
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Wei BMC Cardiovascular Disorders          (2024) 24:560 
https://doi.org/10.1186/s12872-024-04206-1

BMC Cardiovascular Disorders

*Correspondence:
Gaoxiang Wei
gzsweigaoxiang@outlook.com
1Department of Thoracic Surgery, Shunde Hospital of Southern Medical 
University (The First People’s Hospital of Shunde), Foshan,  
Guangdong 528308, China
2Department of Cardiovascular Medicine, Guangzhou First People’s 
Hospital, School of Medicine, South China University of Technology, 
Guangzhou, Guangdong 510180, China

Abstract
Background Understanding the distinct anatomical differences between patients with type B aortic dissection 
(TBAD) and control patients (CPs) can enhance our knowledge of normal and pathological aortic dimensions. This 
study aimed to deepen our knowledge of these dimensions by measuring and comparing the anatomical indices of 
the aortic arch in male patients with TBAD and non-TBAD male patients.

Methods In this cross-sectional observational study, 62 TBAD patients (TBADPs) and 43 CPs were assessed. Using a fit 
centerline approach, we identified three pivotal anatomical landmarks: Point A, Point B, and Point C. These landmarks 
represented intersections of the aortic arch with the brachiocephalic trunk, left common carotid artery, and left 
subclavian artery, respectively. These points defined Zones 1, 2, and 3, which collectively span the entire proximal 
aorta from the proximal end of the aortic valve to Point C. Our analyses compared key anatomical indices such as 
diameter of the circumscribed circle (Dcirc), ellipticity, curvature, tortuosity between TBADP and CP at critical points 
and regions.

Results TBADPs showed a more circular cross-sectional shape at Points A, B and C, as indicated by reduced values of 
Dcirc_A (P = 0.031), ellipticity_A (P = 0.034) and ellipticity_B (P = 0.048), together with a significant decrease in Dcirc_C 
(P = 0.015) and ellipticity_C (P = 0.007). The aortic arch in TBADPs showed enhanced tortuosity in Zone 1 (p = 0.002) 
and extended elongation in Zone 3 (p = 0.001).

Conclusions The study found that the aortic arch in male TBAD patients is more circular near its primary branches, 
has greater tortuosity in Zone 1, and is longer in Zone 3 compared to male control patients.
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Background
Thoracic endovascular aortic repair (TEVAR) is a pivotal 
treatment strategy for type B aortic dissection (TBAD) 
[1]. Given that intramural hematomas or tears frequently 
occur near the left subclavian artery and considering 
the stringent requirements for the length of the anchor-
ing zone in current stent-graft designs, endovascular 
treatments for TBAD currently face challenges in both 
anchoring within the aortic arch and in reconstructing 
its major branches [2, 3]. While interventions involv-
ing the descending aorta can often be straightforward, 
the unique and intricate anatomy of the aortic arch 
brings forth multifaceted challenges. Preoperative aor-
tic arch excessive aortic arch angulation, defined as the 
angle between the tangent lines at the starting point of 
the brachiocephalic trunk coverage segment and at the 
endpoint of the left subclavian artery coverage segment 
on the aortic centerline, can cause complications, lead-
ing to insufficient adherence between the stent and the 
aortic arch tissue, especially along the inner side where 
the curvature is greater. This inadequate adherence fre-
quently manifests as the ‘bird-beak sign’, a disconcerting 
indicator associated with complications such as endole-
aks, stent migration, and long-term technical failure [4]. 
In addition to the challenges posed by the curvature of 
the arch, the varying vascular length, regional tortuos-
ity, and geometric parameters at specific branch points 
further complicate stent placement and performance [5, 
6]. For instance, the lengths of different zones within the 
arch might influence the stress and strain experienced 
by stents. Moreover, regional tortuosity might result in 
uneven force distribution across the stent. Furthermore, 
geometric parameters at crucial aortic branch points, 
such as the diameters of inscribed and circumscribed 
circles and the ellipticity, might have pronounced impli-
cations for stent design and adherence [7]. Despite signif-
icant advancements in stent technology, persistent issues 
with stent adherence in TBAD patients (TBADPs) post-
TEVAR underline the need for a more refined under-
standing of the geometry of the aortic arch. By utilizing 
postprocessing techniques from computed tomography 
angiography (CTA) imaging, our study further inves-
tigates this area of research. By employing centerline 
extraction and related parameter measurement tech-
niques, we aimed to perform a meticulous evaluation of 
the anatomical and hydraulic parameters of the aortic 
arch in both control patients (CPs) and TBADPs. The 
overarching goal is to furnish pivotal geometric insights 
that can steer the evolution and optimization of intralu-
minal devices for TBAD, ensuring enhanced stent adher-
ence and improved patient outcomes.

