in TBAD patients. Conclusions: Our results suggest several aortic
arch-specific geometric configurations in patients suffering from TBAD that significantly differ from
those in CS patients. Further functional studies are needed to verify the pathogenetic relevance of
our results and their disease-specific causality. Although our data are not mechanistically explorative,
they may serve as a basis for identifying future patients with aortic arch morphology at higher risk
for TBAD development and who may benefit from more stringent adjustment of risk factors as a
primary prevention concept.
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1. Introduction

Acute aortic dissection (AAD), first described by Frank Nicholls following the autopsy
of King George II, is a severe cardiovascular disease accounting for 30-day mortality rates
of up to 57% [1]. It is one of the major diagnoses of acute aortic syndrome (AAS), which
also encompasses intramural hematoma (IMH) and penetrating aortic ulcers (PAU). Al-
though the mortality rate is significantly lower among patients suffering from type B aortic
dissection (TBAD) when compared with type A aortic dissection (TAAD), which involves
an ascending aorta, TBAD remains a significant health burden for patients and health care
systems due to long-term post-incidence surveillance and potential complications such as
dissecting aneurysm formation [2].

Consequently, there is high interest in preventing the initial intimo-medial entry tear,
which allows blood to flow between the layers, causing de-lamination while propagating
within the aortic wall [3]. Risk factors for developing TBAD include the male sex, advanced
age, pregnancy, hypertension, dyslipidemia, genetic predisposition, and aortic enlargement
among others [4,5]. Given the demographic shift in most industrialized countries with
an increasing prevalence of cardiovascular risk factors, developing primary prevention
concepts to identify patients at risk of developing severe cardiovascular diseases such as
TBAD is eminently relevant [6].

In this context, aortic arch configuration is becoming increasingly important since
anatomic variants of the aorta have been linked to TBAD development [7]. To this end,
a so-called type III arch configuration, or gothic arch, with the top of the arch located
at the distal end of the supra-aortic branches, has been reported to be associated with
TBAD manifestation [8]. Although the link between aortic arch morphology and TBAD
development seems conclusive, the configuration and position of the supra-aortic vessels
in relation to the aortic arch have yet to be investigated.

Therefore, the present study evaluates various aortic arch geometry parameters in
TBAD and non-TBAD patients assessed by computer-assisted tomography (CAT) scans
from two German high-volume centers.

2. Material and Methods
2.1. Data Collection

In this retrospective clinical study, we included patients diagnosed with TBAD with
at least one CAT scan at the time of admission at the University Hospital Diisseldorf,
Germany, and the University Hospital Miinster, Germany, between 1 January 2006 and
31 June 2019, and 1 February 2013 and 31 March 2020, respectively. For the control group,
we included patients diagnosed with carotid stenosis (CS) with one available CAT scan
prior to treatment. The relevant data were retrieved from archived medical records at the
time of diagnosis and CAT scans for subsequent analysis (Figure 1).

2.2. CAT Scan Analysis

The CAT scans of TBAD and CS patients were exported from the Picture Archiving
and Communication System (PACS) to the open-source analysis tool Horos (version 4.0.0
RCS5; https:/ /horosproject.org/).

Various morphologic parameters of the aortic arch were assessed for each patient.
Then, the aortic arch configuration was classified based on a commonly used three-category
system, which is defined by the vertical distance from the origin of the innominate artery
(IA) to the top of the aortic arch. Based on this measurement, aortic arches were cate-
gorized as follows: (1) type 1 arch—distance < 1 diameter of the left common carotid
artery (CCA); (2) type Il arch—distance between 1 and 2 CCA diameters; and (3) type III
arch—distance > 2 CCA diameters [9]. The aortic arch angle was measured in the sagittal
plane at three given points. To elaborate, two points were placed at the level of the pul-
monary bifurcation on the centerline of the ascending and descending aortas. The third
point was placed at the most apical point in the aortic arch in the sagittal plane (Figure 2A).
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Figure 1. Schematic workflow diagram. The overall patient collective consisted of 199 patients.
A total of 114 computer-assisted tomography (CAT) scans from patients with carotid stenosis (CS)
and 85 with type B aortic dissections (TBAD) were analyzed. Following multi-plane centerline
reconstruction, various geometric parameters of the aortic arch were analyzed to identify potential
aortic arches at risk, by comparing the two groups.

The spatial geometry of the supra-aortic branches was determined according to previ-
ously established methods [10]. In short, the take-off angles of the supra-aortic branches
were measured in coronal and sagittal views with or without centerline normalization
against the horizontal line (Figure 2B). The distance between the two supra-aortic branches
was measured following centerline reconstruction and was defined between the proximal
edges of the ostium of each of the two side branches.

