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Background: Acute Stanford-A aortic dissection (AAAD) is a devastating cardiovascular condition with high mortality, therefore identifying risk prognosis factors is vital for the risk stratification of patients with AAAD. Here, we investigated peripheral blood eosinophil (EOS) counts in patients with AAAD and their possible biological implications.



Methods: We performed a single center retrospective cohort study. From 2011 to 2021, a total of 1,190 patients underwent AAAD surgery. Patients were categorized first by death and then admission EOS counts (0.00 × 109/L or >0.00 × 109/L). Demographics, laboratory data, and outcomes were analyzed using standard statistical analyses. Ascending aorta specimens were used for western blotting and histological assessments.



Results: Death group patients had lower EOS counts than the non-death group (P = 0.008). When patients were stratified using mean blood EOS counts: 681 patients had low (0.00 × 109/L) and 499 had high (>0.00 × 109/L) counts. Patients with low EOS counts at admission were more likely to have a higher mortality risk (P = 0.017) and longer treatment in the intensive care unit (ICU) days (P = 0.033) than patients with normal EOS counts. Also, the five blood coagulation items between both groups showed significantly different (P < 0.001). Hematoxylin & eosin-stained cross-sections of the ascending aorta false lumen showed that EOSs were readily observed in thrombi in the false lumen of the aorta.



Conclusions: Peripheral blood EOS counts may be involved in thrombosis and could be an effective and efficient indicator for the diagnosis, evaluation, and prognosis monitoring of patients with AAAD.



KEYWORDS
acute Stanford-A aortic dissection, eosinophil, mortality risk, blood coagulation, thrombosis





Introduction

Acute aortic dissection (AAD) is a serious life-threatening disease, with a gradually increasing incidence rate in recent years (1). Depending on the rupture site, AAD is classified as Stanford-A when it involves the thoracic segment of the ascending aorta and/or the aortic arch, and Stanford-B when it involves the descending aorta and/or the thoracoabdominal aorta (2). Acute Stanford-A aortic dissection (AAAD) is the most common type, accounting for 75% of all cases. If treatment is not timely, many patients with AAAD will die suddenly due to aortic wall rupture. The mortality rate is as high as 90% (3). With the establishment of regional referral centers, more patients with AAAD can now receive timely surgical intervention, but all-cause mortality remains up to 10%–30% (4, 5).

Patients with AAAD usually undergo vital sign monitoring and blood tests upon admission in the emergency department, therefore, more clinicians are now heeding circulating biomarkers, such as routine bloods, in an attempt to analyze or predict the risk of death in these patients (6, 7). Laboratory test results are easily generated and do not impose additional risk and financial burden on patients. Many clinical and basic research studies have reported that inflammation has important roles in cardiovascular disease, with several inflammatory factors predicting cardiovascular disease (CVD) progression and prognosis (8, 9). These findings are also applicable to AAAD (10). White blood cells (WBC) are generally elevated in patients with AAAD and associated with a more severe prognosis and higher mortality (11). Eosinophils (EOS) are a type of WBC, and are implicated in several CVDs. For example, high blood EOS counts are positively associated with major cardiovascular risk factors and CVD prevalence (12), low EOS counts are negatively associated with peripheral arterial disease (13), and higher blood EOS counts are recorded in patients with abdominal aortic aneurysm when compared with normal controls, and can act as independent risk factors for the condition (14). However, we found that in the majority of patients with AAAD, EOS counts were <0.02 × 109/L, and even dropped below the lower limit of detection (denoted as 0.00 × 109/L). Compared to the change in the WBC counts, the EOS counts which were “0.00” seemed to be more striking.

While research on the pathogenesis of AAAD has progressed, EOS alterations during the condition and their possible biological ramifications are rarely considered. In this study, we investigated this phenomenon, characterized EOS changes of AAAD patients, and examined their roles.



Methods

Materials and extension methods are described in Supplementary Materials.


Study design

The principal study was a single-center, retrospective study. That study was approved by the Ethics Committee of the Affiliated Drum Tower Hospital of Nanjing University Medical School.



Study patients

From January 2011 to December 2021, 1,190 AAAD surgeries were performed in Nanjing Drum Tower Hospital. An AAAD diagnosis was confirmed by aorta angiography using multi-detector computed tomographic scanning. Stanford type A (DeBakey I and II) dissection involved the ascending aorta and/or the aortic arch according to previously published criteria. All patients underwent serological testing in the emergency department preoperatively, and the results were considered as admission laboratory data. Patients were excluded if they died preoperatively or had no laboratory data (routine blood examinations including EOS counts) or had taken medications such as aspirin, antibiotics, and glucocorticoids affecting blood counts. The study was reviewed by the hospital Ethics Committee. Laboratory analytes measured at admission included routine blood examinations, biochemical analysis, D-dimer, cTNT, and five blood coagulation items.



Clinical character

Patient demographic data, including age, gender, body mass index (BMI), disease onset, and previous medical history, including hypertension, diabetes, atrial fibrillation, Marfan syndrome, chronic obstructive pulmonary disease, coronary artery bypass grafting history, and smoking and drinking status. Other clinical characteristics included symptoms and signs at admission. The rationale for surgery and the surgical strategy were both determined by attending surgeons.



Primary and secondary outcomes

The primary study outcome was inpatient mortality which was defined as all-cause death. Secondary outcomes included the time in the intensive care unit (ICU), post- tracheostomy, post-stroke, and post-intracranial hemorrhage after surgeries during the index hospitalization.



Statistical analysis

Continuous variables were expressed as the mean ± standard deviation and compared using t tests if they were normally distributed. Skewed continuous variables were analyzed as the median and inter quartile range (IQR), and comparisons were made using the Mann-Whitney U test, with significance accepted at P < 0.05. Binary and categorical variables were expressed as counts and percentages, and compared using the χ2 or Fisher’s exact test. A two-sided α < 0.05 was considered statistically significant. Statistical analyses were performed in SPSS version 26.0 (SPSS, Inc., Chicago, IL, United States).




Results

In total, 1,190 patients with AAAD were investigated. We excluded patients with no laboratory data and who had taken medications affecting blood counts. Finally, 1,180 patients with AAAD were analyzed, of whom 1,009 survived and 171 died. Next, we divided AAAD patients into death and non-death groups. Demographics were similar between groups, except for age (P < 0.001) and hypertension history (P = 0.005). Moreover, patients in the death group were more likely to have hypotension (22 [12.2%] vs. 66 [6.5%], P < 0.01) and preoperative limb ischemia before surgery (44 [24.4%] vs. 135 [13.4%], P = 0.001) (Table 1).


TABLE 1 Demographics and characteristics of non-death and death AAD patient.

[image: Table 1]

In terms of laboratory data, normal EOS counts were between 0.02–0.52 × 109/L, however, over 80% of EOS counts below 0.02 × 109/L, and 57.7% of AAAD patients dropped below the lower limit of detection (0.00 × 109/L). Moreover, when EOS counts were considered as a continuous variable, we identified significant differences between death and non-death patients (P = 0.008), and EOS percentages lower in the death group (P = 0.002). When EOS counts were considered a categorical variable, we identified differences between groups (P = 0.038/0.017). Higher WBC and neutrophil counts were identified in the death group. In contrast, lymphocyte and monocyte counts in both groups were not significantly different (Table 2). These data suggested that reduced EOS counts were almost a universal feature in patients with AAAD.


TABLE 2 Laboratory test results of non-death and death AAD patients.
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We selected tissue from patients with AAAD (EOS count = 0.00 × 109/L) and normal human ascending aorta tissue (EOS count = 0.02–0.52 × 109/L), and investigated Siglec-8 expression (EOS marker protein). Interestingly, in ascending aortic tissue from patients with AAAD, we observed no abnormal Siglec-8 expression (Supplementary Figures S1A,B). Additionally, we observed no EOS infiltration or enrichment in AAAD patient’s aorta tissue using H&E staining (Supplementary Figure S1C).

To further investigate the role of EOS counts in AAAD, we divided patients into two groups based on circulating EOS counts at admission; a lower EOS group (0.00 × 109/L) and a higher EOS group (>0.00 × 109/L). No significant clinical differences were identified between groups. Similarly, no differences in age (P = 0.628), BMI (P = 0.226), and the median interval from onset to hospitalization (P = 0.196) were identified.

The proportion of patients in the lower EOS group, who developed pericardial effusion (65.8% vs. 72.3%, P = 0.017) was significantly lower than the higher EOS group. Moreover, patients in the lower EOS group who developed cerebral ischemia attack (10.0% vs. 5.8%, P = 0.010) were higher than the higher EOS group (Table 3).


TABLE 3 The effects of different eosinophil levels on the clinical characteristics, primary and secondary outcomes of patients with AAD.
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By examining primary and secondary outcomes in both EOS groups, patients with an admission EOS count of 0.00 × 109/L had higher mortality rates (113 [16.6%] vs. 58 [11.6%], P = 0.017) and increased ICU treatment days [5.0 days, (IQR 3.0–8.0) vs. 4.0 days, (IQR 3.0–7.0), P = 0.033]. No significant differences in tracheotomy (42 [6.3%] vs. 20 [4.1%], P = 0.091) and intracranial hemorrhage rates (8 [1.2%] vs. 5 [1.0%], P = 1.000) were identified (Table 3).

The results of univariate regression analysis of predictors of mortality were shown in Table 4. Admission EOS count was associated with mortality both as a continuous variable (OR = 0.004, 95% CI 0.000–0.241, P = 0.006) and as a cutoff value of >0.00 × 109/L (OR = 0.661, 95% CI 0.470–0.929, P = 0.017). Other risk factors associated with all-cause mortality included age, hypertension and WBC count. Add risk factors which P < 0.05 into multivariable logistic regression models. Multivariable-adjusted ORs for mortality according to per 1.0 × 109 cells/L increase, the cutoff value of 0.00 × 109/L, were presented in Table 5. Admission EOS count was an independent predictor of death when considered as a continuous variable (OR = 0.010, 95% CI 0.000–0.650, P = 0.031) or as a categorical variable (OR = 1.46, 95% CI 1.033–2.070, P = 0.032) using the cutoff value of 0.00 × 109/L after adjustment for age, hypertension and WBC count.


TABLE 4 Predictors of mortality after AAAD surgery in univariate logistic regression.
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TABLE 5 Predictors of mortality after AAAD surgery in multivariable logistic regression.
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Aortic false lumen is a typical feature of AAAD (15). We noticed changes in coagulation function in AAAD patients, and some studies suggested that EOS might be involved in thrombosis (16, 17). Comparisons between EOS groups were significant for the five blood coagulation items. Patients with 0.00 × 109/L EOS counts had higher PT [(12.8 s, IQR 11.8–14.35 s) vs. (12.4 s, IQR 11.5–13.9 s), P < 0.001], APTT [(30.4 s, IQR 26.9–39.3 s) vs. (29.3 s, IQR 26.8–34.55 s), P = 0.004], INR [(1.12 s, IQR 1.03–1.25 s) vs. (1.09 s, IQR 1.00–1.22 s), P < 0.001], TT [(19.3 s, IQR 17.5–22.1 s) vs. (18.6 s, IQR 16.9–20.9 s), P < 0.001], and lower fibrinogen levels [(2.1 g/L, IQR 1.6–2.7 g/L) vs. (2.4 g/L, IQR 1.7–3.3 g/L), P < 0.001] (Table 6). Furthermore, EOSs were observed in thrombi in the false lumen of the aorta (Supplementary Figure S2). Therefore, decreased peripheral blood EOS counts may be due to the involvement of EOSs in aortic false lumen thrombosis.


TABLE 6 Five blood coagulation items in both eosinophil groups.

[image: Table 6]



Discussion

Our study found that EOS counts in the peripheral blood of patients with AAAD were significantly lower; up to 81.1% patients EOS counts below 0.02 × 109/L and 57.7% of patients had undetectable EOS counts (0.00 × 109/L), concomitant with higher mortality and longer ICU treatment days. When we compared Siglec-8 expression in the control group with AAAD patients (preoperative EOS counts = “0.00”), and also histological examinations, we observed no evidence that EOSs accumulated in the aortic interstitial spaces of patients with AAAD. From statistical analyses of coagulation functions (APTT, TT, INR, PT, and Fibrinogen), D-dimer levels, and platelet counts in patients with AAAD, lower EOS counts tended to represent worse coagulation functions, higher D-dimer levels, and lower platelet counts. Furthermore, infiltrating EOSs were observed from the thrombus in the false lumen. Therefore, EOSs may be recruited from the peripheral blood into the false lumen and be associated with thrombus formation.

Aortic dissection is characterized by damage and remodeling of the aortic media leading to secondary thrombosis and inflammation, with systemic signs of inflammatory activation and local inflammatory cell infiltration (10, 18). Inflammatory cells, such as neutrophils (11), lymphocytes (19), and macrophages (20) have been investigated during AAAD pathogenesis, but EOS studies are lacking. EOSs are not only inflammatory effector cells, but they exert several immune regulatory functions. EOS counts in a large CVD patient cohort and experimental rat data on aortic aneurysms support the conclusion that EOS exert major protective roles in CVD (12). EOS deficiency increased abdominal aortic aneurysm growth, inflammatory cell lesion levels, angiogenesis, elastic rupture of the arterial wall, lesion cell apoptosis, SMC loss, and M1 macrophage marker expression (14). False lumen formation and subsequent thrombosis are important features in AAAD acute phases. Reports of thrombotic events in patients with EOS-related disease confirmed EOS involvement in thrombosis, i.e., promoting thrombosis through eosinophilic extracellular traps, thereby enhancing platelet activation, leading to atherosclerosis and stable thrombosis (16). Additionally, EOS may be involved in coronary thrombosis in acute myocardial infarction via inflammatory mechanisms (21). Activated PLT is associated with EOS pathology in several diseases, including asthma and hyper-eosinophilic syndrome (22). PLT is activated by EOS particles, major basic protein, and EOS peroxidase (23). Our data also suggested that EOS may be involved in false lumen thrombus formation in patients with AAAD.

Whether EOSs promote vascular injury, induce pro-inflammatory effects, or are simply recruited to tissue injury sites remain unclear. The main goal of AAAD surgery is to prevent fatal complications, and the more severe the preoperative vascular injury, the more likely it is to cause rupture, cardiac tamponade, and poor perfusion. Additionally, damaged vessels also make graft anastomosis more difficult during surgical treatment, resulting in postoperative complications such as bleeding and infection. Decreased EOS percentages may indicate severe vascular injury and more extensive thrombosis, therefore, EOS counts may be useful in assessing the extent of preoperative aortic injury in patients with AAAD.


Study limitations

Our research had some limitations. Most AAAD patients were first diagnosed in local hospitals, therefore it was difficult to obtain accurate information on false lumen thrombosis. Similarly, information on the effects of false lumen thrombosis on postoperative in-hospital survival rates are lacking. Partial thrombosis of the false cavity is an important independent predictor of mortality in patients with type B dissection, but it does not affect the long-term survival rate of AAAD survivors after discharge. Blood flow and thrombus may coexist, and most patients had EOS counts below the lower limit of detection, therefore it was difficult to quantify associations between false lumen thrombosis and the degree of EOS reduction through limited specimen. Additionally, in considering intraoperative bleeding, blood transfusion, and postoperative anti-infection treatment, we did not continuously monitor EOS counts during hospitalization. Therefore, when EOSs leave the peripheral blood system, are they deposited in a thrombus or elsewhere, or are they destroyed or degraded? Furthermore, peripheral blood eosinophil counts have a circadian rhythm (peaked during nighttime) (24), the time of drawing blood may affect results. These questions require further investigation.




Conclusions

Peripheral blood EOS counts may be valid indicators for preoperative risk assessment in patients with AAAD. Circulating EOS levels below detection limits may not only indicate thrombosis, but may be significant in predicting AAAD severity and prognosis in patients with AAAD. Therefore, a rapid, simple, and low-cost peripheral blood EOS count test can be used to effectively assess preoperative risk in patients with AAAD.
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Background: The modular inner branched stent-graft (MIBSG) (WeFlow-Arch™) is an emerging device for challenging aortic arch pathologies. Hemodynamic numerical simulation is conducive to predicting long-term outcomes as well as optimizing the stent-graft design.

Objective: This study aims to analyze the hemodynamic characteristics of the MIBSG devices based on numerical simulation analyses.

Methods: From June 2019 to June 2021, MIBSGs were utilized in eight cases. Numerical simulation analyses of branch perfusion and indicators including the time-averaged wall shear stress, oscillatory shear index, and relative residence time were performed.

Results: Lesions involved Zone 1 (n = 2), Zone 2 (n = 4), and Zone 3 (n = 2). Branched stent-grafts were deployed in the innominate artery and left common carotid artery (n = 5) or in the innominate artery and left subclavian artery (n = 3). The hemodynamic change in common was increased perfusion in the descending aorta and left common carotid artery. Half of the patients had increased cerebral perfusion of 8.7% at most, and the other half of the patients showed a reduction of 5.3% or less. Case 3 was considered to have acquired the greatest improvement in hemodynamic features.

Conclusion: The MIBSG showed improved hemodynamic features in most cases. The design of the MIBSG could be partly modified to acquire better hemodynamic performance.