Methods
Data sources and selection criteria
This retrospective study enrolled a total of 62 patients 
who were diagnosed with TBAD at Guangzhou First 
People’s Hospital between January 2020 and March 
2023. The inclusion criteria stipulated that participants 
must possess complete CTA records. The exclusion cri-
teria included connective tissue disorders, a history of 
aortic surgery, intramural hematoma or rupture involv-
ing the left subclavian artery, and displaying anatomi-
cal variations in the aortic arch, such as a “bovine arch.” 
For the control group, a total of 43 male individuals from 
the CPs who underwent thoracic CTA examinations at 
Guangzhou First People’s Hospital from January 2020 
to March 2023 were selected. The control group under-
went thoracic CTA primarily due to the clinical suspicion 
of cardiovascular diseases. Once cardiovascular diseases 
were ruled out by CTA, these patients were included in 
the control group for this study. The inclusion criteria 
required that the CTA scans encompass both the ascend-
ing aorta and the aortic arch. Exclusion criteria ruled 
out individuals with aortic dissection, aortic aneurysms, 
or other aortic-related diseases, as well as those with a 
history of aortic surgery, connective tissue disorders, or 
anatomical variations in the aortic arch, such as a “bovine 
arch.“The scanning parameters were as follows: tube volt-
age of 100  kV, automatic tube current, contrast agent 
Iopromide at 370 mgI/ml, total contrast volume of 70 ml 
administered at 4  ml/s, slice thickness of 1  mm, and a 
pitch factor of 0.6.

Image postprocessing methodology
CTA images from all study participants were imported 
into the semiautomated postprocessing software Mimics 
(version 21.0, Belgium) in Digital Imaging and Commu-
nications in Medicine format. For the processing work-
flow, the initial steps involved the precise segmentation 
of the aortic arch and its major branches, including the 
brachiocephalic trunk, left common carotid artery, and 
left subclavian artery. This segmentation started from the 
proximal plane of the aortic valve and extended distally.

The segmentation process is as follows: First, a thresh-
old range of 226 to 3071 is set, and the hole-filling func-
tion is enabled. The boundaries are adjusted with the 
lower boundary at the heart’s inferior edge, lateral 
boundaries at the heart’s lateral margins, the anterior 
boundary at the heart’s anterior margin, the posterior 
boundary at the descending aorta’s posterior edge, and 
the upper boundary at the scan’s topmost edge. A mask is 
generated based on these settings. Then, using the “split 
mask” tool, “Region A” is manually marked to include 
the aortic arch and its major branches, while “Region B” 
is manually marked to exclude non-target areas like the 
atria, ventricles, pulmonary vessels, and bony structures. 
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Through this process, the aortic arch is fully segmented 
from the thoracic aorta, extending from the aortic valve 
to the inferior edge of the heart, while the major branch 
vessels of the aortic arch are also separated. Subse-
quently, a three-dimensional model of the aortic arch 
and its branches was constructed based on the seg-
mentation results. The segmentation of the aorta in our 
study includes all enhanced regions, encompassing both 
the true lumen and the false lumen, as well as the sep-
tum between the true and false lumen, excluding any 
thrombus.

We utilized the “Fit Centerline” tool in to extract the 
centerline from reconstructed 3D models. The specific 
method is as follows: first, the smooth factor was set 
to 0.5, and the parameters for resolving resolution and 
distance between control points were set to automatic 
mode. Under these settings, the software automatically 
detects the geometric details of the model, generates the 
centerline, and identifies the intersection points between 
the centerline of the aortic arch and the main branch 
centerlines, which are then smoothed using a Fourier 
smoothing algorithm. The geometric centerline was 
derived to further analyze the structure and morphol-
ogy of the aortic arch and its primary branches (Fig. 1), 
All the relevant parameters of points and curve seg-
ments were derived using the “Export Centerline Prop-
erties” tool within the Mimics software. The method of 
centerline extraction and parameter derivation has been 
applied in previous studies [8].