A compression index (C-index) and torsion index (T-index) were calculated to evaluate
the potential compression and/or torsion of the aortic arch due to the spatial configuration
of the take-off angles of the supra-aortic branches. This was calculated separately for the
sagittal and coronal planes using the para-sagittal and para-coronal take-off angles for all
supra-aortic branches, respectively. The rationale of the indices is to quantify the deviation
of the take-off angles of the left carotid artery (LCA) and/or the left subclavian artery (LSA)
with respect to the IA. In the sagittal view, this indicates a sprain or compression, whereas
in the coronal view, it indicates torsion. The indices were calculated as follows:

C-index 1 : |1Apm_sag — LCApm_sag|
C-index 2 : |IApara—sag — LSApara—sag|
C-index total : C —index 1+ C — index 2
T-index 1 : ’IApam_wr — LCApum_w,]
T-index 2 : |I Apara—cor — LSAPW_CO,|

T-index total: T —index 1+ T — index 2
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Figure 2. Aortic arch angles and supra-aortic branch offspring angles. (A) The aortic arch angle
was measured in a sagittal plane. The angle « was defined by three points. Points A and D
were placed at the level of the pulmonary bifurcation onto the centerline of the ascending (A) and
descending (D) aorta, respectively. Point H was placed on the highest possible point of the aortic
arch in the sagittal plane. (B) Supra-aortic branch offspring angles measurements. To investigate
the geometric configuration of the supra-aortic branches in relation to the aortic arch, the offspring
angle of these branches was measured in the (para-)sagittal and (para-)coronal planes following
multi-plane centerline reconstruction. Each angle was defined by a line between two well-defined
points against the horizontal. The procedure was identical in the coronal and sagittal planes. For
the angle («), point A was set in the center of the branch ostium. Then, point B was placed in the
middle of the supra-aortic branch at an exact distance of 10 mm from point A. The line defined by
this was measured against the horizontal for angle determination. IA: innominate artery. LCA: left
carotid artery. LSA: left subclavian artery. The graphic was in part created with Biorender (BioRender,
Toronto, Canada).

2.3. Statistical Analysis

Categorical variables are presented as relative frequencies with percentages, while
continuous variables are shown as mean and standard deviation (SD). The Shapiro-Wilk
test was used for the assessment of normal distribution. The Chi-square test was applied
for categorical variables. Finally, in cases where n < 5, Fisher’s exact test was applied. After
testing for normality, normally distributed variables are presented as mean and SD and
compared using the Student’s t-test, while non-normally distributed variables are presented



J. Clin. Med. 2023, 12, 5963

50f13

as the median and interquartile range and compared using the Mann-Whitney U test.
Further, estimation plots are presented as the mean with 95% confidence intervals (CI). A
p-value of <0.05 was considered statistically significant. Statistical tests were performed
using GraphPad Prism (GraphPad Software, Inc., version 10.0.1, La Jolla, CA, USA).

2.4. Ethical Approval

The study was approved by the local ethics committees at Heinrich Heine University
Diisseldorf, Germany, and Westphalian Wilhelm University Miinster, Germany (approval
IDs 2019-635/2019-635_2 and 2019-764-b-S). It followed all applicable standards for good
scientific practice and the Declaration of Helsinki.

3. Results
3.1. Patient Characteristics

We analyzed the CAT scans of 199 patients, 114 of whom were scanned for CS and
85 for TBAD prior to any kind of surgical intervention. The mean slice thickness was
2.7 & 2.2 mm for the TBAD group and 1 £ 0.7 mm for the CS group.

Patients in the CS group were older, with more than half of the patients’ ages ranging
from 65 to 79 years. There were no significant differences in gender distribution, weight, or
body mass index. In both groups, a high percentage of patients were on anti-hypertensive
medication, which did not differ significantly among both groups except for AT antagonists
that were prescribed more frequently in the CS group. Interestingly, more patients were
diagnosed with hypertension in the CS group when compared with the TBAD patients.
Furthermore, in the CS group, there were more diabetics and patients with a history of
smoking, indicating an elevated cardiovascular risk profile in this cohort (Table 1).

Table 1. Patients’ demographics and characteristics. Data are presented as absolute frequencies
(percentages) or mean =+ standard deviation (SD). p-values are presented for type B aortic dissection
(TBAD) vs. carotid stenosis (CS), applying Student’s t-test, Mann-Whitney-U or Chi-square test
where applicable. Significant p-values are in bold italics.

TBAD CS TBAD vs. CS

(N =85) (N =114) p-Value
Age (years) 61.5 +13.1 71£93 <0.000
Age groups (years)
<34 3(3.5) - 0.04
35-49 9 (10.6) - 0.000
50-64 40 (47.1) 27 (23.7) 0.001
65-79 26 (30.6) 64 (56.1) 0.000
80-95 7(8.2) 23 (20.2) 0.02
Sex
Male 63 (74.1) 82(71.9) 0.73
Female 22 (25.9) 32 (28.1) 0.73
Medication
Beta-Blockers 61 (71.8) 68 (59.6) 0.07
ACE-inhibitors 36 (42.4) 60 (52.6) 0.15
AT1-blockers 11 (12.9) 30 (26.3) 0.02
Calcium-antagonists 48 (56.5) 63 (55.3) 0.86
Diuretics 35 (41.2) 44 (38.6) 0.71
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Table 1. Cont.