KEYWORDS
 aortic arch, thoracic endovascular aortic repair (TEVAR), thoracic stent-graft, inner branched stent-graft, hemodynamics, numerical simulation


What this paper adds

A multicenter clinical trial (GIANT Study) of an emerging modular inner branched stent-graft (WeFlow-Arch™) for challenging aortic arch lesions is in progress in China. This study presents the results of the numerical simulation analyses that verified significant hemodynamic improvement in most of the first-in-human cases and may allow identification of high-risk patients with potential long-term complications who require close follow-up. Hemodynamic numerical simulation should be performed to guide preoperative planning and optimize device designs for complicated endovascular aortic arch reconstructions.



Introduction

Thoracic endovascular aortic repair (TEVAR) for the treatment of aortic arch pathologies (AAPs) involves the creation of a sufficient landing zone with simultaneous branch vessel preservation, making the procedure very challenging. Morphological and physiological factors such as a curved aortic arch, anatomical variations and angles among the branch vessels, and high-speed and high-pressure pulsatile blood flow have significant impacts on the safety and efficacy of endovascular aortic arch reconstruction (1). During the last decade, significant progress has been made in TEVAR for AAPs. The use of stent-grafts (SGs) designed with single or double inner branches has been reported with encouraging early results (2–12). The modular inner branched SG (MIBSG) (WeFlow-Arch™; Weiqiang Medical Technology Co., Ltd., Hangzhou, China) is a contemporary option for the endovascular repair of AAPs. It was first proposed and designed by our center for aortic arch reconstruction in 2005, and the technical feasibility has been verified through animal experiments (13). Based on the promising early postoperative results from the first-in-human cases, a multicenter clinical trial (GIANT Study, NCT04765592, ChiCTR2100044591) is currently in progress in China. In contrast to conventional fenestrated or parallel SGs, the complicated geometry of the MIBSG is characterized by the ascending aorta landing (Zone 0) (14) combined with more metal scaffolding overlaps; these features are considered to have a significant impact on the physiological curvature, elastic deformation, wall stress, and blood flow streamline around the aortic arch (Figure 1). Therefore, a thorough evaluation of the postoperative hemodynamic characteristics and potential risk of late surgery-related complications is necessary.


[image: Figure 1]
FIGURE 1
 (Left) Diagram and (right) in vivo morphology of MIBSG. First module: main body stent-graft with double embedded tunnels landing in ascending aorta. Second module: two inner bridging stent-grafts to the supra-arch vessels. Third module: distal extending stent-graft in the descending aorta. (a) Preoperative morphology of aneurysm. (b,c) Postoperative morphology of MIBSG. MIBSG = modular inner branched stent-graft.


The current procedural planning and efficacy assessment of TEVAR mainly rely on anatomic criteria of morphological improvement obtained by computed tomography angiography (CTA) with multiplanar reconstruction instead of an in-depth quantitative analysis of hemodynamic characteristics. Patients with good postoperative imaging morphology may still have long-term risks of complications such as endoleaks, stroke, stent collapse or occlusion, or SG-induced new entry (11), indicating that the current treatment strategies and device design should be optimized. In recent years, numerical simulations have been utilized to investigate peri-TEVAR hemodynamic characteristics such as the stress distribution, changes in the flow velocity and flow field, and the friction stability of SGs. Hence, we performed the present fluid dynamics numerical simulation in the early eight patients of the first-in-human MIBSG case series to evaluate the hemodynamic outcomes and accordingly predict the prognosis and optimize the design of the MIBSG device. We obtained written informed consent from every reported patient. The study was approved by the Ethics Committee of the Chinese People's Liberation Army General Hospital (S2018-230-01) and adhered to the principles of the Declaration of Helsinki.



Materials and methods


Patients and devices

From June 2019 to June 2021, eight patients with aortic arch aneurysms who underwent interventions with MIBSGs were included in this study. None of the patients had typical chest or back pain, and all had been diagnosed via CTA before hospitalization. CTA of the entire aorta was performed at 1 week, 6 months, and 12 months after the intervention and yearly thereafter. The flow velocity of the supra-arch branches was acquired via Doppler ultrasound (LOGIQ 9; GE Healthcare, Chicago, IL, USA).

The MIBSG device (WeFlow-Arch™) was manufactured by Weiqiang Medical Technology Co., Ltd. (Hangzhou, China) according to each patient's need. This modular SG consists of three modules (Figure 1). The first module is a cylindrical ascending aortic SG coupled with double embedded tunnels that provide access to the innominate artery (IA) and the left common carotid artery (LCCA) or left subclavian artery (LSA). The second module refers to the branched SGs. The third module is the extension SG in the distal arch and descending aorta (DA). The procedure was performed as described in our previous report (15). Concomitant LCCA–LSA bypass or coil embolization of the LSA was performed if necessary.



Geometrical reconstructions

Thin-slice CTA images of all the pathologies were acquired using a 256-row CT scanner (Revolution CT; GE Healthcare) with the following parameters: 512 × 512 × 700; pixel spacing, 0.785/0.785; resolution, 1.274 pixels/mm; and slice thickness, 1 mm. Three-dimensional geometric reconstruction with DICOM-format CTA images was then performed using commercial software (Mimics version 19.0; Materialise NV, Leuven, Belgium). Threshold segmentation and dynamic region growth commands were used to obtain the aortic contour model. The branches and the aortic arch were then separated and offset in 3-matic software (Materialise NV) to obtain the vascular wall with a vessel branch wall thickness of 1.0 mm and aortic wall thickness of 2.0 mm. The final model began above the level of the aortic sinus and ended at the level of the proximal renal artery. Commercial finite element method software (COMSOL 5; COMSOL, Inc., Burlington, MA, USA) was used for the computation of the fluid–structure interaction problem to analyze the coupling effects between blood flow and vessels. In default mode, COMSOL solvers dynamically adjust the time step, and the maximum time step was limited to 0.05 s to ensure that it was fine enough for the achievement of a time step-independent solution (Figure 2).


[image: Figure 2]
FIGURE 2
 Three-dimensional reconstruction and mesh generation of MIBSG in Case 4. The three-dimensional geometry was reconstructed from computed tomography angiography images using Mimics 19.0. The branches and aortic arch were separated and offset in 3-matic software to obtain the vascular wall. Commercial finite element method software (COMSOL 5) was used for the computation of the hemodynamic flow. To obtain mesh-independent solutions, 2,927,088 elements were used for Case 4. Although the laminar model used in all instances was reportedly able to capture the characteristic flow patterns in the aortic arch, six layers of boundary layer mesh were used to resolve the near-wall flow accurately. MIBSG, modular inner branched stent-graft.




Computations framework

The blood flow and corresponding pulsatile vessel deformation substantially involve the fluid–structure interaction issue in computation. Blood is considered a homogeneous and incompressible Newtonian fluid in the aorta. In this study, we describe the blood flow behavior using the incompressible Navier–Stokes equation with the density and viscosity set at 1,060 kg/m3 and 0.0035 Pa·s, respectively. An isotropic linear elastic material with Poisson's ratio of 0.49, Young's modulus of 7.5 × 105 Pa, and a density of 1,150 kg/m3 was used as the vessel wall. The interaction between the blood and vessel wall was simulated using the arbitrary Lagrangian–Eulerian formulation.



Boundary condition

The pulsating blood flow within a cardiac cycle was simulated with the velocity boundary condition of the inlet measured with Doppler ultrasound and the pressure boundary condition of the outlet based on clinical monitoring (16, 17) (Figure 3). The formulas for velocity and pressure are as follows:

[image: image]
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FIGURE 3
 (Left) Results of Doppler ultrasonic velocimetry and (right) boundary conditions. The inlet boundary condition was set to a velocity condition measured with Doppler ultrasound, and the outlet boundary condition was set to a pressure condition according to clinical monitoring.





Analysis of hemodynamic indicators

Three hemodynamic indicators based on wall shear stress (WSS) were quantified and calculated, namely, the time-averaged WSS (TAWSS), oscillatory shear index (OSI), and relative residence time (RRT). TAWSS is a scalar defined as the time-averaged absolute magnitude of the surface traction vector. OSI refers to the wall shear stress oscillations within a cardiac cycle, and RRT represents the residence time of particles in a certain position. Regions with a TAWSS of <0.4 Pa, OSI of >0.25, and RRT of >5/Pa indicate a more remarkable tendency toward atherosclerosis (18). Areas with high-risk regions characterized by abnormal values of these indicators were distinguished to visualize this tendency. According to the mean shear stress defined by Taylor et al. (19) the formulas are expressed as follows:
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Results


Interventions and morphological features

Details of the eight interventions and morphological features are presented in Table 1 and Figure 4. The diagnoses were saccular aneurysm (n = 7) and dissection aneurysm (n = 1). The lesions were located in the inner curvature (n = 3), anterior wall of the aorta (n = 3), or aortic full-cycle (n = 2); and involved Zone 1 (n = 2), Zone 2 (n = 4), or Zone 3 (n = 2). The branched SGs were deployed in the IA and LCCA (n = 5) or in the IA and LSA (n = 3). Concomitant LCCA–LSA bypass was performed in four cases. The original LSA was simultaneously occluded with several detachable fibered coils (Interlock-35; Boston Scientific, Natick, MA, USA). One immediate type I endoleak was observed in Case 5, and the leak had disappeared by the 6-month follow-up CTA.


TABLE 1 Details of the eight interventions.

[image: Table 1]


[image: Figure 4]
FIGURE 4
 Preoperative and postoperative morphologies of the eight interventions. The morphologies and locations of the eight lesions are shown in the above images. The reconstructions of the arch and branch vessels are shown in the below images.




Numerical simulations
 
Blood perfusion redistribution

The postoperative geometric morphologies of the SGs were good with fluent blood flows. The flow rate of each inlet and outlet was calculated via surface integration. Generally, the postoperative perfusions of branches differ from the preoperative baseline situation because of the influence of the MIBSG as well as the embolized LSA. Some changes in common included generally increased perfusions of the DA and LCCA, whereas the perfusion of the IA, right subclavian artery (RSA), and right common carotid artery (RCCA) decreased with some exceptions. The LSA perfusion was not calculated because most of the patients underwent intraoperative LSA coverage or embolization. Half of the patients had increased cerebral perfusion (sum of RCCA and LCCA, or sum of RCCA and LSA in patients with an occluded LCCA and in patients with auxiliary LCCA–LSA bypass) of 8.7% at most, and the other four patients showed slightly decreased perfusion at 5.3% or less. The detailed data are listed in Table 2.


TABLE 2 Perfusion ratio changes of descending aorta and branches.

[image: Table 2]

Cases 2 and 7 represented opposite trends of perfusion changes. In Case 2, the perfusion increased in all branches except the RCCA, and the cerebral perfusion (sum of RCCA and LCCA) exhibited improvement. Within the whole cardiac cycle, backflow was observed in all branches except the RCCA (Figure 5). In contrast, the branch perfusions in Case 7 generally decreased (Figure 6). The perfusion in the DA within the whole cardiac cycle obviously increased; the perfusion in the LCCA stayed roughly the same; and the perfusion in the RSA, RCCA, and cerebral perfusion (sum of RCCA and LCCA) decreased compared with the preoperative baseline. Additionally, backflow was observed in all branches before and after TEVAR.


[image: Figure 5]
FIGURE 5
 Blood flow perfusion ratios of branches in Case 2. The bar graph illustrates the changes in the flow perfusion ratios in different branches. The curve figure illustrates the real-time perfusion within a cardiac cycle. Curves below the 0 level indicate backflow. DA, descending aorta; LCCA, left common carotid artery; RCCA, right common carotid artery; LSA, left subclavian artery; RSA, right subclavian artery.



[image: Figure 6]
FIGURE 6
 Blood flow perfusion ratios of branches in Case 7. The bar graph illustrates the changes in the flow perfusion ratios in different branches. The curve figure illustrates the real-time perfusion within a cardiac cycle. Curves below the 0 level indicate backflow. DA, descending aorta; LCCA, left common carotid artery; RCCA, right common carotid artery; LSA, left subclavian artery; RSA, right subclavian artery.


Case 3 is the unique patient with the unintended branch courses that the third module of the MIBSG coursed through the intersection angle between the two bridging SGs of the second module, leading to the separation of the bridging SGs on both sides of the third module instead of the desired morphology in the other seven cases. Despite this, the perfusions in Case 3 unexpectedly improved to a substantial degree. The perfusion of the DA changed slightly, whereas the cerebral perfusion increased. Furthermore, during a single cardiac cycle, the amplitude between the maximum and minimum flow volume decreased compared with the preoperative baseline, and no backflow was observed (Figure 7).


[image: Figure 7]
FIGURE 7
 Blood flow perfusion ratios of branches in Case 3. The bar graph illustrates the changes in the flow perfusion ratios in different branches. The curve figure illustrates the real-time perfusion within a cardiac cycle. Curves below the 0 level indicate backflow. DA, descending aorta; LCCA, left common carotid artery; RCCA, right common carotid artery; LSA, left subclavian artery; RSA, right subclavian artery.




Hemodynamic indicators

The postoperative WSS increased in two cases (Cases 4 and 7). They shared the same geometric features of the existing residual profile of the aneurysm postoperatively, and their areas containing a TAWSS of <0.4 Pa increased while the values decreased in the other six cases. Areas with an OSI of >0.25, indicating greater fluctuation of blood flow, increased postoperatively for all cases except Case 6. The areas with an RRT of >5/Pa increased in three cases, with larger values inferring a higher risk of atherosclerosis or stenosis (Table 3).


TABLE 3 Area changes of hemodynamic indicators.

[image: Table 3]

With the same consideration as in the aforementioned blood perfusion analyses, the hemodynamic features of Cases 2 and 7 were also analyzed in detail. The distributions of the TAWSS, OSI, and RRT in Case 2 are depicted in Figure 8. Preoperative characteristic TAWSS regions were mainly located at the aneurysm, the ostia of branches, and the DA. The total areas of a low postoperative TAWSS (<0.4 Pa) decreased significantly, while characteristic regions increased locally in the bridging SG in the LCCA. Areas with a higher OSI (>0.25) slightly increased in the LCCA and DA. The changes in the RRT were similar to the changes in the TAWSS. The preoperative flow patterns were complicated because of the aneurysm location and size. The aneurysm was sealed, after which the blood flow streamlines became smoother. The distributions of the postoperative TAWSS and RRT then significantly improved.


[image: Figure 8]
FIGURE 8
 Distributions of changes in TAWSS, OSI, and RRT in Case 2. The hemodynamic characteristic regions are visually illustrated as a color distribution nephogram with each indicator in a group (left, preoperative; right, postoperative). Areas were calculated and illustrated in the bar graph. OSI, oscillatory shear index; RRT, relative residence time; TAWSS, time-averaged wall shear stress.


The postoperative characteristic regions of Case 7 increased (Figure 9). Regions with a lower TAWSS (<0.4 Pa) appeared mainly at the former aneurysm site and in the lumens of SGs in the IA and LCCA. The regions with a larger OSI (>0.25) and RRT (>5/Pa) showed similar distributions. The characteristic regions appeared in the branched SGs, indicating fluctuation of blood flow to some extent. The postoperative residual profile of the aneurysm may have been the geometric morphological cause of these flow patterns.


[image: Figure 9]
FIGURE 9
 Distributions of changes in TAWSS, OSI, and RRT in Case 7. The hemodynamic characteristic regions are visually illustrated as a color distribution nephogram with each indicator in a group (left, preoperative; right, postoperative). Areas were calculated and illustrated in the bar graph. OSI, oscillatory shear index; RRT, relative residence time; TAWSS, time-averaged wall shear stress.


Case 3 has obtained the greatest improvement in hemodynamic features according to the postoperative distributions of high-risk regions (Figure 10). The preoperative high-risk regions were located mainly around the ascending aorta, the aneurysmal sac, and the inner curve of the DA. There was less distribution of characteristic regions in the branch vessels, and it remained tiny postoperatively. This feature is very different from that of other cases. The postoperative areas with a TAWSS of <0.4 Pa decreased significantly. The distribution of these regions appeared mostly around the intersection point between the second and third modules. The postoperative distribution of an RRT of >5/Pa was highly consistent with that of a TAWSS of <0.4 Pa. Regions with an OSI of >0.25 increased slightly around the overlap zone of the inner branched SGs. In general, the above-mentioned special postoperative morphology of the bridging SGs did not complicate the blood flow pattern, and ideal hemodynamic features were observed in Case 3.


[image: Figure 10]
FIGURE 10
 Distributions of changes in TAWSS, OSI, and RRT in Case 3. The hemodynamic characteristic regions are visually illustrated as a color distribution nephogram with each indicator in a group (left, preoperative; right, postoperative). Areas were calculated and illustrated in the bar graph. OSI, oscillatory shear index; RRT, relative residence time; TAWSS, time-averaged wall shear stress.