Location of anatomical landmarks
A fit centerline approach was employed to identify three 
pivotal anatomical landmarks: Point A (the intersection 
between the brachiocephalic trunk centerline and the 
aortic arch centerline), Point B (the intersection between 
the left common carotid artery centerline and the aortic 
arch centerline), and Point C (the intersection between 
the left subclavian artery centerline and the aortic arch 
centerline). Using these landmarks, sections from the 
proximal end of the aortic valve to Point A and segments 
AB and BC were categorized as Zone 1, Zone 2, and 
Zone 3, respectively. Zones 1–3 collectively represent the 
entire proximal aorta, extending from the proximal end 
of the aortic valve to the intersection at Point C (Fig. 1).

Measurement of anatomical indices
Vascular lengths in different regions: The lengths of 
Zones 1, 2, and 3, as well as the aggregate length of 
Zones 1–3, were calculated. Tortuosity in different vas-
cular regions: Precise measurements of tortuosity were 
conducted for Zones 1, 2, and 3 and for the composite 
Zone 1–3. Tortuosity is defined as 𝑇=1−(straight line dis-
tance/distance along the centerline). This definition has 
been consistently used in previous studies [8]. Geometri-
cal parameters at the aortic arch branch points: For the 
key landmarks Points A, B, and C and their correspond-
ing aortic arch regions, the following geometric param-
eters were computed: diameter of the best-fit circle (Dfit), 
diameter of the inscribed circle (Din), diameter of the cir-
cumscribed circle (Dcirc), circumference, cross-sectional 
area (CA), curvature, and ellipticity (see supplementary 
materials for detailed information). The software does 

Fig. 1 Extraction process of the aortic arch and its major branch centerlines
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not disclose the specific algorithms used for best-fit cir-
cle and curvature parameter calculations, the calculation 
principles for other parameters are provided in Fig. 2.

Measurement of hydraulic parameters
Hydraulic diameter (HD): This parameter serves as a crit-
ical parameter for characterizing fluid flow properties in 
noncircular conduits and is commonly used in the study 
of fluid mechanics and thermodynamics within pipes [9, 
10]. The diameter of a circular pipe is equivalent to its 
hydraulic diameter. A larger HD generally corresponds 
to higher flow efficiency, while a smaller HD may lead to 
greater flow resistance and energy loss. Hydraulic ratio 
(HR): HR = HD / Dcirc, when HR is close to 1 in non-cir-
cular pipes, it indicates that the shape has flow charac-
teristics similar to a circular pipe. (see the supplementary 
materials for detailed information). The calculation prin-
ciples for HD and HR are provided in Fig. 2.

Statistical analysis
All the statistical calculations in this study were per-
formed using Python 3, and a P value less than 0.05 was 
considered to indicate statistical significance.

Comparison of clinical data
We statistically analyzed clinical data, including age, 
history of hypertension, height, weight and body mass 
index (BMI), in two different groups, the CP and TBADP 
groups. The Shapiro‒Wilk test confirmed the normal 
distribution of the continuous variables, which are pre-
sented as mean ± standard (x ± s). For comparisons 
between groups, the independent samples t-test was 
used for continuous variables. Categorical variables are 

presented as proportions and were compared using the 
chi‒squared test.

Comparison of the anatomical and hydraulic parameters of 
the aortic arch
An independent-samples t-test was conducted to directly 
compare the anatomical and hydraulic parameters of the 
aortic arch between the CP and TBADP groups. Subse-
quently, a multivariate linear regression analysis was used 
to compare the anatomical and hydraulic parameters of 
the aortic arch between the CP and TBADP groups. This 
analysis included covariates such as age, history of hyper-
tension, height, weight and BMI, controlling for demo-
graphic and health-related factors. The regression models 
provided detailed insights, including regression coeffi-
cients, t-statistics and p values.