TBAD CS TBAD vs. CS

(N = 85) (N =114) p-Value
Comorbidities
aHT 66 (77.6) 107 (93.9) 0.001
T1DM/T2DM 5(5.9) 25 (21.9) 0.002
CHD 24 (28.2) 38 (33.3) 0.44
History of tobacco use 12 (14.1) 44 (38.6) 0.000
(prior and current)
Dimensions N =66 N =111 N =177
Height (cm) 177.7 £9.5 1728 £79 0.000
Weight (kg) 85.7 £21.7 80.9 +12.7 0.28
BMI (classes) 269 £ 5.6 27 + 3.7 0.35
Underweight 3(4.5) 2 (1.8) 043
Normal weight 19 (28.8) 34 (30.6) 0.24
Overweight 29 (43.9) 51 (45.9) 0.16
Obesity I° 10 (15.2) 23 (20.7) 0.11
Obesity II° 3(4.5) 1(0.9) 0.19
Obesity II1° 2 (3) - 0.10

TBAD: type B aortic dissection; CS: carotid artery stenosis; aHT: arterial hypertension; TIDM: type 1 diabetes
mellitus; T2DM: type 2 diabetes mellitus; CHD: coronary heart disease. BMI: body mass index. Not all data was
available for all patients.

3.2. Anatomical Parameters of the Aortic Arch and Supra-Aortic Branches

Various anatomic and morphologic aortic arch parameters were analyzed to identify
disease-specific differences.

We found characteristic differences in the anatomical configuration of the aortic arch
and the supra-aortic vessels in the TBAD group compared with the CS group. All relevant
differences in aortic arch morphology are presented in Figure 3.

Specifically, a type III arch configuration occurred more frequently in the TBAD
group, while type II was more frequent in the CS group. Conclusively, a gothic aortic arch
configuration with a characteristic steeper angle between ascending and descending aortas
was more common in TBAD patients (Table 2).

In addition to the morphological characteristics of the aortic arch, the spatial outflow
configuration of the supra-aortic branches was analyzed. It is noteworthy that the take-off
angles did not differ significantly for the IA in either the (para-)sagittal or the (para-)coronal
plane between TBAD and CS patients. Thus, we found only differences in the spatial
configuration of the supra-aortic branches supplying the left half of the body.

On the one hand, for the LCA, which was measured against the horizontal, there
was a less acute take-off angle in the (para-)coronal plane in the TBAD group, which is
equivalent to the LCA pulling more toward the cephalic direction (p < 0.05). On the other
hand, for the LSA, differences were observed between the TBAD and CS groups in both
the (para-)sagittal and (para-)coronal planes. In the (para-)sagittal plane, the take-off angle
was less acute in the TBAD group, while in the (para-)coronal plane, the take-off angle was
more obtuse than in the CS group (p < 0.05). In other words, the origin of the LSA pulled
more toward the cephalic direction and backwards in the TBAD group (Table 2).

Furthermore, the distance between the proximal edges of the ostium of each supra-
aortic branch was measured. Here, we found increased inter-vessel distance between all
three supra-aortic branches in the TBAD group, as opposed to the CS group (Table 2).
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Figure 3. Schematic overview of the spatial geometric differences in the aortic arch configuration.
In the para-sagittal plane, the left subclavian artery (LSA) revealed a less acute take-off angle in
the type B aortic dissection (TBAD) group. The aortic arch angle was steeper in the TBAD group
than in the carotid artery stenosis (CS) group; in other words, a gothic aortic arch configuration was
more common in TBAD group. The distance between the proximal edge of the ostium between each
supra-aortic branch was increased in the TBAD vs. the CS group. In the para-coronal plane, the left
carotid artery (LCA) orients more towards the cephalic direction, and the LSA orients more to the
back. No differences in the spatial configuration were observed for the innominate artery (IA). Own
drawing created using Procreate (Savage Interactive, Hobart, Australia, version 5.3.5.).

Table 2. Aortic arch morphology. Data are presented as absolute frequencies with percentages or
mean with standard deviation (SD), and 95% confidence interval (CI). Results are presented for
patients with type B aortic dissection (TBAD) and carotid stenosis (CS). The take-off angles for the
supra-aortic branches are presented in the sagittal (sag.) and coronal (cor.) plane and measured
against a horizontal. The aortic arch angulation is measured in the sagittal plane. The inter-vessel
distance was measured between the proximal edge of each ostium. p-values are presented for TBAD
vs. CS, applying Student’s t-test or Mann-Whitney-U or Chi-square-test where applicable. Significant
p-values are in bold italics.

TBAD vs.
TBAD s CS p-Value

Aortic Arch
Classification

Absolute Frequency (%) N Absolute Frequency (%)

Typel

85

15 (17.6) 114 29 (25.4) 0.18

Type 11

85

13 (15.3) 114 41 (36.0) 0.001

Type III

85

57 (67.1) 114 44 (38.6) 0.000
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Table 2. Cont.

TBAD vs.