Discussion

The hemodynamic characteristics of the aortic arch are complex because of its special anatomical morphology. On this basis, it is superimposed on the influences from either the lesions or the SGs, giving local individualized fluid and solid mechanical properties. These features are different from normal physiological conditions and are closely related to the long-term outcomes of TEVAR. In recent years, scholars have attempted to analyze the hemodynamic characteristics of AAPs through numerical simulation to better understand the pathophysiological influences of intervention (20, 21). Some studies have confirmed that the pulsating blood flow is subjected to the dual effects of the radial pressure gradient and centrifugal force when it flows through a twisted arch at high speed, and secondary flow thus forms perpendicular to the main flow direction (22, 23). Furthermore, the streamlines in the supra-arch branches are twisted to the distal end of the vessels, and a reflux phenomenon occurs at the proximal end of the branches (24, 25). These characteristics were verified in our simulation under steady-state conditions. Backflows were also observed preoperatively in most branches under normal physiological conditions. This is not the unique phenomenon caused by MIBSG implantation. In this respect, there is no significant change in the postoperative flow pattern.

Minimization of neurological complications remains a major concern of all procedures addressing AAPs, irrespective of whether open surgery or TEVAR is performed. The intra- and post-operation strokes are generally due to the embolism during manipulation. While the influence of that if the long-term flow perfusion changes after MIBSG intervention increases, the risk of late neurological adverse events should be considered. Perfusion of the supra-arch branches can be evaluated via numerical simulation analyses. Our results showed that the perfusion increased in the DA in most cases and accordingly decreased in the brachiocephalic vessels. Interestingly, however, elevated LCCA perfusion was observed in most cases, although the RCCA perfusion showed a general reduction. As a result of this, the cerebral perfusion increased in four cases but decreased in the other four cases with acceptable variations. In this sense, the redistribution of blood flow after MIBSG deployment does not necessarily increase the risk of neurological complications. The numerical simulation showed that both the flow rate and flow resistance were associated with the vessel diameters and the winding courses of the branches. Perfusion in the RCCA could be improved by enlarging the inner-branch diameters and adjusting the direction of the inner-branch tunnels. The parameters of the MIBSG could be accordingly modified to lower the flow resistance and reduce the tortuosity of the bridging SGs, eventually obtaining optimized hemodynamic properties.

From a hemodynamic viewpoint, regions with a TAWSS of <0.4 Pa, OSI of >0.25, and RRT of >5/Pa indicate a higher risk of atherosclerosis. In six cases, the improvements in low blood flow mechanical parameters were identified for that the areas with a TAWSS of <0.4 Pa decreased. A higher RRT indicates a longer time during which tangible substances stay in the vessels. Thus, the distribution of high-RRT regions is helpful to locate high-risk sites in which deposits are likely to form, eventually leading to atherosclerosis or restenosis. High-RRT areas increased in three cases in this study, and further follow-up will be required in these cases. A higher OSI represents a greater oscillation intensity in the shear stress direction and more frequent changes in the flow direction. In this study, areas with an OSI of >0.25 increased in most cases. This indicates that the disorder of blood flow characteristics increased throughout the whole cardiac cycle, resulting in the oscillation of the flow direction in the SGs. We inferred that this was related to the fact that the bridging SGs lengthened the distance of the supra-arch trunks from the top of the aortic arch into the proximal ascending aorta. Changes in the diameters and directions along this route can lead to streamline disorder. This is thought to be a systematic risk that originates from the unique structure of the devices used and cannot be completely avoided. To some extent, it is a limitation of all TEVAR procedures.

In general, the postoperative hemodynamic properties remarkably improved in most cases as indicated by the fact that the preoperative characteristic regions (which were mainly located around the aneurysm sac, the ostia or bifurcations of branches, and the DA) significantly decreased after coverage with the MIBSGs. However, the postoperative characteristic regions appeared in the lumens of the branched SGs in some cases (e.g., Case 7). Although the impact on the vessel intima may be relatively low because of the protection provided by the SG membrane, there are still long-term risks of atherosclerosis and subsequent restenosis in patients with postoperative residual characteristic regions around either the interface between the SGs and vessels or the IA bifurcation. Therefore, close follow-up is needed. Notably, the greatest hemodynamic improvement was observed in Case 3, which involved the unexpected deployment of the third module crossing the intersection angle between the two inner-branch SGs. This is inconsistent with the existing understanding based on CTA morphology. The presumed reason may be that the axes of both the first and second modules were almost parallel with the axis of the ascending aorta. Thus, there was minimal impact on the streamlines in this region.

These hemodynamic analysis results are helpful for predicting the risks of an adverse prognosis in individual patients. They can also be utilized in preoperative planning. For a patient who is presumed to have poor postoperative hemodynamic characteristics, the clinician may re-examine the rationality of the operative plan or individualize the devices to improve their hemodynamic performance. We recommend this hemodynamic evaluation as an important criterion for preoperative planning and postoperative follow-up in patients undergoing TEVAR involving the aortic arch.


Limitations

This study had two main limitations. First, to simplify the complex calculations, the rigidity of the implants was not considered. Second, the number of cases was small and the follow-up time was relatively short. The long-term result is needed to prove the effect of hemodynamic numerical simulation.




Conclusion

The MIBSG device provided promising early-term results in these eight first-in-human cases. The numerical analysis showed improved hemodynamic features of the aorta and supra-arch branches in most cases. Some patients required close follow-up because of the increased hemodynamic risks of late complications. The design of the MIBSG could be partly modified to acquire better hemodynamic performance and thus improve the long-term outcomes. Hemodynamic numerical simulation is a clinically valuable way to guide TEVAR management. Additional evidence is needed in patients with aortic arch involvement.
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Objective: The aim of the study was to investigate surgical modalities and outcomes in patients with type A aortic dissection involving arch anomalies.

Method: Patients with type A aortic dissection who underwent surgical treatment at our center between January 2017 and 31 December 2020 were selected for this retrospective analysis. Data including computed tomography (CT), surgical records, and cardiopulmonary bypass records were analyzed. Perioperatively survived patients were followed up, and long-term mortality and aortic re-interventions were recorded.

Result: A total of 81 patients with arch anomalies were included, 35 with “bovine” anomalies, 23 with an aberrant right subclavian artery, 22 with an isolated left vertebral artery, and one with a right-sided arch + aberrant left subclavian artery. The strategies of arch management and cannulation differed according to the anatomic variation of the aortic arch. In total, seven patients (9%) died after surgery. Patients with “bovine” anomalies had a higher perioperative mortality rate (14%) and incidence of neurological complications (16%). Overall, four patients died during the follow-up period, with a 6-year survival rate of 94.6% (70/74). A total of four patients underwent aortic re-intervention during the follow-up period; before the re-intervention, three received the en bloc technique (13.6% 3/22) and one received hybrid therapy (11.1% 1/9).

Conclusion: With complete preservation and reconstruction of the supra-arch vessels, patients with type A aortic dissection combining arch anomalies can achieve a favorable perioperative prognostic outcome. Patients who received the en bloc technique are more likely to require aortic re-intervention than patients who underwent total arch replacement with a four-branched graft vessel. Cannulation strategies should be tailored according to the variation of anatomy, but routine cannulation with the right axillary artery can still be performed in most patients with arch anomalies, even for patients with an aberrant right subclavian artery.
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aberrant right subclavian artery (ARSA), isolated left vertebral artery (ILVA), surgical procedures, arch anomalies, cannulation and perfusion, hybrid therapy, total arch replacement, bovine arch


Introduction

Surgical management of type A aortic dissection requires close attention to the presence of aortic arch anomalies for timely adjustment of surgical treatment strategies. Anatomic abnormalities of the aortic arch are widely present in the general population. According to previous studies, 15–25% of the population may carry aortic arch anomalies (1–3). However, case reports documenting successful treatment of aortic dissection in the setting of anatomic anomalies of the aortic arch are sporadic and with a small sample size (2, 4–12).

The presence of arch anomalies cannot always be treated using routine cannulation strategies; for instance, patients with an ARSA usually cannot undergo selective cerebral perfusion (SCP) through the right axillary artery, which is a routine SCP cannulation location. On the other hand, the arch technique differs much in patients with arch anomalies from the standard procedure.

In this study, we reported our experience in managing type A aortic dissection involving arch anomalies, focusing on surgical techniques, postoperative outcomes, and follow-up results. In addition, our surgical strategies for four major types of arch anomalies were described in detail, and the surgical details and indications of specific procedures have been fully discussed to provide a comprehensive reference for selecting surgical strategies for these patients.



Materials and methods


Patients and data collection

Patients with type A aortic dissection who underwent surgical treatment from January 2017 to 31 December 2020 at our center were selected for this retrospective analysis. A total of 81 patients were diagnosed with arch anomalies by computed tomography (CT) reports or based on surgical records. The study flowchart, including the inclusion and exclusion criteria, is shown in Figure 1.


[image: Figure 1]
FIGURE 1
 Study flowchart.


The hospital ethics committee has approved this research (GDREC2018322H).



Data collection and follow-up

Clinical data were collected from all included patients. Operative records, anesthesia records, and perfusion records were used to determine operative variables, including cannulation strategy, method of surgical repair, site of primary intimal tear (PIT), bypass times, nadir temperature, use of hypothermia and circulation arrest (HCA), and selected cerebral perfusion (SCP). Progress notes and discharge summaries were used to determine the incidence of postoperative complications and mortality. In addition, demographic records, imaging reports, and primary source images from CT scans were collected and analyzed.

The follow-up was carried out over telephone to the latest time to find out the mid-term survival and the incidence of aortic re-intervention. For patients with positive outcomes, the follow-up interval was calculated until the point the positive outcome occurred.



Diagnose arch anomalies

Arch anomaly types were identified using details from the operative reports, imaging reports, and primary source images from CT scans. A total of four major types of abnormal arch anatomy were identified: (1) “bovine” anomaly: an arch with a common origin of the innominate artery (IA) and left common carotid artery (LCCA), or the LCCA originating directly from the IA; (2) aberrant right subclavian artery (ARSA): a four-vessel arch with an aberrant right subclavian artery originating from the distal arch or proximal descending aorta; (3) isolated left vertebral artery (ILVA): a four-vessel arch with the left vertebral artery coming directly from the aorta; (4) right arch with the aberrant left subclavian artery (ALSA): a mirror image to the ARSA, a four-vessel aortic arch is in the right side of the main trachea, with an ALSA originating from the distal arch or proximal descending aorta.



Surgical techniques

All procedures were performed under general anesthesia and cerebral flow monitoring using cerebral oximetry. Patients who underwent total arch replacement (TAR) or right hemi-arch replacement had HCA and SCP.

A total of three techniques were used for arch reconstruction: TAR, right hemi-arch replacement, and hybrid technique. The TAR technique included TAR with a four-branched graft vessel and TAR with the en bloc technique. TAR with a four-branched graft vessel has been described (13, 14) previously. A four-branched graft was used in TAR combined with stented elephant trunk (SET) implantation under the condition of HCA and SCP. The en bloc technique was described by Zhong et al. (15). The anterior wall of the aortic arch was incised longitudinally up to the origin of the left common carotid artery (LCCA); no dissection of the arch vessels was confirmed intraoperatively. After deployment of the SET, a balloon was implanted inside the SET to recover the femoral cannula perfusion. Then, the stent-free sewing edge (3- to 5-cm-long Dacron graft) of the SET was straightened and trimmed. Next, under the condition of SCP and femoral perfusion, the trimmed sewing edge was sutured to the native aortic wall near the origins of the arch branches (shown in Figure 2E).

Right hemi-arch replacement was performed as follows: the lesser curvature of the aortic arch was incised and replaced with a single Dacron graft vessel.

The hybrid technique was performed as follows: a GORE-TEX vascular graft was used for revascularization of the supra-arch vessels using incisions in the cervical and supraclavicular fossa regions according to the anatomy feature. Then, a thoracic stent graft was deployed retrograde via the femoral artery access. Angiography was performed to confirm the deployment position and GORE-TEX graft patency.

The detailed steps of the reconstruction techniques are described in the Supplementary material.

The arch management strategies of the 81 included patients are summarized in Table 1. Figures 2–5 are the schematic diagrams of the arch management strategies for patients with an ARSA, bovine anomaly, ILVA, and right arch combining the ALSA, respectively.


TABLE 1 Arch management strategies for different aortic arch deformities.
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FIGURE 2
 Arch technique for ARSA in patients with type A aortic dissection. *Distal ARSA; (A) stage TAR for ARSA; (B) extra-anatomy revascularization of the right axillary artery; (C) ARSA connected to the vascular graft of the RCCA; (D) ARSA directly anastomosed to the 8-mm arch branch of the four-branched graft; (E) en bloc technique for the ARSA; (F) hybrid technique for ARSA.



[image: Figure 3]
FIGURE 3
 Arch technique for “bovine” anomaly in patients with type A aortic dissection. *LCCA; (A) reconstruction with three graft branches for “bovine” anomaly. (B) Reconstruction with two graft branches for “bovine” anomaly.
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FIGURE 4
 Arch technique for “ILVA” anomaly in patients with type A aortic dissection. (A) ILVA anastomosed to the LSA. (B) ILVA anastomosed to the LSA graft branch.



[image: Figure 5]
FIGURE 5
 Arch technique for patients with right arch and ALSA. (1) RSA; (2) RCCA; (3) LCCA; (4) ALSA. (A) Schematic diagram of the anatomy of the right arch + ALSA, from the front view. (B) Arch technique for a patient with right arch + ALSA, from the posterior view. ALSA, from the posterior view.


Among patients with an ARSA who underwent TAR with a four-branched graft, two patients underwent two-stage TAR. First, the ARSA was fully mobilized and anastomosed to the RCCA end-to-side to recover a normal anatomy structure, and then the CPB and SCP were performed with the routine cannulation of the right axillary artery (Figure 2A).

A total of five patients with an ARSA underwent extra-anatomic revascularization of the ARSA (Figure 2B). After the coronary perfusion was restored, the heart resumed beating, and the fourth perfusion side arm of the four-branched graft was anastomosed to the right axillary artery in an end-to-side fashion through the right thoracic cavity and the second intercostal space.

A total of 22 patients underwent the en bloc technique, among which four patients with an ARSA needed extra-RCCA-to-distal ARSA bypass using the cervical and right supraclavicular fossa incisions; two patients (“bovine” anomaly) underwent right hemi-arch replacement using a single Dacron graft vessel, which was anastomosed to the trimmed margin of the lesser curvature of the aortic arch in an end-to-end fashion with running stitches of 5-0 polypropylene.

A total of nine patients underwent hybrid therapy (ARSA in seven, “bovine” in one, and ILVA in one), and common carotid artery-to- subclavian artery bypass using the cervical and supraclavicular fossa incisions with a 7-mm GORE-TEX graft was accomplished before the implantation of the thoracic stent graft.



Statistical analysis

Continuous variables were expressed as mean ± standard deviation or median (0.25–0.75 interquartile). Kolmogorov–Smirnov analysis was used to clarify whether data conformed to normal distribution. Categorical variables were expressed as the number of cases (percentage), for example, 28 (80%), indicating 28 cases occupying 80% of the cases of this group. Figures were drawn using Microsoft PowerPoint 2019 (Microsoft, Redmond, USA) or Easy Paint Tool SAI (SYSTEMAX, Japan) software. A p < 0.05 was considered statistically significant.




Results

A total of 896 patients with type A aortic dissection were treated in our center from January 2016 to December 2020. After screening the CT reports and surgical records, 81 patients with arch anomalies were included in this study; 35 had “bovine” anomaly, 23 had an ARSA, 22 had an ILVA, and right-sided arch combined with an ALSA was found in one case (Figure 1).


Baseline data

Baseline data of the 81 patients are shown in Table 2. Overall, 73% of the patients had hypertension, and 45 (56%) had hyperlipidemia; seven (9%) patients had coronary malperfusion. The incidence of other malperfusion syndromes was given as follows: neurological ischemia (14%), upper extremity ischemia (5%), spinal ischemia (2%), mesenteric ischemia (20%), renal ischemia (23%), and lower extremity ischemia (10%).


TABLE 2 Baseline characteristics.
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In all, one patient with “bovine” anomaly had a bicuspid aortic valve (3%); three patients underwent cardiac surgery (one in the “bovine” anomaly, one in the ARSA, and one in the ILVA), and two patients with an ARSA and one patient with an ILVA received implantation of the stent graft in the thoracic/abdominal aorta before admission to our department.



Surgical data

The surgical data of the 81 patients are summarized in Table 3. The location of PIT was explored intraoperatively: aortic root or ascending aorta in 48%, aortic arch in 37%, descending aorta in 12%, and no PIT in two cases. All patients who underwent TAR or right hemi-arch replacement had HCA+antegrade SCP. The nasopharyngeal temperature was reduced to 20–25°C during HCA. Other concomitant procedures included three cases of coronary artery bypass grafting (two in the “bovine” anomaly and one in the ILVA), one case of left atrial thrombosis removal (ARSA), one case of mitral + tricuspid valvuloplasty (“bovine”), and one case of the Nuss procedure (“bovine”).


TABLE 3 Surgical characteristics.
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Among 34 patients with “bovine” anomaly who underwent CPB, 30 patients (88%, 30/34) received CPB through the cannulation of a right axillary artery or innominate artery, and 14 received CPB with combined cannulation of a right axillary/IA and femoral artery. A total of 13 patients (38%) with “bovine” anomaly achieved BiACP by cross-clamping of the common origin of the IA and LCCA and cannulation of the right axillary artery/common origin, and 19 patients underwent RUCP with cross-clamp applied to the cephalad to the origin of the LCCA and cannulation of the right axillary artery.