Results
Clinical data comparison
In our study, we observed statistically significant differ-
ences in clinical characteristics between the TBADP 
and CP groups. The mean age of the TBADP group was 
53.37 ± 12.07 years, ranging from 29 to 78 years, which 
was significantly younger than that of the CP group. The 
mean age of the CP group was 63.00 ± 14.77 years, with a 
broader age range from 17 to 94 years (p < 0.001). A strik-
ing 95.2% of the TBADP group had a history of hyperten-
sion, which is a considerably greater proportion than the 
39.5% observed in the CP group (p < 0.001). Furthermore, 
the individuals in the TBADP group were taller on aver-
age (168.19 ± 5.36 cm vs. 164.70 ± 6.22 cm, p = 0.003), were 
heavier (74.94 ± 13.09  kg vs. 62.07 ± 13.39  kg, p < 0.001), 
and had a greater body mass index (BMI) (26.43 ± 4.07 vs. 

Fig. 2 Calculation Principles for Vascular Parameters
Dfit: diameter of the best-fit circle; Din: diameter of the inscribed circle; Dcirc: diameter of the circumscribed circle; HD: hydraulic diameter; HR: hydraulic 
ratio; CA: cross-sectional area
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22.79 ± 4.16, p < 0.001) than individuals in the CP group 
(Table 1).

Comparison of aortic arch anatomical indicators
Anatomical and hydraulic parameters at Point A
At Point A, where the centerline of the brachiocephalic 
artery intersects with the centerline of the aortic arch, we 
observed significant differences between male TBADPs 
and male CPs (see Supplementary Tables 2–10 for covari-
ate details in the model; see Supplementary Fig.  1 for 
direct parameter comparisons). Specifically, in the male 
CP group, Dcirc_A was significantly higher than in the 
male TBADP group (regression coefficient = 10.39, 95% 
CI [0.96, 19.81], p = 0.031), indicating that after adjust-
ing for age, hypertension, height, weight, and BMI, this 
parameter was 10.39 mm higher in the CP group (Fig. 3). 
Additionally, ellipticity_A was also significantly higher in 
the CP group (regression coefficient = 0.10, 95% CI [0.01, 
0.19], p = 0.034), showing an increase of 0.10 units after 
similar adjustments.

Anatomical and hydraulic parameters at Point B
At Point B, the critical intersection where the left com-
mon carotid artery meets the centerline of the aortic 
arch, a significant difference in ellipticity_B was observed 
between male TBADPs and male CPs (see Supplemen-
tary Tables 11–19 for covariate details in the model; see 
Supplementary Fig. 2 for direct parameter comparisons). 
Ellipticity_B was significantly higher in the CP group 
compared to the TBADP group, with a regression coef-
ficient of 0.11 (95% CI [0.00, 0.22], p = 0.048), indicating 
that after controlling for confounding factors, the CP 
group exhibited a 0.11 unit increase in ellipticity_B rela-
tive to the TBADP group (Fig. 3).

Anatomical and hydraulic parameters at Point C
At Point C, where the centerline of the subclavian artery 
intersects with the centerline of the aortic arch, we also 
observed significant differences in multiple parameters 
between the TBADP and CP groups (see Supplemen-
tary Tables 20–28 for covariate details in the model; see 

Supplementary Fig. 3 for direct parameter comparisons). 
Dcirc_C was significantly higher in the CP group com-
pared to the TBADP group, with a regression coefficient 
of 12.93 (95% CI [2.52, 23.34], p = 0.015), indicating that 
after adjusting for confounding factors, this parame-
ter was 12.93  mm greater in the CP group. Conversely, 
HD_C and HR_C were both significantly lower in the CP 
group compared to the TBADP group, with regression 
coefficients of -1.97 (95% CI [-3.84, -0.09], p = 0.040) and 
− 0.15 (95% CI [-0.24, -0.05], p = 0.003), respectively. This 
suggests that after similar adjustments, the CP group 
exhibited decreases of 1.97 mm and 0.15 units in HD_C 
and HR_C, respectively. Additionally, Ellipticity_C was 
significantly higher in the CP group, with a regression 
coefficient of 0.13 (95% CI [0.03, 0.22], p = 0.007), show-
ing an increase of 0.13 units after adjusting for confound-
ing factors.(Fig. 3).