TBAD (&) CS p-Value
Angles (°) N Mean SD E}:Ete r };(r)n‘:,: TN Mean SD Erl:gte r h?nvjte !
IA sag. 85 80.6 17.14 84.3 76.9 114 83.8 16.24 86.8 80.7 0.12
IA cor. 85 96 20.6 100.4 91.6 114 95 20.4 98.8 91.2 0.97
IA p-sag. 85 85 19 89.1 80 114 86.9 16.5 90 83.9 0.44
IA p-cor. 85 102.8 22.8 107.7 102.3 114 97.4 16.6 100.5 94.3 0.05
LCA sag. 85 70.6 14.1 73.7 67.6 114 76 171 79.2 72.8 0.13
LCA cor. 85 71.3 17.8 75.2 67.5 114 64.34 15.7 67.2 61.4 0.001
LCA p-sag. 85 71.7 14.8 74.9 68.5 114 68.7 13.5 71.2 66.2 0.12
LCA p-cor. 85 83.6 20 88 79.3 114 73 15.1 75.8 70.2 0.000
LSA sag. 85 74.6 15.7 78 712 114 71.1 14.3 73.8 68.5 0.11
LSA cor. 85 84.2 14.3 87.3 81.1 114 79.1 121 81.3 76.8 0.007
LSA p-sag. 85 74.1 13.6 77 71.2 114 69 13.6 71.5 66.4 0.009
LSA p-cor. 85 97.7 17.9 101.6 93.8 114 91.3 12.3 93.6 89 0.003
Arch angulation 85 64.2 9.7 66.3 62.1 114 74.7 9.4 76.4 72.9 0.000
Distances (cm)
ATA-LCA 85 1.6 0.5 1.7 1.5 114 1.2 0.3 1.2 1.1 0.000
A LCA-LSA 85 1.5 0.5 1.6 14 114 1.3 0.4 14 1.2 0.04
ATA-LSA 85 3.1 0.8 3.3 29 114 2.6 0.5 2.7 2.5 0.000

TBAD: type B aortic dissection; CS: carotid artery stenosis; IA: innominate artery; LCA: left carotid artery; LSA:
left subclavian artery; sag.: sagittal; cor.: coronal; p-sag.: para-sagittal; p-cor.: para-coronal.

3.3. Compression and Torsion Index

To assess inter-group differences in the supra-aortic branch take-off angles with respect
to the aortic arch configuration, we formed a C-index and T-index. These indexes allow for
the evaluation of branch deviation of the LCA and LSA as opposed to the IA and, therefore,
the compression or torsion of the aortic arch, which may result from a deviating outflow
configuration of the individual supra-aortic branches relative to each other. Interestingly,
for all C-indexes, there was no difference when comparing the TBAD and CS groups; this
also applied to T-index 1 (Figure 4A-D). In contrast, T-index 2 and the cumulative T-index
total (Figure 4E,F) showed a significant increase in the TBAD group (p < 0.05), which
may suggest a potential influence of deviated or distorted outflow configuration on the
supra-aortic branches supplying the left half of the body as opposed to the IA supplying
the right half of the body, which, in turn, can predispose patients to the development of
TBAD. Furthermore, the results emphasize the possible higher importance of the resultant
torsion of the take-off angle configuration of the supra-aortic branches in the coronal plane
compared with that of the compression in the sagittal plane.
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Figure 4. Compression (C-index) and torsion index (T-index). The C-index and T-index were
calculated from the para-sagittal and para-coronary take-off angles of the supra-aortic branches to
quantify the different spatial configuration. C-index 1 (A) describes the deviation of the para-sagittal
take-off angle of the left carotid artery (LCA) vs. the innominate artery (IA), C-index 2 (B) describes
the deviation of the para-sagittal take-off angle of the left subclavian artery (LSA) vs. the IA, and
C-index total (C) quantifies the deviation of the para-sagittal take-off angle of the LCA and LSA vs.
the IA. T-index 1 (D) describes the deviation of the para-coronal take-off angle of the LCA vs. the IA,
T-index 2 (E) describes the deviation of the para-coronal take-off angle of the LSA vs. the IA, T-index
total (F) quantifies the deviation of the para-coronal take-off angle of the LCA and LSA vs. the IA.
P-values indicated in the graph. Significant p-values are bold italics. The data is presented as mean
with 95% confidence interval (CI). TBAD: type B aortic dissection, CS: carotid stenosis.
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4. Discussion

The results of the present study suggest that the spatial geometric configuration of
the aortic arch and, in particular, the supra-aortic branches may predispose patients to
TBAD. In this context, the spatial take-off angle configuration of the left-sided supra-aortic
branches, namely, the LSA and LCA, may seem to be of high relevance for the formation
of an intimo-medial entry tear. In addition to this specific geometric configuration, the
distance between the supra-aortic branches may be another significant contributing factor.
Taken together, our measurements indicate a configuration in TBAD patients in which the
supra-aortic branches pull the aorta more cranially, while at the same time pulling it more
dorsally and leading to more torsion. In combination with the gothic arch configuration,
this results in a steeper and more tortuous arch geometry; this, in combination with other
stressors, such as elevated blood pressure, may lead to high shear stress in the bifurcating
area close to the LSA origin, the predominant primary entry tear location in TBAD.

The geometry of the aorta itself has implications for the development and progression
of aortic disease. It has been shown that aneurysms of the ascending aorta and the abdomi-
nal aorta are affected by vessel geometry and the biomechanical parameters derived from
it [11,12]. For TBAD, this relationship has not yet been sufficiently clarified, especially with
regard to individual geometry-associated risk predisposition.