CPB was performed in 16 of 23 patients with an ARSA; 11 patients underwent CPB through the cannulation of the femoral artery (69%, 11/16) and one patient through the cannulation of the aortic arch.

Among 22 patients with an ILVA, 21 underwent SCP. The SCP strategy in these patients is as follows: BiACP (n = 6) and RUACP (n = 10) were achieved through cannulation of the right axillary artery/IA with/without the LCCA, and LUACP (n = 5) was achieved through the cannulation of the LCCA.

Only one patient with a right-sided arch combining the ALSA was first operated with femoral artery cannulation for CPB and then RCCA cannulation for SCP.



Surgical results

Perioperative outcomes are summarized in Table 4. Overall, seven patients (9%) died during postoperative hospitalization, and two patients required ECMO assistance (one ILVA and one “bovine”). Other postoperative complications are as follows: neurological complications (16%), dialysis treatment (17%), paraplegia (5%), and redo of tracheotomy (2%). Among them, 26% of patients with “bovine” anomaly had neurological complications, and all patients complicated with paraplegia had “bovine” anomaly.


TABLE 4 Surgical results.
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Follow-up results

A total of 74 patients who survived perioperatively were followed up by telephone, with a follow-up rate of 100%. The mean follow-up interval was 36.8 months for long-term mortality, and 35.2 months for aortic re-intervention.

In total, four patients underwent aortic re-intervention during the follow-up period: three patients with the en bloc technique, among whom one underwent IA stenting for IA dissection 18 months postoperatively, one underwent intervention therapy for LCCA occlusion 6 months postoperatively, and one underwent intervention therapy for basilar artery dissection 8 months later; one patient with hybrid therapy underwent stainless steel coil implantation for stent endoleak 3 months later. A total of four patients died during the follow-up period, with a survival rate of 94.6% (70/74) at 6 years postoperatively.




Discussion

Reports on treating patients with type A aortic dissection involving arch anomalies are rare. Our study is probably the largest cohort study in this field to date; we searched PubMed for English language articles reporting on aortic dissection and aortic arch malformation published in the past 10 years; studies with a sample size of more than 10 are summarized in Table 5.


TABLE 5 Major articles of aortic dissection involving arch anomalies.
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The right axillary artery cannulation for CPB and SCP is a standard procedure for type A aortic dissection. In this study, this routine cannulation strategy was applicable for most patients with “bovine” anomaly and ILVA (“bovine,” 24/34; ILVA, 14/21), while it was not suitable for patients with an ARSA due to the unique anatomic structures found in these patients. In our group, only two patients with an ARSA underwent the standard cannulation procedure, and their ARSA was mobilized, dissected, and anastomosed to RCCA before proceeding to the standard cannulation procedure (Figure 2A).

This stage TAR technique requires complete mobilization of the ARSA and should ensure that dissection does not involve the RCCA and the distal part of the ARSA. However, for some patients, mobilizing the ARSA may be challenging. In addition, the ARSA might be involved by dissection, rendering the establishment rather difficult for a near-normal anatomic ARSA-to-RCCA connection in advance. In this study, 75% (12/16) of the patients with the ARSA underwent CPB via cannulation of the femoral artery or aortic arch, instead of the right axillary artery.

Unilateral or bilateral cerebral perfusion can be achieved by cannulation in the right axillary artery, common carotid artery, or IA. Patients with unilateral cerebral perfusion require full consideration of the integrity of the circle of Willis. BiACP is usually required in case of an incomplete circle of Willis or significant asymmetry between left and right cerebral oxygen saturation. In our clinical practice, we found that the SCP strategy in patients with arch anomalies differs from the conventional practice. For patients with “bovine” anomalies, the cerebral perfusion strategy may change depending on the location of the origin of the LCCA. In cases where the origin of the LCCA is located high in the IA, BiACP can be achieved with a clamp applied caudad to the IA and cannulation of the right axillary artery. Bryan et al. (5) described this strategy in 11 patients with “bovine” anomaly. In our cohort, 31% of patients with “bovine” anomaly underwent BiACP, which is significantly higher than other anomaly groups. Patients with the ARSA cannot undergo RUSCP via the cannulation of the right axillary artery [except for patients who underwent two-stage TAR (16), n = 2, Figure 2A]. As a result, SCP can only be performed with cannulation of the LCCA and/or RCCA for these patients. For patients with an ILVA, additional cannulation of the ILVA for cerebral perfusion is not needed. Qi et al. (12) treated 21 ILVA patients without additional cannulation of the ILVA; only two (9.5%, 2/21) patients had neurological complications after the surgery. This is consistent with the results in this cohort, in which 22 patients with an ILVA were treated without additional cannulation in the ILVA, and their neurological complication rate was even lower than that of the ARSA or “bovine” groups (incidence of neurological complications was 26, 13, and 5% for “bovine,” ARSA, and ILVA, respectively).

Arch reconstruction with preservation of all the supra-arch vessels is recommended for patients with arch anomalies. The en bloc technique is a simple strategy that can be computed within a relatively short time, with a single aortic patch containing the origin of all the supra-arch vessels anastomosed to the stent-free sewing edge of SET. Yet, according to the follow-up result in this study, these patients may have a higher incidence of aortic re-intervention; the reason for this might include (1) potential dissection in the supra-arch vessels not found intra-operatively, or (2) intimal tears during the cannulation and clamping of the supra-arch vessels that could lead to potential dissection or stenosis. Patients who underwent TAR with a four-branched graft had a better follow-up result with no aortic re-intervention event. The side arms of the four-branched graft were attached to the supra-arch vessels. For patients with “bovine” anomaly, revascularization with only two side arms of the four-branched graft can be achieved (Figure 3B) in cases whose LCCA directly originates from the IA. For patients with an ILVA, the ILVA should be preserved and anastomosed to the LSA (Figure 4A) or its side arm (Figure 4B). Preservation of the ILVA can guarantee the integrity of the circle of Willis and reduce neurological complications. Qi et al. (12) reported another technique for the preservation of the ILVA, with “a single aortic patch containing the origin of the ILVA and LSA anastomosed to one limb of the prosthetic graft.” For patients with an ARSA, if the ARSA is involved by dissection or is difficult to mobilize, extra-anatomic reconstruction can be performed with the fourth perfusion side arm (Figure 2B). Another extra-anatomic revascularization method might be the RCCA-to-ARSA bypass through cervical + right subclavian incisions, which is not recommended in our center as it can damage venous plexuses in the subcutaneous tunnel, resulting in massive venous hemorrhage. It may also compress the shunt graft and lead to distant occlusion. By comparison, the extra-anatomic revascularization through the right thoracic cavity (Figure 2B) can avoid the compression by the subcutaneous tunnel without extra-cervical incision, and no shunt graft obstruction was found during the follow-up period in our cohort, indicating its safety and stability.

A hybrid technique has been reported in several studies as a treatment for patients with type B aortic dissection involving the ARSA and ILVA (6–8, 11). In this cohort, the hybrid technique was used for patients with type non-A non-B aortic dissection whose aortic arch was minimally involved (50%, 9/18). For patients with a severely compromised aortic arch and those for whom complete revascularization of the supra-arch vessels cannot be ensured after TEVAR implantation (e.g., patients with RCCA or IA involvement), hybrid therapy should not be recommended. For patients with an ARSA undergoing a hybrid technique, the distal part of the ARSA can always be found in the right supraclavicular fossa area. After completing the supra-arch bypass, the proximal part of the subclavian arteries will be clamped tentatively and then ligated if there is no significant change in blood pressure in the upper extremity. First, tentative clamping of the subclavian arteries is necessary to ensure the common carotid artery-to-subclavian artery bypass is adequate for the perfusion of the upper extremities. Second, the proximal part of the ARSA and LSA should better be ligated to reduce the occurrence of competing for blood flow and type II endoleak. Third, supra-arch vessels bypassing the subcutaneous tunnel by using cervical + subclavian incisions are not recommended. The reason for this has been discussed before. The stent graft should be positioned carefully before release because it might occlude the origin of the ILVA and some other supra-arch vessels, especially in patients whose ILVA originates from the distal arch. Our interventional team has performed TEVARs in 31 patients with type B aortic dissection involving the ILVA anomaly. Before the release of the stent graft, angiography was performed to confirm that the distal part of the stent graft is at least 1 cm away from the take-off of the ILVA, and no blocking of the ILVA was observed (11).

The distal management strategy mainly included the implantation of the SET or TEVAR stent. It is important to note that in patients with an ARSA, complete coverage of the ARSA origin with a SET or TEVAR stent is needed to isolate the Kommerell diverticulum (4). The follow-up results of this cohort showed only one patient with endoleak after TEVAR therapy; no endoleak was found in patients with SET implantation, demonstrating the effectiveness and stability of SET or TEVAR stent implantation.

The perioperative mortality rate (9%) in this cohort is somehow consistent with previous studies (14, 17, 18) that reported a perioperative mortality rate of 5–15% in patients with pure type A aortic dissection. This suggests that aortic arch malformation may not be a high risk for perioperative mortality for patients with type A aortic dissection (5, 9). Some studies suggested a higher incidence of neurological complications in patients with “bovine” anomalies (9), which is consistent with the results of this study: patients with “bovine” anomalies had a higher incidence of neurological complications and perioperative mortality than patients with other anomalies. The reason for this is not clear. Future studies with a larger sample size are needed to confirm the impact of specific aortic arch anomalies on the perioperative prognosis.

This study has a few limitations: (1) patients with type B aortic dissection were not included in this study; (2) this was a retrospective analysis; however, due to the urgency of type A aortic dissection, it is almost impossible to perform a prospective cohort analysis.



Conclusion

For patients with type A aortic dissection combining arch anomalies, complete arch reconstruction with preservation of all the supra-arch vessels and reasonable cannulation strategies should be considered with an elaborate design based on the anatomical features so as to achieve a favorable perioperative and long-term prognosis outcomes. Routine cannulation with the right axillary artery can be achieved in most cases, even in patients with an ARSA. Moreover, patients who undergo the en bloc technique may have a higher risk of dissection or stenosis of the supra-arch vessels, and more of them need aortic re-intervention compared with patients who undergo TAR with a four-branched graft.
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SUPPLEMENTARY FIGURE S1. 
CT construction image after hybrid technique for ARSA. (1) Graft connecting LCCA and LSA. (2) Left common carotid artery. (3) Right common carotid artery. (4) Graft connecting RCCA and RSA. (5) Remnant of LSA. (6) Elephant trunk stent. (7) False lumen. (8) Distal aberrant right subclavian artery.

SUPPLEMENTARY FIGURE S2. 
CT images of the patient with right arch+ALSA. (A) Pre-operative CT construction image. (B) CT scan images. (C) Postoperative CT construction image. (1) ALSA; (2) LCCA; (3) RCCA; (4) False lumen; (5) Right arch; (6) Right-sided descending thoracic aorta; (7) RSA.
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Background: The proximal anastomosis is an important procedure during the acute type A aortic dissection (AAAD) surgery. The conventional method is a double patch sandwich technique with Teflon felt. Adventitial eversion and prosthesis eversion technique as a novel approach has been applied to many patients in our center. Herein, This technique would be introduced, and the perioperative and 1-year follow-up results of the two different anastomosis methods were also evaluated.

Methods: Between December 2017 and May 2021, 143 AAAD patients who underwent total arch replacement (TAR) and frozen elephant trunk (FET) implantation were included in this retrospective study. Patients were divided into the eversion technique group (adventitial eversion and prosthesis eversion technique for proximal anastomosis, n = 64) and the sandwich technique group (n = 79).

Results: The medical records were analyzed and compared between the groups. The mean operation time was 466 ± 73 min in the eversion technique group and 513 ± 81 min in the sandwich technique group (P < 0.001). Compared with the sandwich technique group, the eversion technique group also showed a shorter time on proximal anastomosis (38 ± 12 min vs. 58 ± 20 min, P < 0.001), cardiopulmonary bypass (195 ± 26 vs. 211 ± 40 min, P = 0.003), and aortic cross-clamp (120 ± 23 min vs. 134 ± 27 min, P = 0.002). Furthermore, a decreased proportion of >600 ml fresh frozen plasmas transfusion was observed in eversion technique group (10.9% vs. 34.2%, P = 0.002). No statistical differences were found in the postoperative morbidities and 1-year follow-up outcomes.

Conclusion: Proximal anastomosis with adventitial eversion and prosthesis eversion technique is a promising surgical option for AAAD patients, with favorable perioperative and 1-year follow-up results.

KEYWORDS
adventitial eversion, prosthesis eversion technique, proximal anastomosis, acute type A aortic dissection (AAAD), open surgery


Introduction

Acute type A aortic dissection (AAAD) is a life-threatening disease carrying a high risk of mortality. Open surgery is the primary treatment for AAAD patients. In the past decades, great progress has been made in the methods of AAAD surgery, such as the introduction of frozen elephant trunk (FET), which has simplified the surgical procedures and decreased the mortality rate (1). At present, total arch replacement (TAR) plus FET is the most common surgical method for AAAD treatment. However, high postoperative morbidities, such as neurologic deficit, bleeding, paraplegia, and future aortic root dilation, remain challenges for the cardiac surgeons (2).

Proximal anastomosis is a crucial part during the AAAD surgery (1). As the dissected aortic stump is fragile, improper repair may lead to the anastomosis disintegration and uncontrollable bleeding. The double patch sandwich technique with Teflon felt is the conventional surgical procedure for proximal anastomosis (3). However, the double patch sandwich technique still has limitations and may increase the aortic cross-clamp time, and subsequently result in the complications such as intraoperative bleeding and organ dysfunction. Herein, we tried to explore a modified approach—adventitial eversion and prosthesis eversion technique for the proximal anastomosis of AAAD for the last several years.

In this retrospective study, adventitial eversion and prosthesis eversion technique was used for proximal anastomosis of AAAD in dozens of cases. The detailed procedures were introduced, and the perioperative and 1-year follow-up outcomes compared with the traditional sandwich technique were evaluated.



Materials and methods


Patient selection

This study was conducted in accordance with the Declaration of Helsinki (as revised in 2013). The study protocol was approved by the Medical Ethics Committee of Qilu Hospital of Shandong University (Reference No. KYLL-2017KS-195). Between December 2017 and May 2021, a cohort of 435 consecutive patients with AAAD underwent surgical repair in our department. Of these patients, 143 cases were included in this study according to the inclusion and exclusion criteria (Figure 1). AAAD diagnosis was confirmed by the computerized tomographic angiography (CTA).
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FIGURE 1
Schematic of the study cohort. Between December 2017 and May 2021, 435 patients with AAAD underwent surgical repair in our department. 143 patients were included in this study according to the inclusion and exclusion criteria. These patients were divided into two groups according to the repair methods of proximal anastomosis, the eversion technique group (adventitial eversion and prosthesis eversion technique for proximal anastomosis, n = 64) and the sandwich technique group (double patch sandwich technique with Teflon felt for proximal anastomosis, n = 79). AAAD, acute type A aortic dissection; TAT, total arch replacement; TET, frozen elephant trunk; RAA, right axillary artery; FA, femoral artery; b-ACP, bilateral antegrade cerebral perfusion; CABG, coronary artery bypass graft.


The inclusion criteria were: (1) the aortic root involved in the aortic dissection; (2) AAAD patients who underwent TAR and FET (TAT + FET); (3) arterial cannulation method: right axillary artery plus femoral artery; (4) bilateral antegrade cerebral perfusion (b-ACP); and (5) without other organ dysfunction prior to operation. The exclusion criteria were: (1) congenital connective tissue disease such as Marfan syndrome and (2) concomitant other procedures such as CABG, valvular replacement or valvuloplasty, or aortic root replacement. The indications of TAR + FET in our center were aortic arch dissection, aortic arch dilation (≥50 mm), and concurrent dissection in descending aorta. All the patients underwent operations within 12 h of the initial diagnosis. Both conventional sandwich technique and adventitial eversion and prosthesis eversion techniques were performed by the same surgeon and his team.

According to the methods of proximal anastomosis, patients were retrospectively divided into two groups, the eversion technique group (adventitial eversion and prosthesis eversion technique for proximal anastomosis, n = 64) and the sandwich technique group (double patch sandwich technique with Teflon felt for proximal anastomosis, n = 79). There was no particularity in the patient selection between the two groups. In other words, the severity of aortic dissection between the two groups has no difference.



Main surgical procedures


Step 1: Anesthesia and CPB

All patients underwent the operation with general anesthesia and median sternotomy. Intraoperative transesophageal echocardiography probe was routinely inserted for the detection of any abnormality before weaning from CPB. Cardiopulmonary bypass was established by the cannulas in the right axillary artery and the femoral artery for perfusion, and vena cava for veinous drainage. The left atrial vent was inserted into the left atrium via the right superior pulmonary vein. Myocardial protection was accomplished with the antegrade infusion of cold blood cardioplegia. The ascending aorta was opened longitudinally between the brachiocephalic trunk and sinus-tubular junction (STJ).