Comparative analysis of aortic arch anatomy and 
tortuosity between healthy individuals and patients with 
aortic dissection
Upon comparing the TBADP group with the CP group, 
we discerned notable differences in both the lengths 
and tortuosity of specific aortic zones (see Supplemen-
tary Tables 29–36 for covariate details in the model; 
see Supplementary Fig. 4 for direct parameter compari-
sons). Based on the regression analysis, Zone3_length 
was significantly shorter in the CP group compared to 
the TBADP group, with a regression coefficient of -7.52 
(95% CI [-12.91, -2.13], p = 0.007), indicating that after 
adjusting for confounding factors, the Zone3_length was 
7.52  mm shorter in the CP group. Similarly, Zone1-3_
length was significantly shorter in the CP group, with a 
regression coefficient of -13.11 (95% CI [-22.36, -3.86], 
p = 0.006), suggesting a 13.11  mm decrease in Zone1-3_
length in the CP group after adjustments. Addition-
ally, Zone1_Tortuosity was significantly lower in the CP 
group compared to the TBADP group, with a regression 
coefficient of -0.04 (95% CI [-0.07, -0.02], p = 0.002), indi-
cating a decrease of 0.04 units in Zone1_Tortuosity after 
adjustments. Lastly, Zone1-3_Tortuosity was also sig-
nificantly lower in the CP group, with a regression coef-
ficient of -0.05 (95% CI [-0.08, -0.02], p = 0.001), reflecting 
a 0.05 unit decrease in tortuosity in the CP group after 
controlling for other factors (Fig. 4).

Discussion
TEVAR is currently the first-line therapeutic option for 
managing complicated TBAD. However, a healthy proxi-
mal landing zone is the premise of the approach and the 
determinant of its outcomes [11, 12]. Intentional cover-
age of the left subclavian artery to extend the landing 
zone is associated with a high risk of upper extremity 
ischemia and posterior circulation stroke [13]. Regardless 

Table 1 Comparison of clinical characteristics between TBADPs 
and CPs
Variable CP TBADP t/χ2 P
Age (x ± s) 63.00 ± 14.77 53.37 ± 12.07 3.67 0.001
Height (x ± s) 164.70 ± 6.22 168.19 ± 5.36 -3.07 0.003
Weight (x ± s) 62.07 ± 13.39 74.94 ± 13.09 -4.91 0.001
BMI (x ± s) 22.79 ± 4.16 26.43 ± 4.07 -4.47 0.001
Hypertension (n, %) 36.57 0.001
 No 17 (39.53) 59 (95.16)
 Yes 26 (60.47) 3 (4.84)
TBADP: Type B aortic dissection patient; CP: Control patient; x ± s: 
Mean ± standard
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Fig. 3 Forest plot of regression coefficients comparing parameters between TBADPs and CPs. The TBADP group is used as the reference group, with posi-
tive coefficients indicating higher values in CPs relative to TBADPs. (A) Point A; (B) Point B; (C) Point C
Dfit: diameter of the best-fit circle; Din: diameter of the inscribed circle; Dcirc: diameter of the circumscribed circle; HD: hydraulic diameter; HR: hydraulic 
ratio; CA: cross-sectional area; TBADP: type B aortic dissection patient; CP: control patient
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of the choice between parallel stent technology, fenes-
tration technique, or endovascular grafting methods for 
the reconstruction of supra-arch branches, the intimate 
anchoring and apposition of the main stent in the curved 
arch region remain pivotal for the success of TEVAR and 
favorable long-term arterial remodeling [14–16]. Clearly, 
defining the curvature of the aortic arch and its associ-
ated geometric parameters is crucial for enhancing the 
apposition performance of stents in the curved aortic 
arch [17]. In this study, we explored the anatomical and 
hydraulic parameters of TBADPs using the centerline 
and anatomical landmarks on the centerline.