During the last decade, researchers have increasingly addressed the question of which
morphologic parameters contribute to the development of dissecting aneurysms following
an acute event of TBAD. In this regard, van Bogerijen et al. found that dissection-specific
parameters, such as size and location of the entry tear, aortic diameter on admission, and
perfusion status of the false lumen, at the time of the acute event, significantly affected
outcome parameters during follow-up [13]. Data that enable primary prevention are of
crucial importance. However, purposeful concepts have been insufficiently elaborated to
date. Importantly, the first evidence in the currently available literature suggests that a
bovine (or gothic) arch should be considered a potential risk factor for the development of
a thoracic aortic aneurysm [14]. Further, a higher incidence of bovine arches in patients
requiring surgical treatment for traumatic isthmic aortic transection was reported [15].
Pointing in the same direction, Sun et al. found that the greater angulation and tortuosity
of the aortic arch is associated with TBAD [16].

We found the torsion index to be significantly increased in TBAD patients compared
with non-TBAD patients, indicating a potentially more distorted aortic blood flow through
the outflow into the supra-aortic branches. In fact, a recent study found aortic arch tortuosity
to be significantly increased in patients with bicuspid aortic valves, who are at higher risk
for AAD development [17], which could result from the more turbulent flow in the aortic
arch described by others in these patients [18]. Additionally, increased tortuosity is a
common feature in patients with Loeys-Dietz syndrome, who have a high prevalence of
AAD [19].

In line with the aforementioned findings, the present study is the first to suggest a
potential impact of the spatial geometric architecture of supra-aortic branches on developing
TBAD. Mechanistically, this finding seems plausible for various reasons. Wall shear stress
(WSS) occurring in the region distal to the LSA has been linked to TBAD development and
progression and is believed to be directly affected by the geometric configuration of supra-
aortic branches [20-22]. It is noteworthy that four-dimensional flow MRI studies suggest
higher WSS in the descending aorta when compared with the aortic arch, suggesting a
higher mechanical stress in the aortic segment where intimo-medial endothelial tears occur
most frequently [23]. Another study underlining the role of WSS as the main determinant
of TBAD was introduced by Wen et al., who reported that neither the enhancement nor the
oscillation of WSS but rather the multidirectional WSS distribution is most relevant when
analyzing type III aortic arch configurations in the context of TBAD [24].

Although a direct relationship between the configuration of the supra-aortic branches
and the WSS was not the subject of the present work, the results should encourage scientists
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to investigate this relationship in more detail by applying computational fluid dynamics
(CFD) and fluid-structure interaction (FSI) simulations in the future.

The spatial configuration of the supra-aortic branches may also interfere with biologi-
cal processes that contribute to adverse aortic remodeling and subsequently to increased
aortic stiffness. Such a concept of mechanobiological coupling seems plausible in the con-
text of TBAD, considering that Phalla O et al. claimed that an angulated gothic aortic arch is
associated with increased central aortic stiffness [25]. Interestingly, aortic stiffness measure-
ments have recently been suggested as an impactful metric for predicting aortic dissection
and quantifying dissection risk [26]. While stiffness-related remodeling mostly affects the
medial aortic layer, recent observations also suggest increased rigidity of the endothelium
in response to risk factors as a potential contributing factor to TBAD development [27].

Although the results of the present work did not throw light on the mechanistic
relationship between aortic arch geometry and increased aortic stiffness, the data encourage
further work in this direction. In the long run, gathered data may help identify aortic arch
configurations in patients at risk of TBAD, particularly in a patient cohort with established
risk factors, such as the male gender between 60 and 70 years of age suffering from
arterial hypertension, engaged in tobacco consumption, or with a history of aneurysmal
disease and/or aortic valve deficiencies [28]. In fact, such a cohort may benefit from
more stringent monitoring, the adjustment of modifiable risk factors, and more aggressive
medical treatment before the onset of TBAD in the sense of a primary prevention concept.
This process may, in the future, be effectively supported by KI-driven algorithms. To this
end, the authors explicitly agree with Hughes, who stated that the current lack of screening
makes primary prevention the most effective strategy for reducing the mortality of aortic
dissection [29].

To the knowledge of the authors, this study, for the first time, suggests the possible
influence of the supra-aortic take-off angle configuration as an implication of directional
traction of the branches altering aortic arch configuration and, thus, potentially the likeli-
hood of TBAD development, although further mechanistic clarification of this early data
remains to be conducted.

Additionally, this study has major limitations. First, we analyzed CAT scans taken after
the onset of TBAD, given the lack of available CAT scans in a sufficient number of patients
prior to AAD. It is likely that during the initiation of TBAD and subsequent early-stage
remodeling, the aortic arch geometry changes significantly, thus affecting the divergent
arch configuration observed between the study groups. Furthermore, the etiologies in
both study groups were associated with atherosclerosis; however, our patient populations
differed in relevant characteristics. This is also a bicentric study, and generalizations of the
results should be verified in a larger patient population.