Step 2: Proximal anastomosis


Adventitial eversion and prosthesis eversion for proximal anastomosis (the eversion technique group)

A segment of artificial graft was inverted and inserted into the aortic root (Figures 2A,C). During the suturing, the adventitia above the suture line was everted to form two layers of adventitia (Figure 2A). Then the two layers of adventitia were anastomosed continuously to the inverted part of the graft with 4–0 prolene (Figure 2A). Thereafter, the rest part of the artificial graft was dragged out of the aortic root (Figures 2B,D,E). Finally, cold blood cardioplegia was infused through the artificial graft with a relatively high pressure (approximate 200 mmHg measured in the infusing line) in order to check any leak in the anastomosis site and aortic valvular function (Figure 2F). If any leak was detected in the anastomosis site, additional stitches were applied to achieve hemostasis and checked with cardioplegia infusion again. Regarding aortic valvular regurgitation, initial view of the valvular structure, then cardioplegia infusion in the artificial graft with a relatively high pressure, and concomitant observation of left ventricular expansion were carried out in sequence. Once aortic valvular insufficiency was observed, valve replacement or valvuloplasty was conducted, but the case was excluded from the current study.
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FIGURE 2
Adventitial eversion and prosthesis eversion technique for proximal anastomosis. A segment of artificial graft was inverted and inserted into the aortic root (A,C). During the suture, the adventitia above the suture line was everted to form two layers of adventitia (A). The two layers of adventitia were directly anastomosed to the inverted part of the graft with continuous 4–0 prolene (A). Thereafter, the rest part of the artificial graft was dragged out of the aortic root (B,D,E). Afterward, cardioplegia was infused through the artificial graft in order to check any possible bleeding at the anastomosis site and aortic valve function (F).




Double patch sandwich technique with Teflon felt for aortic root repair (the sandwich technique group)

Teflon felt strips were placed inside and outside the suture line, respectively. Continuous transverse mattress suture with 4–0 prolene was performed to finish the double patch sandwich. Then, a segment of artificial graft was anastomosed continuously to the double patch sandwich with 4–0 prolene. Afterward, cardioplegia was infused through the artificial graft in order to check for any leak in the anastomosis site and to test the aortic valvular function. The remained procedures were similar to the eversion technique group.

When the dissection involves part of the coronary opening and the surrounding intima of the coronary opening is intact, special reinforcement of the coronary artery is not necessary for performing these two techniques. When the surrounding intima of the coronary opening is not intact, pericardium may be used for the reinforcement of the coronary artery.




Step 3: TAT + FET

After the proximal anastomosis, circulatory arrest of the body lower part was performed at moderate hypothermia (Nasopharyngeal temperature 26–27°C). Bilateral cerebral perfusion was achieved via the right axillary artery and left common carotid artery (LCCA). The aortic arch was opened longitudinally, and thereafter the stent elephant trunk was placed into the true lumen of the descending aorta. The orifice of the left subclavian artery (LSA) was totally covered by the stent elephant trunk, and subsequently the LSA root was closed. Afterward, the distal end of the four-branched artificial graft was anastomosed to the proximal end of the stent elephant trunk and aortic wall. Then, systemic perfusion was recovered through the cannulas in the femoral artery, and bleeding was checked in anastomosis sites between the distal end of the four-branched artificial graft and the proximal end of the stent elephant trunk. Finally, the LCCA and LSA were connected to the two 8-mm branches of the four-branched artificial graft, respectively with 5–0 prolene.



Step 4

The proximal end of four-branched artificial graft was continuously anastomosed to the artificial graft of step 2 with 4–0 prolene. Afterward, aortic cross clamp was released, and the brachiocephalic trunk reconstruction was performed. Transesophageal echocardiography was conducted before the weaning of CPB to test any abnormality of the valve and the cardiac chambers. All the patients were transferred to the cardiac surgery intensive care unit after the operation.




Data collection and follow-up

The preoperative data were collected from the medical records, including age, gender, body weight, diabetes mellitus, hypertension, chronic kidney disease, hyperlipidemia, serum creatinine (SCr), smoking, and drinking history. The operation data included operation duration, time of CPB, aortic cross-clamp (ACC), proximal anastomosis, and circulatory arrest (CA). The time of proximal anastomosis was defined as the time interval from the beginning of aortic cross-clamp to the circulatory arrest of the lower part of the body. The data of postoperative complications were also collected, including the drainage volume of the postoperative 24 h, reoperation for bleeding, mechanical ventilation time, hospital stay, paraplegia, stroke, renal failure, gastrointestinal bleeding, and tracheotomy.

Outcomes of 1-year follow-up were obtained by telephone interview, rehospitalization records, and clinical examinations at the outpatient clinic. Telephone interviews were performed at 1, 3, 6, and 12 months. According to the American guidelines, transthoracic echocardiography (TTE) and aortic CTA were performed at 3, 6, and 12 months (4, 5). Aortic root events were defined as follows: aortic root dilation (the diameter of aortic sinus ≥ 45 mm), moderate or greater aortic valve insufficiency.



Statistical analysis

Continuous variables obeying normal distribution were compared by a t-test and expressed as the mean ± standard deviation (M ± SD). Continuous variables disobeying normal distribution were analyzed by the Mann–Whitney U-test and expressed as median (interquartile range). Categorical variables were analyzed by chi-square and Fisher exact tests and expressed as percentages. SPSS (IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.) was used for the analysis. P < 0.05 was considered statistically significant.




Results


Preoperative characteristics

The medical record review survey showed that sandwich technique was mainly conducted prior to December 2019, and thereafter, the eversion technique was applied until the end of study. The data of preoperative characteristics are listed in Table 1. There were 64 and 79 patients in the eversion technique group and the sandwich technique group, respectively. There was no significance in the mean age and the percentage of male patients between the eversion technique group and the sandwich technique group (P > 0.05, respectively). The preoperative median SCr concentration was 77 μmol/L in the eversion technique group and 91 μmol/L in the sandwich technique group (P > 0.05). No statistical differences were observed in hypertension, diabetes mellitus, LVEF, albumin, hyperlipidemia, transient ischemic attack (TIA), cystatin C (Cys-C), D-Dimer, and history of drinking and smoking between two groups (P > 0.05, respectively).


TABLE 1    Preoperative characteristics.
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Operation data

The operation data are presented in Table 2. The mean operation time in the eversion technique group was shorter than that in the sandwich technique group (466 ± 73 min vs. 513 ± 81 min, P < 0.001). The average CPB time in the eversion technique group was also shortened compared with that in the sandwich technique group (195 ± 26 min vs. 211 ± 40 min, P = 0.003). Both proximal anastomosis time and aortic cross-clamp time in the eversion technique group were shown shortened (38 ± 12 min vs. 58 ± 20 min, P < 0.001; and 120 ± 23 min vs. 134 ± 27 min, P = 0.002, respectively) compared with sandwich technique group. The proportion of > 600 ml fresh frozen plasma (FFP) in eversion group was reduced than that in sandwich technique group while no statistical differences in packed red blood cells (PRBC) transfusion between the two groups. No patients in both of the two groups underwent aortic root replacement due to the uncontrollable bleeding at the anastomosis.


TABLE 2    The operation data.
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Postoperative morbidity

Postoperative morbidity is shown in Table 3. The median drainage volume of the postoperative 24 h was 350 (IQR = 350) ml in the eversion technique group and 300 (IQR = 300) ml in the sandwich technique group (P > 0.05). The median time of mechanical ventilation was 37.1 (IQR = 45.9) hours in the eversion technique group and 38.3 (IQR = 43.9) hours in the sandwich technique group (P > 0.05). No statistical differences were observed in the incidences of paraplegia (0% vs. 1.3%), stroke (6.3% vs. 8.9%), renal failure (6.3% vs. 6.3%), gastrointestinal bleeding (1.6% vs. 1.3%), and tracheotomy (4.7% vs. 3.8%) in the eversion technique group and the sandwich technique group.


TABLE 3    Postoperative morbidities.
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One-year follow-up outcomes

The outcomes of 1-year follow-up are listed in Table 4. The mortality of the eversion technique group and the sandwich technique group was 6.3% vs. 6.3% at 30-day, 9.4% vs. 7.6% at 3 months, 9.4% vs. 8.9% at 6 months, and 9.4% vs. 8.9% at 12 months, respectively (P > 0.05). One patient in the eversion technique group and one patient in the sandwich technique group underwent reoperation of aortic root during the follow-up period (P > 0.05) due to aortic root event.


TABLE 4    One-year follow-up outcomes.

[image: Table 4]




Discussion

The present study aimed to introduce the experiences of adventitial eversion and prosthesis eversion technique in the proximal anastomosis of AAAD. The results demonstrated that patients in the eversion technique group obtained a shorter time in operation, CPB, proximal anastomosis, and aortic cross-clamp compared with the sandwich technique group. Less transfusion of FFP in the eversion technique was needed compared with that in the sandwich group. No statistical differences were found between the two groups in the postoperative morbidities such as the incidences of paraplegia, reoperation for bleeding, stroke, renal failure, gastrointestinal bleeding, and tracheotomy. The 1-year follow-up results showed that the mortality, the incidences of reoperation, and the aortic root event were similar in the two groups.

The International Registry of Acute Aortic Dissection (IRAD) study reported that the early mortality of AAAD surgery had declined from 25 to 18% in the past 17 years (6). In the present study, the 30-day mortality was 6.3% (4/64) in the eversion technique group and 6.3% (5/79, P > 0.05) in the sandwich technique group. The early mortality in this study was lower than that in IRAD study. The discrepancy may be due to the difference in patient population. We found that the average age of patients in our study was much younger than that in the IRAD study. In 2011, the first Registry of Aortic Dissection (Sino-RAD) was established in China. The data from Sino-RAD showed that the early mortality of AAAD surgery was 5.3%, which was similar to the early mortality in our study (7).

Over the past decades, several techniques were conducted by the cardiac surgeons to attempt to achieve a safer proximal anastomosis. Prosthesis eversion technique for proximal anastomosis of AAAD was first described by Pretre in 1998 (8). In the subsequent reports, Teflon strip was used to reinforce the proximal anastomosis of the aorta (9, 10). Despite the acceptance of Teflon felt for the proximal anastomosis, limitations have also been reported. Teflon felt could cause extensive adhesions and inflammation, which may prevent the complete healing of the dissected aorta (11, 12). Biological glue was another technique used for the repair of aortic root, which has been shown to improve the results of the AAAD surgery (2, 13). However, the bioglue compound used for hemostasis may increase the risk of aortic root re-dissection and make possible embolisms in cerebral and coronary arteries (14, 15). In the current study, adventitial eversion and prosthesis eversion technique was used for proximal anastomosis with the fact that neither was Teflon strip used to wrap the adventitia of the aortic wall nor was bioglue used to fill the anastomotic sites. During the operation, no intractable bleeding at proximal anastomosis occurred in the eversion technique group, indicating that the anastomosis was intact and satisfactory. The results showed that the combination of adventitial eversion and prosthesis eversion technique had several advantages: (1) the double-layer adventitia was flexible and strong enough to reinforce the aortic wall and control the bleeding from needle holes and small anastomotic tears; (2) the double-layer adventitia was autologous tissue without the reaction of organism on the prosthesis material; (3) the combination of adventitial eversion and prosthesis eversion technique allowed a good vision of the structures for proximal anastomosis, a tension-free and quick proximal anastomosis could be achieved; and (4) the possible bleeding at the proximal anastomosis could be checked and repaired before circulatory arrest by the cardioplegia perfusion in the proximal artificial graft.

Long-term CPB and hypothermia during the surgery are regarded as the risk factors of mortality and morbidity in the aortic arch operation for AAAD (16). Thus, on the premise of safety and fine suture, cardiac surgeons tried different surgical techniques to shorten the time of CPB and hypothermia in AAAD surgery. The time of CPB and hypothermia may be heavily confounded by the extent of tissue destruction. However, we thought that it could also be affected by the choice of anastomosis technique. Our data indicated that the eversion technique group showed a shorter time on operation, CPB, proximal anastomosis, and aortic cross-clamp as well as less application of FFP. It was also reported that the late re-intervention rates of the sandwich technique with Teflon felt and biological glue could reach 23 and 20%, respectively (14, 17–19). During the 1-year follow-up period, only one patient (1/64, 1.6%) in the eversion technique group underwent re-operation of aortic root due to the postoperative aortic root event. Based on the above results, we could conclude that the combination of adventitial eversion and prosthesis eversion technique without Teflon strip or bioglue may be a simple and safe suture method for proximal anastomosis in AAAD patients.

The study also has several limitations. It was a retrospective study from a single center and the sample size was relatively small. A randomized controlled trial of multi-center study with larger sample was needed to confirm the advantages of adventitial eversion and prosthesis eversion techniques. The follow-up period was limited, and long-term follow-up would be carried out in the future study. As the AAAD patient population in China was different from that in Western countries, whether this technique was suitable for the Western population remains to be proved.



Conclusion

Proximal anastomosis with adventitial eversion and prosthesis eversion technique is a promising surgical option for AAAD patients, with favorable perioperative and 1-year follow-up results.
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Background: To investigate the effect of shift work on surgical outcomes at different times in patients with acute type A aortic dissection (ATAAD).

Materials and methods: Patients with ATAAD who underwent total arch replacement at Qilu Hospital of Shandong University from January 2015 to March 2022 were retrospectively analyzed. All patients were managed according to the green channel emergency management strategy, and a professional cardiac team was arranged during off-hours. Based on surgery time and symptom onset to procedure time, the patients were divided into weekday, weekend and holiday groups; daytime and nighttime groups; intervention time ≤48 h and >48 h groups; working hours and off-hours groups. In-hospital mortality between these groups was compared.

Results: In total, 499 ATAAD patients underwent surgery within 7 days of symptom onset, and the in-hospital mortality rate was 10% (n = 50/499). Among the 499 patients, 320 (64.13%), 128 (25.65%) and 51 (10.22%) underwent surgery on weekdays, weekends and holidays, respectively. In-hospital mortality and 7-day mortality showed no significant difference among the three groups. Two hundred twenty-seven (45.5%) underwent daytime surgery, and 272 (54.5%) underwent nighttime surgery. Durations of ICU stay and hospital stay were significantly different between the two groups (P < 0.05). There was no significant differences in in-hospital mortality (9.2% vs. 10.7%) and 7-day mortality (4.4% vs. 6.6%). 221 patients (44.3%) and 278 patients (55.7%) were included in the intervention time ≤48 h and >48 h groups, respectively. Acute renal injury, ICU stay and hospital stay were significantly different (P < 0.05) whereas 7-day mortality (5.0% vs. 6.1%) and in-hospital mortality (8.6% vs. 11.1%) were not. Furthermore, 7-day (1.9% vs. 6.6%) and in-hospital mortality (11.1% vs. 9.8%) showed no difference between working hours group (n = 108) and off-hours group (n = 391). Cox regression analysis showed that postoperative acute renal injury (HR = 2.423; 95% CI, 1.214–4.834; P = 0.012), pneumonia (HR = 2.542; 95% CI, 1.186–5450; P = 0.016) and multiple organ dysfunction (HR = 11.200; 95% CI, 5.549–22.605; P = 0.001) were the main factors affecting hospital death in ATAAD patients.

Conclusion: Under the management of a professional cardiac surgery team with dedicated off-hours shifts, surgery time was not related to in-hospital mortality in ATAAD patients.

KEYWORDS
acute type A aortic dissection, total arch replacement, shift work, off-hours, hospital mortality


Introduction

Acute type A aortic dissection (ATAAD) is a life-threatening emergency with high mortality (1). The death risk of ATAAD was estimated to be 1 to 2% per hour, and non-surgical treatment was associated with mortality in nearly 60% of patients (2). Emergency open ascending aorta replacement is the preferred method to prevent adverse outcomes (3, 4). However, such operations rely more on senior surgical teams with extensive experience in dealing with complex vascular patients (5). Affected by many factors, ATAAD surgery usually occurs at off-hours. It is well known that the allocation and ability of hospital medical staff at night, weekends and holidays may be different compared with weekdays, and the attention of medical staff is also affected, which may affect the perioperative outcome of ATAAD patients.

Nighttime surgery can lead to fatigue and inattention among doctors and nurses (6). Studies have found that nighttime and weekend surgery can increase the in-hospital mortality of ATAAD patients (7, 8). However, the recent results of the international registry of artic dissection (IRAD) show that there was no difference in mortality between the daytime and nighttime, workday and weekend cohorts of ATAAD patients (9). Another study also confirmed that there was no relationship between the 30-day mortality of ATAAD patients and whether the operation was performed on weekends or weekdays (10). However, a meta-analysis found that weekend admission or surgery for acute aortic dissection may be associated with increased mortality (11). A recent study showed that the mortality of patients with acute aortic dissection admitted on weekends was higher than that of patients admitted on weekdays, while there was no difference between holidays and working days (12). The difference in the above results may be related to the different allocations of medical personnel and resources in different medical units during off-hours.