At Point A, the Dcirc_A (p = 0.031) and ellipticity_A 
(p = 0.034) of TBADPs were significantly lower than those 
of CPs. This observation suggests that the cross-sectional 
shape of the aortic arch in TBADPs at Point A tends to 
be more regular and circular. At Point B, the ellipticity_B 
(p = 0.048) of TBADPs was significantly lower than that of 
CPs. The vascular shape tends to be more circular at this 
point, which is consistent with the observation at Point 
A. At Point C, the Dcirc_C (p = 0.015) and ellipticity_C 
(p = 0.007) of TBADPs were significantly lower than 
those of CPs. This finding is similar to the observation 
at Point A. These observations suggest that compared to 
that of male CPs, the aortic arch of male TBADPs near 
its primary branches tends to be more circular. At Point 
C, the HR_C (p = 0.003) and HD_C (p = 0.040) values in 
the aortas of TBADPs were greater than those in CPs. 
This elevation could be related to increased resistance 

and pressure at Point C due to the intramural hematoma 
being located distally.

Aditya S Shirali et al. [18] found that the enlargement 
of the ascending aorta and aortic arch, coupled with 
heightened aortic tortuosity, indicates an aortopathy that 
increases the likelihood of TBAD. In this study, TBADPs 
exhibited a more curved aortic arch in Zone 1 (p = 0.002) 
and Zones 1–3 (p = 0.001) than in CPs. M Alban Redheuil 
et al. [19] found that there was a significant positive cor-
relation between the length of the aorta and age. Our 
study yielded similar results, indicating that an increase 
in age is associated with an increase in the lengths of 
Zone 1 (P = 0.013) and Zones 1–3 (P = 0.005) (Supple-
mentary Tables 29 and 32). Lescan et al. [20] discovered 
that aortic arch elongation is associated with the devel-
opment of TBAD. We observed that the lengths of Zone 
3 (p = 0.007) and Zones 1–3 (p = 0.006) in TBADPs were 
significantly greater than those in CPs. TBADPs dis-
played greater distances between the intersections of the 
left common carotid artery and the left subclavian artery 
on the aortic arch.

Current stents used for treating TBAD have evolved 
from designs originally intended for thoracic aortic aneu-
rysms [21]. Importantly, various aortic diseases pres-
ent different anatomical configurations of the arch [22]. 
Therefore, designing stents that specifically account for 
the unique anatomical characteristics of the aortic arch 
in TBADP patients may help improve surgical safety. In 
this study, we found that although the ellipticity_C at 
point C in TBADP is smaller compared to CP and closer 

Fig. 4 Forest plot of regression coefficients comparing zone-related parameters between TBADPs and CPs. The TBADP group is used as the reference 
group, with positive coefficients indicating higher values in CPs relative to TBADPs
TBADP: Type B aortic dissection patient; CP: Control patient
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to a circular shape, the average ellipticity value is 0.59 
(see Supplementary Fig.  3). This suggests that the arte-
rial cross-section may still possess a non-circular shape. 
Therefore, the design of covered stents near point C 
should consider the possibility that the stent material and 
structure need to accommodate this non-circular geom-
etry to potentially reduce localized stress concentration. 
The study also suggests that Zone 3 in TBADP may expe-
rience elongation, which could possibly lead to changes 
in the opening position of branch arteries. Consequently, 
it may be necessary to consider designing and selecting 
chimney grafts according to the patient’s specific ana-
tomical structure to ensure that the stent can adequately 
adapt to the elongated Zone 3 area and maintain its func-
tionality. Additionally, this study suggests that TBADP 
may exhibit greater curvature in Zones 1–3 compared 
to CP. This implies that the stent delivery system may 
need to possess sufficient flexibility to navigate smoothly 
through the curved arterial path, ensuring accurate posi-
tioning and stable deployment of the stent.

This study has several limitations. First, due to the 
small number of female TBADPs, only male patients 
were included for comparison with CPs. Second, given 
the limited sample size of this study, no separate analysis 
was conducted for different subtypes of TBAD.

Conclusions
In summary, compared to that of male CPs, the aortic 
arch of male TBADPs near its primary branches tends 
to be more circular. Additionally, the aortic arch of male 
TBADPs possesses greater tortuosity in Zone 1 and a 
greater length in Zone 3.
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