In conclusion, our results suggest an association between several geometric aortic arch
parameters and the presence of TBAD. Further functional studies are needed to verify the
pathogenetic relevance of our results and their disease-specific causality. Our results could
serve as the first basis for the identification of aortic arches at risk and thus contribute to
the reduction in the incidence of TBAD in the long run.

Author Contributions: Conceptualization, ] M., AK, EFE,]J.-D.R.,, A.O., AL, HS. and M.U.W,; data
curation, J M., EG., A.A, AK, HA,, EE, M.V. and M.U.W.; funding acquisition, ].M. and M.U.W.;
investigation, ] M., EG., A.A,, C.D.S,, M.V. and M.U.W.; methodology, ] M., EG., A.A,,C.D.S,, HA.,,
J-D.R,M.V,, A.O., H.S. and M.U.W.; project administration, ].M. and M.U.W.; resources, A.O. and
H.S.; supervision, A.L., H.S. and M.U.W,; visualization, ].M. and M.U.W.; writing—original draft, ]. M.
and M.U.W.,; writing—review and editing, FG., A.A,C.D.S.,, AK, HA,FF,]J-DR, M.V, AO., AL.
and H.S. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by a local research grant by the research council of the medical
faculty at Heinrich-Heine-University Diisseldorf to ].M. (grant number 2021-35) and M.U.W. (grant
number 2020-06).



J. Clin. Med. 2023, 12, 5963 12 0f13

Institutional Review Board Statement: The study was approved by the local ethics committees at
Heinrich Heine University Diisseldorf, Germany, and Westphalian Wilhelm University Miinster,
Germany (approval IDs 2019-635/2019-635_2 and 2019-764-b-S). It followed all applicable standards
for good scientific practice and the Declaration of Helsinki.

Informed Consent Statement: Patient consent was waived due to retrospective study design without
publication of patient-identifying data according to the ethical review conducted at both institutions.

Data Availability Statement: The data underlying this study is available from the corresponding
author upon reasonable request.

Acknowledgments: The authors would like to thank Louis Mulorz for preparing the aortic arch
depictions in Figure 3. The authors would further like to thank Patrick Segers from Ghent University
for his intellectual input and critical evaluation of the study design and data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

-

10.

11.

12.

13.

14.

15.

16.

17.

18.

Yamaguchi, T.; Nakai, M.; Yano, T.; Matsuyama, M.; Yoshino, H.; Miyamoto, Y.; Sumita, Y.; Matsuda, H.; Inoue, Y.; Okita, Y.; et al.
Population-Based Incidence and Outcomes of Acute Aortic Dissection in Japan. Eur. Hear. ]. Acute Cardiovasc. Care 2021, 10,
701-709. [CrossRef]

Hallberg, S.; Gandra, S.R.; Fox, K.M.; Mesterton, J.; Banefelt, ].; Johansson, G.; Levin, L.; Sobocki, P. Healthcare Costs Associated
with Cardiovascular Events in Patients with Hyperlipidemia or Prior Cardiovascular Events: Estimates from Swedish Population-
Based Register Data. Eur. ]. Health Econ. 2016, 17, 591-601. [CrossRef] [PubMed]

Criado, EJ. Aortic Dissection: A 250-Year Perspective. Tex. Hear. Inst. ]. 2011, 38, 694-700.

Zhou, Z.; Cecchi, A.C.; Prakash, S.K.; Milewicz, D.M. Risk Factors for Thoracic Aortic Dissection. Genes 2022, 13, 1814. [CrossRef]
Oberhuber, A.; Raddatz, A.; Betge, S.; Ploenes, C.; Ito, W.; Janosi, R.A.; Ott, C.; Langheim, E.; Czerny, M.; Puls, R;; et al.
Interdisciplinary German Clinical Practice Guidelines on the Management of Type B Aortic Dissection. Gefasschirurgie 2023, 28, 1.
[CrossRef]

Shetty, P. Grey Matter: Ageing in Developing Countries. Lancet 2012, 379, 1285-1287. [CrossRef] [PubMed]

Shalhub, S.; Schéfer, M.; Hatsukami, T.S.; Sweet, M.P; Reynolds, J.J.; Bolster, EA.; Shin, S.H.; Reece, T.B.; Singh, N.; Starnes, BW.,;
et al. Association of Variant Arch Anatomy with Type B Aortic Dissection and Hemodynamic Mechanisms. J. Vasc. Surg. 2018, 68,
1640-1648. [CrossRef]

Marrocco-Trischitta, M.M.; Rylski, B.; Schofer, F.; Secchi, E.; Piffaretti, G.; De Beaufort, H.; Belvroy, V.; Bismuth, J.; Czerny, M.;
Trimarchi, S. Prevalence of Type III Arch Configuration in Patients with Type B Aortic Dissection. Eur. |. Cardiothorac. Surg. 2019,
56, 1075-1080. [CrossRef]

Madhwal, S.; Rajagopal, V.; Bhatt, D.L.; Bajzer, C.T.; Whitlow, P.; Kapadia, S.R. Predictors of Difficult Carotid Stenting as
Determined By Aortic Arch Angiography. J. Invasive Cardiol. 2008, 20, 200-204.