To reduce the impact of weekend and holiday effects on the survival rate of surgical patients, Qilu Hospital of Shandong University has established an ATAAD operation team composed of cardiac surgeons, anesthesiologists, and operating room nurses since 2015 and has arranged special shift personnel at night, weekends and holidays. All patients were treated with an emergency green channel integrated management strategy. Cardiac surgeons and anesthesiologists on the team are required to have experience in more than 50 cases of aortic dissection. To avoid excessive fatigue, all operations were performed by the team in a shift work mode. The purpose of this study was to investigate whether there were differences in the in-hospital mortality of patients undergoing ATAAD surgery in our center on weekdays, weekends or holidays, daytime and nighttime under the shift work mode.



Patients and methods

The STROBE guidelines were used to ensure the reporting of this study.


Study design and participants

This single-center retrospective cohort study was conducted in Qilu Hospital, Shandong University, Jinan, China, using data from the database. This study was carried out in accordance with the Declaration of Helsinki (2013 Edition) and was approved by Qilu Hospital of Shandong University Medical Ethics Committee (No. KYLL-202204-048). From January 2015 to March 2022, the data of patients who were diagnosed with ATAAD and underwent total arch replacement in our center were collected from the database. Because of the retrospective nature of the study, any requirement for informed consent was waived.

The green channel emergency management strategy consisted of 3 parts. (1) First, emergency procedures related to ATAAD were formulated, and a special green channel was established for the patients, including pre-hospital and intra-hospital first aid. Printing the green channel sign of aortic dissection and hanging warning lights to help ensure the patients were sent to the designated area quickly and accurately. (2) Second, the hospital departments including emergency department, cardiac surgery department, laboratory department, imaging department, anesthesia department and operating room were combined together. A special rescue team composed of personnel with sufficient work experience has been established. The work responsibilities of the medical staff in each department were the comprehensive management strategy of emergency green channel, and regular training and evaluation were conducted. (3) The emergency physicians were responsible for quickly identifying patients’ diseases and evaluating the severity of their conditions. In addition, they were responsible for arranging the medical guideline to send patients to the designated doctor’s office for diagnosis and emergency treatment. Therefore, in our center, regardless of whether the patients are admitted to the hospital on weekdays, weekends or holidays, once the patients are diagnosed, they are prepared for emergency surgical treatment. According to the standard of diagnosis and treatment, all patients were sedated and were given analgesics before the operation, and their blood pressure (100–120 mmHg) and heart rate (60–80 beats/min) were strictly controlled.

In recent decades, ATAAD has generally been defined as any disease involving the ascending aorta within 14 days after the onset of symptoms (4). Since the time delay from symptom onset to surgical treatment in ATAAD patients significantly changes the survival rate (7), this study selected patients within 7 days of symptom onset according to the new aortic dissection time classification proposed by the IRAD (13). The inclusion criteria were patients aged 18–80 years, diagnosed with ATAAD (CT angiography of the Aorta, Figure 1) and undergoing total aortic arch replacement. The primary exclusion criteria were conservative treatment, death before or during surgery, and symptom onset > 7 days.
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FIGURE 1
CT Angiography of the Aorta. (A) Ascending aorta; (B) Aortic arch; (C) Branch of aortic arch (involving brachiocephalic trunk and left subclavian artery); (D) Aortic dissection involving superior mesenteric artery; (E) Volumetric CT scanning: 3D reconstruction.




Surgical techniques

Surgeries were a standard longitudinal median sternotomy. The procedure was mostly performed with right axillary artery cannulation for cardiopulmonary bypass (CPB) and selective antegrade cerebral perfusion under moderate hypothermic circulatory arrest at approximately 26–27°C. A total arch replacement using a tetrafurcated graft with implantation of a stented graft in the descending aorta. Related surgical techniques have been described in detail in previously publications of our center (14).

We set up two special data reviewers for the study, consisting of a cardiac surgeon and a radiologist, who performed a consistent ATAAD diagnostic code and selected patients strictly according to the inclusion and exclusion criteria.

Unlike other studies, which grouped patients according to the date of admission (8, 9, 12), we divided patients into the following three groups according to the surgery date and the Chinese legal holidays of the current year: weekdays, weekends and holidays. Based on the data of the patients operated on weekdays, the mortality risk of patients operated on during weekends and holidays was compared.

The patients were divided into daytime and nighttime groups according to the start and end times of the operation. Daytime is defined as 8:00–17:00, and nighttime is defined as 17:00 to 8:00. If the start time and end time belong to different time ranges, a time range of 50% of the operation time should be considered. In addition, according to the time from symptom onset to surgical intervention, the patients were divided into ≤48 h and >48 h groups. We also divided the operation into working hours group and off-hours group according to whether the operation was performed during working hours, and an intergroup analysis was conducted.



Data collection

Patient data, including age, sex, time from symptom onset to admission, preoperative laboratory examination, time from admission to operation, operation date, operation start and end time; CPB time, intraoperative blood transfusion, postoperative ICU stay, postoperative complications, hospital stay, hospitalization outcome, etc., were collected.



Outcomes

The primary outcome was in-hospital mortality. The secondary outcomes were 7-day mortality, 30-day mortality, postoperative complications and hospitalization outcome, etc.



Sample size calculation

The study sample size was calculated with PASS 15 (NCSS, LLC. Kaysville, Utah, USA). According to previous studies in China and the IRAD (6, 10), the mortality rates of the daytime group and the nighttime group were 5.84% and 15.33%, respectively, and there was no difference between the working day group and the weekend group. Therefore, a total of 219 patients per group provided 90% power at a 2-sided α of 5%. Assuming a 5% dropout rate, a total of at least 462 patients are needed.



Statistical analysis

SPSS 24.0 statistical software was used for statistical analysis. All statistical tests of hypotheses were two-sided and performed at the 0.05 level of significance. The missing values of intraoperative blood transfusion were supplemented by the mean value substitution method. Quantitative variables were expressed as the mean and standard deviation (SD) or the median and interquartile range (IQR) for non-normally distributed data, and qualitative variables were expressed as frequencies and percentages. For continuous data, if the measured data conformed to a normal distribution, analysis of variance was used; when the data did not conform to a normal distribution, the Kruskal–Wallis test was used. For categorical variables, the Chi-square test or Fisher’s exact test was used for comparison. Kaplan-Meier analysis was used to estimate the survival function of patients who survived during hospitalization, while the log-rank test was used for comparison. Univariate and multivariate Cox regression analyses were used to evaluate the correlation between surgical hospitalization results at different times and the related risk factors for in-hospital death, and HRs and 95% CIs were calculated. The variables with P < 0.1 in univariate analysis were included in multivariate regression analysis.




Results

From January 2015 to March 2022, a total of 561 patients with ATAAD received surgical treatment, including 47 patients with the onset of symptoms for more than 7 days, 5 patients over the age of 80 years, 3 patients who died during the operation, and 7 patients who only underwent ascending aortic replacement (Figure 2). Finally, a total of 499 patients with ATAAD who underwent surgery were included in our study, with an average age of 52.79 ± 11.88 years, of which 70.54% were male (n = 352/499), the in-hospital mortality rate was 10.0% (n = 50/499), and the 7-day mortality rate was 5.6% (n = 28/499). The most frequent comorbidity was hypertension [77.76% (n = 388/499)] (Table 1).
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FIGURE 2
Study flow diagram.



TABLE 1    Preoperative patient characteristics.
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Comparison of weekdays, weekends and holidays

The baseline characteristics of the three groups are listed in Table 1. Among the 499 patients, 320 (64.13%) were in the weekday group, 128 (25.65%) were in the weekend group and 51 (10.22%) were in the holiday group. There was no significant difference in age, sex, comorbidity, laboratory examination or the time from the onset of symptoms to admission among the three groups.

As shown in Table 2, there was no significant difference among the three groups in terms of CPB time, operation time, intraoperative blood transfusion, concomitant operation, time from admission to operation intervention, ICU stay, hospital stay, postoperative complications, 7-day mortality or in-hospital mortality. However, there was a significant difference in the number of patients undergoing daytime and nighttime surgery among the three groups (P < 0.001). The proportion of nighttime operations was higher in the weekday group [66.2% (n = 212/320)], while the proportion of daytime operations was higher in the weekend group and the holiday group [62.5% (n = 80/128) and 76.5% (n = 39/51), respectively].


TABLE 2    Intraoperative and postoperative patient characteristics.
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Comparison of daytime and nighttime operations

According to the start and end time of surgery, 227 (45.5%) of 499 patients underwent surgery during the daytime, while 272 (54.5%) underwent surgery at nighttime. As shown in Table 3, there was no significant difference in the baseline characteristics between the daytime group and the nighttime group. Compared with the daytime group, the D-dimer (DD) [2.99 (1.20–5.95) vs. 2.09 (0.94–4.84), P = 0.006] and Aspartate aminotransferase (AST) [29.00 (18.25–59.75) vs. 23.00 (16.00–46.00), P = 0.005] in the nighttime group were significantly higher (P < 0.01), and the n-terminal pro-brain natriuretic peptide (NT-proBNP) [794.95 (436.08–1569.69) vs. 1727.00 (645.20–3317.00), P = 0.001] was significantly lower –(P < 0.01), with statistical difference.


TABLE 3    Preoperative characteristics of daytime and nighttime groups or intervention times ≤48 h and >48 h.

[image: Table 3]

As shown in Table 4, there was no significant difference between the daytime group and the nighttime group in terms of operation time, intraoperative autologous blood, plasma and cryoprecipitate transfusion, concomitant surgery, postoperative complications, hospitalization outcome, etc. Compared with the daytime group, the 7-day mortality rate [6.6% (n = 18/272) vs. 4.4% (n = 10/227)] and in-hospital mortality rate [10.7% (n = 29/272) vs. 9.2% (n = 21/227)] in the nighttime group were higher, but there was no significant difference. There were significant differences between the two groups in CPB time, intraoperative packed red blood cell (PRBC) and platelet transfusion, ICU stay and hospital stay (P < 0.05). Compared with the daytime group, the nighttime group had a longer CPB time [230.00 (195.00–275.00) vs. 214.00 (188.00–257.00), P < 0.01], more intraoperative PRBC transfusions [4.00 (3.25–4.20) vs. 4.00(2.00–4.20), P < 0.05] and fewer platelet transfusions [1.98 (1.96–2.00) vs. 2.00 (1.96–2.00), P < 0.01]. However, in terms of ICU stay [4.00 (3.00–7.00) vs. 5.00 (4.00–7.00), P < 0.05] and hospital stay [18.00 (14.00–22.00) vs. 20.00 (15.00–25.00), P < 0.01], the nighttime group was shorter, with a significant difference.


TABLE 4    Intraoperative and postoperative characteristics of daytime and nighttime groups or intervention times ≤48 H and >48 H.
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Comparison of surgical intervention times ≤48 h and >48 h

With reference to the 48-h intervention time, 221 (44.3%) patients underwent surgery within 48 h of the onset of symptoms, and 278 (55.7%) patients underwent surgical intervention for more than 48 h. There was no significant difference between the two groups in terms of age, sex or comorbidity (Table 3). Compared with the group with intervention time ≤48 h, the white blood cell counts (WBC) (10.11 [9.37–13.41] vs. 11.60 [9.33–13.42], P = 0.001), hemoglobin (HGB) (121.00[108.00–133.00]) vs. 127.00 [110.00–139.00], P = 0.004), activated partial thromboplastin time (APTT) (29.70 [27.80–33.35]) vs. 32.00 [28.90–36.60], P = 0.001), DD (1.56 [0.79–2.94] vs. 4.33 [2.36–11.59]), P = 0.001), alanine aminotransferase (ALT) (17.00 [11.25–29.75]) vs. 22.00 [14.00–39.50], P = 0.002), AST (21.00 [15.00–38.00] vs. 35.00 [22.00–76.00]), P = 0.001) and serum creatinine (SCr) (80.00 [63.00–106.75] vs. 90.00 [69.00–124.00]), P = 0.002) were significantly decreased in the preoperative laboratory examination of the >48 h group, but the median values of the above indicators were within the normal range. The platelet (PLT) of >48 h group was significantly higher than that of ≤48 h group (158.00 [127.00–20.00]) vs. 147.00 [120.00–184.00], P = 0.038).

As shown in Table 4, there was no significant difference between the two groups in all intraoperative and postoperative characteristics, except for postoperative acute renal injury, ICU stay and hospital stay. The 7-day mortality rate [6.1% (n = 17/278) vs. 5.0% (n = 11/221), P = 0.583] and in-hospital mortality rate [11.1% (n = 31/278) vs. 8.6% (n = 19/221), P = 0.345] in the intervention time >48 h group were higher than those in the intervention time ≤48 h group, but there was no significant difference. In addition, the incidence of postoperative acute renal injury [33.1% (n = 92/278) vs. 24.4% (n = 54/221), P = 0.035], ICU stay [5.00 (4.00–7.00) vs. 4.00 (3.00–7.00), P = 0.017] and hospital stay [20.00 (15.00–24.25) vs. 18.00 (14.00–22.00), P = 0.018] in the intervention time >48 h group were significantly higher than those in the intervention time ≤48 h group, with significant differences.



Comparison of working hours and off- hours groups

Four hundred ninety-nine patients were divided into two groups according to working hours and off-hours. Among them, 108 patients underwent surgery during working hours and 391 patients underwent surgery during off-hours. We analyzed the intraoperative and postoperative characteristics of the two groups. There were significant differences between the two groups only in platelet transfusion [2.00 (1.96–2.00) vs. 2.00 (1.96–2.00), P = 0.017], the incidence of gastrointestinal bleeding after surgery [0.9% (n = 1/108) vs. 5.9% (n = 22/391), P = 0.038] and ICU stay [5.00(4.00–8.00) vs. 5.00(3.00–7.00), P = 0.011] (Table 5).


TABLE 5    Intraoperative and postoperative characteristics of working hours and off- hours groups.
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Comparison of the 7-day and in-hospital mortality of patients in different years

We compared the 7-day and in-hospital mortality of patients in different years. In order to balance the number of patients between different years, they were divided into one groups every two years. As shown in Table 6, there is no significant difference in 7-day mortality and in-hospital mortality among patients in different years.


TABLE 6    The 7-day and in-hospital mortality of patients in different years.
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Survival analysis

The log-rank test was used to test the differences between groups, as shown in Figure 3. There was no significant difference in the in-hospital mortality among the weekday group, weekend group and holiday group, daytime group and nighttime group, intervention time ≤48 h group and >48 h group, working hours group and off-hours group.
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FIGURE 3
Kaplan-Meier curves were used to compare the in-hospital deaths of patients in each group. (A) Comparison of patients undergoing weekdays, weekends and holidays; (B) Comparison of patients undergoing daytime and nighttime surgery; (C) Comparison of patients with surgical intervention times ≤48 h and >48 h. (D) Comparison of patients undergoing working hours and off-hours.


Cox regression analysis was conducted to study the correlation between 7-day death and in-hospital death and various factors. First, univariate Cox regression analysis was performed on each variable to screen out the variables with P < 0.1. After using a bivariate correlation test to exclude confounding factors, the remaining eligible variables were included in multivariate Cox regression.

The univariate Cox regression analysis found that the HR value and 95% CI of each variable in the preoperative laboratory examination were very close to 1, suggesting that it was not related to the 7-day and hospital death, so it was not included in the multivariate analysis. As shown in Table 7, multivariate Cox regression analysis showed that different groups had no effect on the 7-day mortality and in-hospital mortality (P > 0.05). The risk factors of 7-day death and in-hospital death included CPB time (HR = 1.010, 95% CI 1.006–1.014, P = 0.001) (HR = 1.007, 95% CI 1.004–1.011, P = 0.001), intraoperative PRBC blood transfusion (HR = 1.210, 95% CI 1.094–1.338, P = 0.001) (HR = 1.122, 95% CI 1.029–1.223, P = 0.009), postoperative pneumonia (HR = 5.298, 95% CI 1.437–19.534, P = 0.012) (HR = 2.542, 95% CI 1.186–5.450, P = 0.016), acute renal function injury (HR = 3.085, 95% CI 1.302–7.310, P = 0.011) (HR = 2.423, 95% CI 1.214–4.834, P = 0.012) and multiple system organ failure (HR = 6.041, 95% CI 2.400–15.206, P = 0.001) (HR = 11.200, 95% CI 5.549–22.605, P = 0.001), with statistical significance.


TABLE 7    Risk analysis of 7-day death and in-hospital death.
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Discussion

Recent reports from large datasets show that the operative mortality after ATAAD repair ranges from 17 to 20% (15). Data from a Beijing Heart Surgery Center in China obtained for 10 years showed that the operative mortality rate of ATAAD was 7.5% (16). Our results showed that the in-hospital mortality of ATAAD patients within 7 days of symptom onset was 10.0%.

Studies have confirmed that weekend or holiday effects will increase inpatient mortality (9, 10, 17, 18). For ATAAD patients, nighttime surgery may also be an independent high-risk factor for in-hospital death (7). Due to the imbalance of medical resources and economic conditions in China, most ATAAD patients need to be transferred to tertiary hospitals or heart centers for surgery. The latest research showed that in China, the mean interval from symptom onset to surgery for ATAAD was 5 days (19). Our results showed that there was no difference in inpatient mortality, 7-day mortality and postoperative complications among patients on weekdays, weekends or holidays, as well as during the daytime or nighttime, provided that the emergency green channel integrated management strategy and the specialized cardiac operative teams had dedicated nighttime, weekend or holiday shifts. This was consistent with the recent research results of IRAD (9). In addition, our cohort analysis of working hours and off-hours showed that there was also no difference between 7-day mortality and in-hospital mortality.