Demertzis, S.; Hurni, S.; Stalder, M.; Gahl, B.; Herrmann, G.; Van Den Berg, J. Aortic Arch Morphometry in Living Humans.
J. Anat. 2010, 217, 588-596. [CrossRef]

Salmasi, M.Y,; Pirola, S.; Mahuttanatan, S.; Fisichella, S.M.; Sengupta, S.; Jarral, O.A.; Oo, A.; O'Regan, D.; Xu, X.Y.; Athanasiou, T.
Geometry and Flow in Ascending Aortic Aneurysms Are Influenced by Left Ventricular Outflow Tract Orientation: Detecting
Increased Wall Shear Stress on the Outer Curve of Proximal Aortic Aneurysms. J. Thorac. Cardiovasc. Surg. 2023, 166, 11-21.el.
[CrossRef] [PubMed]

Shum, J.; Martufi, G.; Di Martino, E.; Washington, C.B.; Grisafi, J.; Muluk, S.C.; Finol, E.A. Quantitative Assessment of Abdominal
Aortic Aneurysm Geometry. Ann. Biomed. Eng. 2011, 39, 277-286. [CrossRef] [PubMed]

Van Bogerijen, G.H.W.; Tolenaar, J.L.; Rampoldi, V.; Moll, EL.; Van Herwaarden, J.A.; Jonker, EH.W.; Eagle, K.A.; Trimarchi, S.
Predictors of Aortic Growth in Uncomplicated Type B Aortic Dissection. J. Vasc. Surg. 2014, 59, 1134-1143. [CrossRef]

Malone, C.D.; Urbania, T.H.; Crook, S.E.S.; Hope, M.D. Bovine Aortic Arch: A Novel Association with Thoracic Aortic Dilation.
Clin. Radiol. 2012, 67, 28-31. [CrossRef] [PubMed]

Mertens, R.; Velasquez, F.; Mertens, N.; Vargas, F,; Torrealba, I.; Mariné, L.; Bergoeing, M.; Valdés, F. Higher Prevalence of
Bovine Aortic Arch Configuration in Patients Undergoing Blunt Isthmic Aortic Trauma Repair. Ann. Vasc. Surg. 2020, 67, 67-70.
[CrossRef] [PubMed]

Sun, L.; Li, J.; Wang, L.; Li, Q.; He, H.; Li, X,; Li, M.; Wang, T.; Zhao, C.; Zhang, X; et al. Aortic Geometric Alteration Associated
With Acute Type B Aortic Dissection: Angulation, Tortuosity, and Arch Type. Front. Physiol. 2021, 12, 708651. [CrossRef]
Alhafez, B.A.; Truong, V.T.T.; Ocazionez, D.; Sohrabi, S.; Sandhu, H.; Estrera, A ; Safi, H.J.; Evangelista, A.; Hurtado, L.D.S.; Guala,
A.; et al. Aortic Arch Tortuosity, a Novel Biomarker for Thoracic Aortic Disease, Is Increased in Adults with Bicuspid Aortic
Valve. Int. ]. Cardiol. 2019, 284, 84-89. [CrossRef]

Geeraert, P.; Jamalidinan, F.; Burns, E; Jarvis, K.; Bristow, M.S.; Lydell, C.; Hidalgo Tobon, S.S.; de Celis Alonso, B.; Fedak,
PW.M.; White, ].A ; et al. Hemodynamic Assessment in Bicuspid Aortic Valve Disease and Aortic Dilation: New Insights From
Voxel-By-Voxel Analysis of Reverse Flow, Stasis, and Energetics. Front. Bioeng. Biotechnol. 2021, 9, 1. [CrossRef]


https://doi.org/10.1093/ehjacc/zuab031
https://doi.org/10.1007/s10198-015-0702-0
https://www.ncbi.nlm.nih.gov/pubmed/26077550
https://doi.org/10.3390/genes13101814
https://doi.org/10.1007/s00772-023-00995-5
https://doi.org/10.1016/S0140-6736(12)60541-8
https://www.ncbi.nlm.nih.gov/pubmed/22489326
https://doi.org/10.1016/j.jvs.2018.03.409
https://doi.org/10.1093/ejcts/ezz137
https://doi.org/10.1111/j.1469-7580.2010.01297.x
https://doi.org/10.1016/j.jtcvs.2021.06.014
https://www.ncbi.nlm.nih.gov/pubmed/34217540
https://doi.org/10.1007/s10439-010-0175-3
https://www.ncbi.nlm.nih.gov/pubmed/20890661
https://doi.org/10.1016/j.jvs.2014.01.042
https://doi.org/10.1016/j.crad.2011.04.004
https://www.ncbi.nlm.nih.gov/pubmed/22070947
https://doi.org/10.1016/j.avsg.2019.10.080
https://www.ncbi.nlm.nih.gov/pubmed/31678545
https://doi.org/10.3389/fphys.2021.708651
https://doi.org/10.1016/j.ijcard.2018.10.052
https://doi.org/10.3389/fbioe.2021.725113