We also found that although there was no difference in mortality, the CPB time of the nighttime group was longer than that of the daytime group, but it did not affect the operation time, which may be related to the fatigue of doctors at night. Early studies have shown that cardiac surgeons, anesthesiologists and perfusionists will be in a state of fatigue during off-hours (20). The difference in PRBC and platelet input between the two groups may be related to the use of mean substitution of missing values, which has no clinical significance. The difference in ICU stay and hospital stay between the two groups may be related to our time unit (d).

Studies have shown that delaying the time of surgical intervention can increase the risk of death in ATAAD patients (1, 5). To more reliably describe the survival rate after aortic dissection, IRAD proposed a new time classification of aortic dissection in 2013: hyperacute (0–24 h), acute (2–7 days), subacute (8–30 days), and chronic (≥30 days) (13). Considering the high time-related mortality of ATAAD, we followed the new classification of IRAD and only included patients diagnosed with ATAAD from the onset of symptoms to 7 days. This study showed that compared with the intervention time ≤48 h group, there was no difference in 7-day mortality and in-hospital mortality in the intervention time >48 h group, but the incidence of postoperative acute renal injury was significantly higher in the group with more than 48 h of intervention, accompanied by a significant extension of ICU stay and hospital stay.

The fatigue of doctors may be closely related to the prognosis of patients. Doctor fatigue may increase the operation time, cardiopulmonary bypass time and aortic occlusion time. A longer cardiopulmonary bypass time is also considered to be a high-risk factor for acute renal injury, which further leads to higher in-hospital mortality (21). Our results showed that there was no difference in CPB time or operation time between the group with an intervention time >48 h and the group with an intervention time ≤48 h. The operation team adopted the form of shift and requires team members to ensure at least 3 h of rest before operation, so it can also be explained that this working mode helps to improve the fatigue and poor performance of team members. On the other hand, the 7-day mortality and in-hospital mortality of the group with intervention time >48 h did not increase, indicating that rapid and effective control of blood pressure, pulse and pain can help stabilize the patient’s condition and reduce the patient’s mortality after the patient is admitted to the hospital.

Clinical studies have shown that acute renal function injury is a common complication after ATAAD, with an incidence of approximately 40.6%, which can independently predict poor long-term prognosis (22). Our study confirmed that the extension of intervention time will increase the incidence of postoperative acute renal function injury. Multivariate Cox regression showed that postoperative acute renal function injury was an independent risk factor for hospitalized death in admitted patients, suggesting that we need early prevention and intervention of perioperative renal function.

Although there may be significant differences in preoperative laboratory test results between different groups, univariate Cox regression found that these factors had little effect on 7-day and in-hospital death. Our multivariate Cox regression also found that intraoperative CPB time, intraoperative PRBC transfusion, postoperative acute kidney injury, pneumonia and multiple organ dysfunction were independent risk factors for 7-day and in-hospital death. There are significant differences in intraoperative PRBC transfusion, which may be related to the application of intraoperative blood management technology. The increase in intraoperative CPB time is a predictor of the immediate incidence rate and mortality after adult heart surgery (23). Hemolysis may occur during CPB and is associated with acute renal injury after surgery (24). In addition to acute renal insufficiency, ATAAD patients are also prone to multiple organ dysfunction, such as pneumonia, liver dysfunction, coagulation disorder, gastrointestinal bleeding, and stroke, which is related to in-hospital mortality (14, 25). Therefore, to improve the postoperative recovery quality and survival rate of ATAAD patients, we should actively avoid or treat postoperative complications.

The latest large-scale cross-sectional study confirmed that there was no link between surgeon fatigue caused by overnight surgery and adverse perioperative outcomes of patients (26). However, it is well known that compared with the general surgical population, the risk of heart and aortic surgery and the incidence of postoperative adverse events are higher. ATAAD emergency surgery patients are more serious, and the operation is more difficult and takes longer, which requires the cooperation and coordination of the intraoperative team. Therefore, further research is needed to confirm whether the occupational fatigue of team medical staff caused by night or long-term surgery affects the perioperative survival rate of emergency surgery patients with ATAAD.

This study has some limitations. (1) This is a retrospective study, and the results may be affected by the non-randomized nature. (2) This study only included patients who underwent aortic arch replacement surgery, not patients who died before and during surgery, and we excluded patients who had symptoms for more than 7 days. The results could not be extended to all ATAAD patients. (3) Our ICU stay was not calculated by the hour, which had a large error and may affect the results. (4) The patients did not receive follow-up after discharge; it was impossible to obtain more credible and accurate conclusions.



Conclusion

Patients with ATAAD should be operated on as soon as the diagnosis is confirmed. If the operation is delayed for special reasons after admission, the patient should be given rapid and effective control of blood pressure, pulse and pain. Postoperative acute renal function injury, pneumonia and multiple organ failure were the main risk factor for 7-day death and in-hospital death. Under the premise of the emergency green channel integrated management strategy and the shift of a special cardiac surgery team at nighttime, weekends or holidays, the surgery time was not related to the in-hospital mortality or 7-day mortality of patients.
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Thoracic aortic pathologies involving the aortic arch are a great challenge for vascular surgeons. Maintaining the patency of supra-aortic branches while excluding the aortic lesion remains difficult. Thoracic EndoVascular Aortic Repair (TEVAR) with fenestrations provides a feasible and effective approach for this type of disease. The devices needed in the procedure are off-the-shelf, with promising results reported in many medical centers. Up until now, there have been no guidelines focusing exclusively on the details of the TEVAR technique with fenestrations. Experts from China have discussed the technical parts of both in situ fenestrations (needle and laser) and fenestrations in vitro (direction inversion strategy and guidewire-assisted strategy), providing a technical reference to standardize the procedure and improve its results.
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Introduction

In the past, open surgery has been the main approach for thoracic aortic pathologies involving the aortic arch. Thanks to the development of endovascular techniques and devices, an increasing number of patients suffering from this disease have begun to receive a different kind of treatment (1). The Chimney technique and branched stents are two strategies for pathologies involving the aortic arch. The Chimney technique presents a high risk of type I endoleaks, and the branched stent is limited by a lack of custom-made instruments. TEVAR with fenestrations has gradually become the most used approach in this field (2–4). Given that custom-made fenestrated stent grafts are not yet available in China, physician-made fenestrations represent the main treatment for thoracic aortic pathologies affecting the aortic arch. Aortic dissection and aneurysms can both be treated with TEVAR with physician-made fenestrations. According to reports from many medical centers, the equipment needed for such treatments is commercially available, and the results after applying this method are relatively promising. However, this technique’s limitations are due to the lack of a standard procedure protocol concerning the technical details of TEVAR with fenestrations (3, 5–8). As a result, experts from China have started to discuss the technical aspects of this operation and have agreed to establish a standard procedure reference.



Standard TEVAR procedure with fenestrations


1 Vascular access

A stent graft is typically delivered through the femoral artery. The branches of the left brachial artery (LBA), left common carotid artery (LCCA), and right common carotid artery are frequently used for stent placement (9).



2 Angiography before stent graft deployment

A pigtail catheter is inserted via the left brachial artery into the ascending aorta, and an anterior-posterior aortic arch angiography is performed to assess the bilateral carotid and vertebral arteries. Then, a stiff guidewire (Lunderquist, Cook Medical, Bloomington, IN) is inserted via femoral artery access into the ascending aorta. A gold marker pigtail catheter is inserted through the stiff guidewire and positioned within the aortic arch. An angiography of the left anterior oblique aortic arch (between 45° and 65°) is performed to identify the arch architecture and location of the lesion; it is important to prevent the overlapping between the aortic arch and supra-aortic branch arteries in the left anterior oblique angiography (7).



3 In situ fenestrations


3.1 Delivery and deployment of stent grafts

The aortic arch and branch openings are marked after an angiography of the aortic arch. Systolic pressure is reduced to between 90 and 100 mm Hg (7). The stent graft is delivered from the femoral access to the aortic arch through a Super Stiff guidewire (Lunderquist, Cook Medical). In order to avoid covering the LCCA, the proximal landing zone for fenestrations of the left subclavian artery (LSA) alone is the distal side of the opening of the LCCA. The proximal landing zone for LSA and LCCA fenestrations is located on the distal side of the opening of the brachiocephalic artery (BCA). The ascending aorta is the landing zone for fenestrations of all super-aortic stents. To prevent angulation between the stent graft and ascending aorta, the proximal portion of the stent should be as parallel as possible to the ascending aorta (8). Patients with supra-aortic branch fenestrations should receive additional cerebral blood supply through extracorporeal circulation (section “5 Assistive techniques and cerebral blood supply monitoring”).



3.2 Fenestrations


3.2.1 Needle fenestrations

LSA: From the LBA, a 6F angle-adjustable sheath (Lifetech, Inc., Shenzhen, China) is introduced retrogradely until its tip reaches the aortic stent graft. The tip is then adjusted to be as perpendicular as possible to the larger curve of the aortic stent graft. Once the sheath gets to the ideal position, a flexible needle (21 gauge, Futhrough, Lifetech, Inc.) is employed to create the fenestration in the aortic stent graft. Following the puncture, a 0.018-inch guidewire (V-18 ControlWire; Boston Scientific, Natick, MA) is inserted through the needle aperture and into the ascending aorta (1, 10, 11) (Figure 1).
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FIGURE 1
Needle fenestration. 1. Delivery of the stent graft. The ascending aorta is the landing zone for fenestrations of all super-aortic stents. 2. Needle fenestrations. In LSA, for example, a 6F angle-adjustable sheath is introduced retrogradely until its tip reaches the aortic stent graft. Once the sheath reaches the ideal place, a flexible needle is employed to create the fenestration in the aortic stent graft. A 0.018-inch guidewire is advanced through the needle’s aperture and into the ascending aorta after the puncture. 3. The initial aperture is then expanded by balloon angioplasty. 4. Deployment of stents in the branches.


LCCA and BCA: a short sheath is placed into the common carotid artery, with its tip reaching the membrane of the stent-graft. A needle (21G, 18 cm, BARD) is inserted through the sheath. Then, under fluoroscopy, a needle puncture is performed with a guidewire passing through the needle into the stent graft (6, 12–14).



3.2.2 Laser-assisted fenestration

Laser preparation: the fiber energy can be tested in vitro in a moist environment its proximal end can be cut to 0.5 mm (810∼1,110 nm wavelength, pulsed type). A laser fiber and a balloon catheter are combined, with the fiber proximal end protruding 0.5–1 cm from the balloon catheter and connected by a Y connector (Merit Angioplasty Pack™, Merit Medical, Parkway, South Jordan, UT) (15, 16). Fenestration: For the LSA, an angle-adjustable sheath is advanced through the LBA. For the LCCA and BCA, a vascular sheath is inserted through the corresponding carotid artery. The sheath tip is pushed against the stent graft. The fiber and the balloon catheter are then inserted into the sheath until they reach the membrane of the stent graft. After activating the laser machine to deliver energy (18 W, pulsed, 2–3 times), the laser fiber and balloon catheter are pushed forward, and the fiber is withdrawn. If they are pushed inside the stent graft, the balloon catheter can be left inside (2, 17–20) (Figure 2).
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FIGURE 2
Laser-assisted fenestration. 1. Delivery of the stent graft. The ascending aorta is the landing zone for fenestrations of all super-aortic stents. 2. Laser-assisted fenestration. In LSA, for example, an angle-adjustable sheath is advanced until its tip touches the stent graft. The laser fiber then advances within the sheath until it gets to the membrane of the stent graft. Then, the laser machine is activated. After fenestration, a 0.018-inch guidewire is advanced through the initial aperture and into the ascending aorta. 3. The initial aperture is then expanded by balloon angioplasty. 4. Deployment of stents in the branches.





3.3 Balloon angioplasty

The initial aperture is then expanded by a 4 mm balloon, followed by the exchange of a 0.035-inch stiff guidewire (Amplatz, Boston Scientific) through the balloon catheter. The aperture is expanded by replacing the balloon catheter with one with a bigger diameter. The final size of the balloon depends on the diameter of the branch vessel. The size of the balloon is slightly smaller than the diameter of the corresponding artery, and a high-pressure balloon is more suitable during this process. If the aperture is resistant to balloon angioplasty, a cutting balloon (Boston Scientific) can be applied (21, 22).



3.4 Stent deployment in the branches

LSA: it is preferable to use a self-expanding or balloon-expandable covered stent. If the LSA is distant from the lesion and the endoleak risk is low, a bare stent can be taken into consideration. The diameter of the stent should be the same (1–2 mm) or slightly greater than the diameter of the LSA opening. The stent should extend roughly 10 mm into the aorta. The distal end of the stent must not cover the vertebral artery’s orifice (1, 13, 14).

LCCA and BCA: similar to the balloon angioplasty procedure utilized for the LSA. The stent should extend roughly 10 mm into the aorta. The distal end of the stent should avoid the opening of the right common carotid artery during BCA stent deployment (12, 16, 22, 23).



3.5 Sequence of fenestrations

For both LCCA and LSA fenestrations, the LCCA should be fenestrated first. When the stent deployment is complete in the LCCA, the sheath must be withdrawn and a pre-placed purse suture tightened to achieve hemostasis at the puncture site, therefore minimizing blood flow interference. The LSA fenestration should be performed last (10).

Regarding fenestrations for all supra-aortic branches, we recommend performing them in this sequence: LCCA, BCA, and LSA. After the stent implantation in both the BCA and LSA, extracorporeal circulation can be discontinued and the bilateral common carotid arteries achieve hemostasis. The LSA should be fenestrated last (4, 11).




4 Fenestrations in vitro


4.1 Stent graft preparation


4.1.1 Direction inversion strategy

Based on the preoperative CTA reconstructions, the diameter of the aorta and branch vessels, lengths, angles to the arch, clock positions, and related relationships are measured, and a preoperative design for the fenestrations is developed. The outer sheath of the stent graft is then pushed back for several centimeters under sterile conditions, allowing the proximal portion of the stent graft to be released (24). The length of the released segment should be one to two centimeters distal from the location of fenestration (24). Using a sterile ruler, the location of the fenestration is determined in accordance with the preoperative plan. The 12 o’clock position is considered to be at the front of the trigger. The position of the stent graft relative to the trigger is also referred to as the 12 o’clock position. If the fenestration must avoid stent struts, then the fenestration is deemed to be at 12 o’clock, as is the position of the trigger relative to the stent graft. The fenestration can be created using scissors or a cautery device. The fenestration can be strengthened using the loop of a snare (24, 25). To indicate the position of the fenestration during the DSA, either the original mark in the stent graft or an extra marker can be sutured to the fenestration (26) (Figure 3).
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FIGURE 3
Direction inversion strategy. 1. The fenestration is made in vitro according to the peri-operative CTA. 2. The front of the trigger is regarded as the 12 o’clock position. When the stent graft is inserted through the femoral artery access, the 12 o’clock marker point must be turned vertically to the ground, so that it faces 6 o’clock. The stent graft is not allowed to rotate after entering the femoral artery until it reaches the aortic lesion. 3. After passing the aortic arch, the fenestration mark is aligned with the branch artery’s corresponding position. After the deployment of the stent graft, a 0.018-inch guidewire is advanced through the fenestration. 4. Deployment of stents in the branches.




4.1.2 Guidewire-assisted strategy

The fenestration technique is similar to that in section “4.1.1 Direction inversion strategy (Figure 3).” After fenestration, a 0.018-inch guidewire passes through needle holes in the distal part of the delivery sheath into the fenestration. For fenestrations with more than one branch, the most proximal fenestration is preloaded with a 0.018-inch guidewire. Posterior diameter-reducing ties are added to the devices (27, 28) (Figure 4).
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FIGURE 4
Guidewire-assisted strategy. 1. The fenestration is made in vitro according to the peri-operative CTA. After fenestration, a 0.018-inch guidewire passes through needle holes in the distal part of the delivery sheath into the fenestration. Diameter-reducing ties are added to the devices. 2. The 0.018-inch guidewire passes through the fenestration into the branch artery. Several segments of the stent graft are released. With the help of diameter-reducing ties, the stent graft is not fully deployed. Then, the fenestration site is aligned to the greater curve of the aortic arch by rotating the delivery system. After verifying that the fenestration is oriented toward the branch artery, the stent graft is fully released. 3. Deployment of stents in the branches.





4.2 Re-sheathed into the delivery system

The most distal portion of the stent graft is appropriately constrained by one assistant using silk thread. The outer sheath is advanced by a second assistant. The surgeon manually squeezes the stent graft back into the sheath. It should be noted that the distance between each segment should not be compressed, and the stent graft should not rotate (28–30). During the procedure, the outer sheath should not push the stent graft forward. The post-release device must not be accidentally turned on. The extra marker sewn into the stent graft should attach to the inner sheath wall (28, 31, 32). After the outer sheath has been repositioned, the stent graft needs to be flushed.