J. Clin. Med. 2023, 12, 5963 13 0f 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

Loeys, B.L.; Chen, J.; Neptune, E.R.; Judge, D.P; Podowski, M.; Holm, T.; Meyers, ].; Leitch, C.C.; Katsanis, N.; Sharifi, N.; et al. A
Syndrome of Altered Cardiovascular, Craniofacial, Neurocognitive and Skeletal Development Caused by Mutations in TGFBR1
or TGFBR2. Nat. Genet. 2005, 37, 275-281. [CrossRef]

Veger, H.T.C.; Pasveer, E.H.; Westenberg, J.].M.; Wever, ].].; van Eps, R.G.S. Wall Shear Stress Assessment of the False Lumen
in Acute Type B Aortic Dissection Visualized by 4-Dimensional Flow Magnetic Resonance Imaging: An Ex-Vivo Study. Vasc.
Endovasc. Surg. 2021, 55, 696-701. [CrossRef]

Akutsu, K. Etiology of Aortic Dissection. Gen. Thorac. Cardiovasc. Surg. 2019, 67, 271-276. [CrossRef] [PubMed]

Taguchi, E.; Nishigami, K.; Miyamoto, S.; Sakamoto, T.; Nakao, K. Impact of Shear Stress and Atherosclerosis on Entrance-Tear
Formation in Patients with Acute Aortic Syndromes. Heart Vessel. 2014, 29, 78-82. [CrossRef] [PubMed]

Callaghan, EM.; Grieve, S.M. Normal Patterns of Thoracic Aortic Wall Shear Stress Measured Using Four-Dimensional Flow MRI
in a Large Population. Am. J. Physiol. Heart Circ. Physiol. 2018, 315, H1174-H1181. [CrossRef]

Wen, J.; Yan, T,; Su, Z.; Huang, H.; Gao, Q.; Chen, X.; Wong, K.K.L.; Peng, L. Risk Evaluation of Type B Aortic Dissection Based
on WSS-Based Indicators Distribution in Different Types of Aortic Arch. Comput. Methods Programs Biomed. 2022, 221, 106872.
[CrossRef] [PubMed]

Ou, P; Celermajer, D.S.; Raisky, O.; Jolivet, O.; Buyens, F.; Herment, A.; Sidi, D.; Bonnet, D.; Mousseaux, E. Angular (Gothic)
Aortic Arch Leads to Enhanced Systolic Wave Reflection, Central Aortic Stiffness, and Increased Left Ventricular Mass Late after
Aortic Coarctation Repair: Evaluation with Magnetic Resonance Flow Mapping. J. Thorac. Cardiovasc. Surg. 2008, 135, 62—68.
[CrossRef]

Fortunato, R.N.; Huckaby, L.V.; Emerel, L.V.; Schlosser, V.; Yang, E; Phillippi, J.A.; Vorp, D.A.; Maiti, S.; Gleason, T.G. The
Predictive Capability of Aortic Stiffness Index for Aortic Dissection among Dilated Ascending Aortas. J. Thorac. Cardiovasc. Surg.
2022, in press. [CrossRef]

Mulorz, J.; Ibing, W.; Cappallo, M.; Braf8, S.M.; Takeuchi, K.; Raaz, U.; Schellinger, LN.; Krott, K.J.; Schelzig, H.; Aubin, H.; et al.
Ethanol Enhances Endothelial Rigidity by Targeting VE-Cadherin—Implications for Acute Aortic Dissection. . Clin. Med. 2023,
12, 4967. [CrossRef] [PubMed]

Luebke, T.; Brunkwall, J. Type B Aortic Dissection. Ann. Cardiothorac. Surg. 2014, 3, 265-278. [CrossRef]

Hughes, G.C. Commentary: Lack of Screening Makes Primary Prevention Most Effective to Reduce the Mortality of Aortic
Dissection. J. Thorac. Cardiovasc. Surg. 2021, 161, 1202-1203. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/ng1511
https://doi.org/10.1177/15385744211017117
https://doi.org/10.1007/s11748-019-01066-x
https://www.ncbi.nlm.nih.gov/pubmed/30689200
https://doi.org/10.1007/s00380-013-0328-z
https://www.ncbi.nlm.nih.gov/pubmed/23475325
https://doi.org/10.1152/ajpheart.00017.2018
https://doi.org/10.1016/j.cmpb.2022.106872
https://www.ncbi.nlm.nih.gov/pubmed/35594583
https://doi.org/10.1016/j.jtcvs.2007.03.059
https://doi.org/10.1016/j.jtcvs.2022.09.003
https://doi.org/10.3390/jcm12154967
https://www.ncbi.nlm.nih.gov/pubmed/37568369
https://doi.org/10.3978/J.ISSN.2225-319X.2014.05.10
https://doi.org/10.1016/j.jtcvs.2020.09.031

	Titelblatt_Wagenhäuser_final1
	Wagenhäuser_The role of 
	Introduction 
	Material and Methods 
	Data Collection 
	CAT Scan Analysis 
	Statistical Analysis 
	Ethical Approval 

	Results 
	Patient Characteristics 
	Anatomical Parameters of the Aortic Arch and Supra-Aortic Branches 
	Compression and Torsion Index 

	Discussion 
	References