4.3 Delivery and deployment of the stent graft


4.3.1 Direction inversion strategy

When the stent graft is inserted through the femoral artery access, the 12 o’clock marker point needs to be turned vertically to the ground so that it faces 6 o’clock. The stent graft is not allowed to rotate after entering the femoral artery until it reaches the aortic lesion. After passing the aortic arch, the fenestration mark is aligned with the branch artery’s corresponding position. For instance, if the LCCA fenestration site is at the beginning of the first segment of the stent graft, the beginning of the first segment must be aligned with the anterior contour line of the LCCA. Once one branch artery is aligned, the remaining branches will align themselves naturally (24, 25). To prevent the stent graft from jumping forward or being pushed away, the grips need to be held and secured before the stent graft is slowly released. After the complete deployment of the stent graft, the delivery system must be retrieved and removed. Fluoroscopy can be utilized to determine whether the stent is aligned with the branch arteries. DSA should be repeated to ensure that the fenestration sites are accurate and that branch arteries are not covered (25, 26, 33).



4.3.2 Guidewire-assisted strategy

Fenestrations with LSA must be used as an example. First, a guidewire passes from the LBA access to the femoral artery and exits the vascular sheath in the femoral artery. Through the guidewire, an MPA catheter is loaded from the left brachial artery into the femoral artery. A stiff guidewire (Lunderquist, Cook Medical) is positioned in the ascending aorta through common femoral access. The stent graft is advanced via the stiff guidewire, and the preloaded 0.018-inch guidewire is advanced through the MPA catheter connecting the femoral artery and LBA. When the stent graft is advanced into the descending aorta, the two guidewires that were intertwined are completely removed by rotating the delivery system. At this point, the fenestration site is aligned to the greater curve of the aortic arch by rotating the delivery system, until the O takes the shape of an I. When the stent graft reaches the aortic arch, one or two segments of the stent graft must be released. Then, the stent graft must slowly advance while constraining the guidewire connecting the LBA and femoral artery. A 6F sheath is inserted from the LBA into the fenestration via the guidewire connecting the LBA and femoral artery (27, 28). After verifying that the fenestration is oriented toward the LSA, the stent graft is fully released. In terms of fenestrations with multiple vessels, LCCA and BCA fenestrations are similar to those of the LSA. With the help of diameter-reducing ties, each fenestration is selected, and vascular sheaths are inserted into the stent graft via retrograde vascular access. The stent graft is released at the end (32, 34).




4.4 Stent deployment in the branches


4.4.1 Direction inversion strategy

When placing a stent into a branch artery, the guidewire can enter from the femoral artery or be introduced into the stent graft retrogradely through the branch arteries. It is necessary to make sure that the guidewire for delivering the stent is in the stent graft instead of the space between the stent graft and the aorta (24). The diameter of the stent in the branch should be the same or slightly greater (1–2 mm) than the size of the fenestration. The length of the branch stent in the aorta should be approximately 10 mm. After releasing the stent, it is necessary to verify if the stent has stenosis (24, 26). In which case, post-dilation will be needed. If the branch artery is completely covered by a stent graft, the Chimney technique may be used to restore the blood flow in the branch arteries (33).



4.4.2 Guidewire-assisted strategy

During the LSA fenestration, after the stent graft deployment, the femoral artery and the LBA are connected via a guidewire. Then, a 6F-55 cm sheath is inserted into the stent graft from the LBA. After deployment, the delivery system and the stiff guidewire are removed from the ascending aorta. A stiff guidewire is used to replace the guidewire connecting the femoral artery and LBA. Then, a 12F, 80 cm-long sheath is advanced from the femoral artery into the LSA, delivering a covered stent into the LSA. The covered stent should not cover the vertebral artery orifice, and its proximal end should extend 10 mm into the stent graft. After deployment of the covered stent within the LSA, post-dilation is performed. The technique for LCCA and BCA fenestrations is comparable to that for the LSA. Through retrograde vascular access, vascular sheaths are introduced into each fenestration of the stent graft. The size of the stent placed in the branch arteries is determined by their diameter (which should be 2 mm larger than the fenestration) (34–36).





5 Assistive techniques and monitoring of cerebral blood supply


5.1 Extracorporeal circulation

Extracorporeal circulation is recommended during all supra-aortic branch fenestrations. After the stent graft is released, all supra-aortic branches are covered. At this moment, extracorporeal circulation will provide the necessary cerebral blood supply. If the Circle of Willis is intact, the extracorporeal circulation connecting the right axillary artery and femoral vein will provide enough cerebral perfusion. Extracorporeal membrane oxygenation is also an alternative for cerebral perfusion (7, 10).



5.2 Arterial bypass

There is no need for arterial bypass during LCCA and LSA fenestrations. Apart from extracorporeal circulation, arterial bypass is also an option during all supra-aortic branch fenestrations (37). A 16F sheath is inserted into the right common carotid artery and advanced to the proximal ascending aorta. An 8F short sheath is inserted into the 16F sheath. A 6F short sheath is inserted into the internal carotid artery toward the brain. The 16F sheath is connected to the vascular sheath in the left carotid artery via a vascular shunt, providing a blood supply for the left carotid artery. The proximal 8F sheath in the right common carotid artery is connected to the 6F sheath in the distal internal carotid artery, providing a blood supply for the right carotid artery (5, 6).



5.3 Cerebral oximetry

Percutaneous cerebral oximetry is recommended during LCCA and BCA fenestrations, as it can monitor cerebral ischemia and hypoxia when the openings of LCCA and BCA are covered (10, 11, 25).





Discussion and conclusion

TEVAR for thoracic aortic pathologies involving the aortic arch provides a feasible and effective approach for such diseases and has been widely used both in China and abroad, with varying results reported. However, it still faces great challenges. This Chinese expert consensus serves as a technical reference, in an effort to standardize the approach and improve the results of this procedure.
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Objectives: This retrospective analysis aimed to evaluate the early and midterm outcomes of thoracic endovascular aortic repair (TEVAR) with fenestrated surgeon-modified stent-graft (f-SMSG) for type B aortic dissections (TBAD) involving the aortic arch.

Methods: From March 2016 to April 2021, 47 consecutive patients were treated using TEVAR with f-SMSG. All patients were diagnosed with TBAD involving the aortic arch.

Results: In total, 47 patients with TBAD involving the aortic arch were treated with f-SMSGs. There were 21 zone 1 and 26 zone 2 TEVAR, and 65 arteries were revascularized successfully with fenestrations. Technical success was achieved in 46 patients (97.88%). The 30-day estimated survival (± SE) and reintervention was 93.6 ± 1.0% (95% Confidence Interval [CI], 92.6–94.6%) and 91.5 ± 1.2% (95% CI, 90.3–92.7%), respectively. During a median follow-up of 51 months (range, 16–71 months), 1 patient died of rupture of aortic dissection (AD) and 3 patients died of non-aortic-related reasons. Reintervention was performed for four patients, including two patients of type IA entry flow and two patients of type IB entry flow. No occlusion of the supra-aortic trunk was observed. The estimated survival and reintervention (± SE) at 4 years was 88.7 ± 1.4% (95% CI, 87.3–90.1%) and 84.8 ± 1.5% (95% CI, 83.3–86.3%), respectively.

Conclusion: Thoracic endovascular aortic repair with f-SMSG is an alternative treatment option for TBAD involving the aortic arch in high-volume centers.
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thoracic endovascular aortic repair, fenestrated surgeon-modified stent-graft, type B aortic dissection, aortic arch, supra-aortic trunks


1. Introduction

The incidence of aortic dissection (AD) was 4.8 per 100,000 individuals/year, two-thirds of whom presented with type A AD (TAAD) and the remaining one-third with type B (1). Optimal medical therapy (OMT) is recommended for uncomplicated type B aortic dissections (TBAD) without high-risk features. For complicated TBAD and uncomplicated TBAD with high-risk features, thoracic endovascular aortic repair (TEVAR) is recommended as the first-line treatment (2). Considering superior aortic remodeling after TEVAR over OMT in the long-term, TEVAR had been also used in uncomplicated cases (3, 4).

With TEVAR, entry tears of TBAD were completely excluded and blood flow was stopped from entering the false lumen. Adequate length of proximal/distal landing zone is necessary for complete sealing, otherwise, blood flow would re-enter the false lumen, resulting in progression or eventually rupture. For adequate length in the healthy aorta, a proximal landing zone had to be extended proximal to the ostium of the left subclavian artery (LSA), left common carotid artery (LCCA), and even innominate artery (IA). In these conditions, supra-aortic trunks must be revascularized, otherwise, severe complications would occur.

Available options for supra-aortic trunk revascularization included TEVAR with branched and/or fenestrated stentgraft, scallop technique, and bypass surgery (5). In our center, TEVAR with fenestrated surgeon-modified stent-graft (f-SMSG) was mostly used and has been performed for more than 5 years. With this retrospective study, we reported its outcomes for the treatment of TBAD.



Materials and methods


Population

Between March 2016 and April 2021, 47 consecutive patients with TBAD involving the aortic arch underwent zone 1/2 TEVAR in our center. Protocol and informed consent were approved by the institutional review board, and all patients gave written consent. Indications for TEVAR with f-SMSGs were patients with TBAD involving the aortic arch (primary entry tear in zone 1 or distal, the proximal extent of pathology in zone 1 or distal). Exclusion criteria were (1) the proximal extent of the pathology/entry tear in zone 0 and (2) whether the maximal aortic diameter of the proximal landing zone was more than 45 mm. Baseline characteristics, images, and operative and follow-up data were prospectively collected and retrospectively reviewed.



Pre-operative planning and design

Pre-operative computed tomography angiography (CTA) in Dicom format (axial slice thickness of 3 mm or less) of all patients was acquired. The anatomical features were measured with vascular imaging workstation Aquarius (TeraRecon, Foster City San Mateo, CA, USA) or Endosize (Therenva, Rennes, France). All measurements were taken in multiplanar reconstruction always in a plane perpendicular to the manually corrected local aortic centerline. The diameter of the aorta at the proximal and distal landing zone, the diameter and clock position of the Ostia of LCCA and LSA, and the diameter of LCCA and LSA were measured along the centerline. The distance between the Ostia of LCCA and LSA was measured along the greater curvature line. All f-SMSGs were 0–5% oversized to the aorta. In cases where the distal landing zone was the dissected aorta, the diameter of the long axis of the true lumen was used to determine the oversize ratio. For zone 1 TEVAR, two strategies were used, including one large fenestration for LCCA and LSA and two small fenestrations for LCCA and LSA, respectively. For a patient with the right common carotid artery (RCCA), which originated directly from the aortic arch, a large fenestration for RCCA and LCCA was used. For zone 2 TEVAR, the revascularization strategy was a small fenestration for LSA. A large fenestration is defined as a fenestration aligned with more than one artery, while a small fenestration is defined as a fenestration aligned with one artery. When entry tears were on the lesser curvature side, a large fenestration would be selected. Bypass surgery would be performed when supra-aortic trunks were dissected.



Procedural details

Procedural details have been described in our previous report (6). To summarize, all operations were performed under general anesthesia in a hybrid operating room. In all cases, Valiant Captivia (Medtronic, Minneapolis, MN, USA) devices were selected as the main stent graft for modification. The modification was performed on a sterile operating table. Once the stent graft was partially unsheathed, the operator would create the fenestration in the designated position with a scalpel. After the creation of fenestrations, the f-SMSGs would be resheathed with the help of assistants. Access points were the left common femoral artery for the f-SMSG, and in patients with a previous history of endovascular repair, the right common femoral artery would be used. A large sheath was introduced retrogradely through the common femoral artery. In cases where bridging stent grafts were implanted into LCCA and LSA, a sheath was introduced retrogradely through the left brachial artery into the ostium of LSA, and a sheath was introduced retrogradely through LCCA into the ostium of LCCA. After ascertaining that the fenestrations were pointing to the ground, the f-SMSG was advanced over the Lunderquist wire. On arriving at the target position, the f-SMSG was deployed under visualization. After the deployment of f-SMSG and precise alignment between fenestrations and target arteries, bridging stent grafts were advanced into fenestrations, ∼15 mm protruding into the lumen of f-SMSGs, with the remaining in the target arteries. Post-dilation would be performed for balloon-expandable bridging stent graft. When the diameter of f-SMSG at the distal landing zone was 10% larger than that of the aorta, another distal restrictive stent graft (either a bare metal stent or a covered stent, determined according to the extent of pathology) whose diameter agreed with the aorta would be deployed prior to the f-SMSG. The distal oversized part of the f-SMSG would be covered within the distal restrictive stent graft. Completion angiography would be performed to confirm that fenestrations were aligned with the target arteries and all supra-aortic trunks patent (Figure 1).


[image: image]

FIGURE 1
(A) Digital subtraction angiography (DSA) before the deployment of the fenestrated surgeon-modified stent-graft; (B) fenestrated surgeon-modified stent-graft; (C) DSA at the end of the operation, showing complete exclusion of the main entry tear and patent branch arteries of the aortic arch.




Follow-up and definition

Follow-up surveillance was performed with serial CTA in the 6 and 12 months, and annually thereafter. No patients were lost to follow-up. Mortality, reintervention, and adverse events that occurred within 30 days after the operation or during hospitalization were reported as 30-day outcomes, otherwise were reported as follow-up outcomes. Technical success was defined as the successful alignment of all fenestrations with target arteries, patent supra-aortic trunks, and complete exclusion of primary entry tear without type I or III endoleak. Extent, chronicity classification of TBAD, and complications (entry flow, stroke) were reported according to Society for Vascular Surgery (SVS) and Society of Thoracic Surgeons (STS) Reporting Standards for TBAD (7).



Statistics

Categorical data are reported as the absolute number and percentage; continuous data are reported as the mean ± standard deviation; and non-parametric data (e.g., follow-up time) are reported as the median and range. Statistical analysis was performed with SPSS software (22.0 v; SPSS, Inc., Chicago, IL, USA). Kaplan–Meier analysis was used for follow-up data.




Results

From March 2016 through April 2021, 47 consecutive patients with TBAD met the inclusion criteria and underwent zone 1/2 TEVAR with f-SMSGs. There were 39 male patients (median age, 61; range: 33–77). Hypertension was the most frequently diagnosed comorbidity (n = 35, 76.1%), while less than half (42.6%) patients had a smoking history. Previously, the endovascular repair had been performed in two patients (4.3%). Population details are given in Table 1. All patients were diagnosed with TBAD, including 3 (6.4%) urgent operations and 44 (93.6%) elective operations. Other TBAD details are given in Table 2.


TABLE 1    Population demographics [median (range) or n (%), N = 47].

[image: Table 1]


TABLE 2    Disease details [n (%), N = 47].

[image: Table 2]

In total, 21 zone 1 and 26 zone 2 TEVAR were performed. A total of 65 arteries were revascularized successfully with fenestrations, including 21 LCCA, 41 LSA, 1 RCCA that originated directly from the aortic arch, 1 aberrant right subclavian artery (aRSA), and 1 aberrant left vertebral artery (LVA) that originated directly from the aortic arch. LCCA–LSA bypass surgery was performed in one patient (in the same stage). Distal restrictive stent grafts were used in 25 patients, including 15 Sinus-XL (OptiMed Medizinische Instrumente GmbH, Ettlingen, Germany), 9 Hercules (MicroPort, Shanghai, China), and 1 Wallstent (Boston Scientific, Boston, MA, USA). Technical success was achieved in 46 patients (97.88%). In one patient, the f-SMSG migrated during deployment and the fenestration was misaligned with LSA, and LSA was revascularized successfully with the chimney technique. Fluency (CR Bard, Murray Hill, NJ, USA) was the mostly used bridging stent-graft (n = 12), and then was Viabahn (WL Gore, Flagstaff, AZ; n = 5) and E-luminexx (CR Bard, Murray Hill, NJ, USA; n = 3) (Figure 2).
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FIGURE 2
Thoracic endovascular aortic repair with fenestrated surgeon-modified stent graft. (A) Pre-operative three-dimensional computed tomography angiography (CTA) reconstruction for a patient with zone 1 TEVAR. (B) Three-dimensional CTA reconstruction for a patient with zone 1 TEVAR 3 years after the operation. (C) Pre-operative three-dimensional CTA reconstruction for a patient with zone 2 TEVAR. (D) Three-dimensional CTA reconstruction for a patient with zone 2 TEVAR 4 years after the operation.



Thirty-day outcomes

The mortality rate was 2.1% (n = 1). The patient died of retrograde type A aortic dissection (RTAD). When a sudden drop in blood pressure was recorded, he was sent for surgery immediately. A newly occurred tear was found in the aortic arch (lesser curvature side). The ascending aorta and the aortic root were dissected, and the blood flow of the right coronary artery originated from the false lumen. The estimated survival (± SE) at 30 days was 93.6 ± 1.0% (95% Confidence Interval [CI], 92.6–94.6%). No stroke was observed. The rate of reintervention was 6.4% (n = 3). RTAD was the reason for reintervention. Two patients had zone 1 TEVAR and had aortic root reconstruction, ascending aorta, and total aortic arch replacement, and endovascular repair of the descending aorta. Another patient had a Bentall procedure, transposition of the aortic arch, and frozen elephant trunk implantation performed because of RTAD and severe aortic insufficiency. The estimated freedom from reintervention (± SE) at 30 days was 91.5 ± 1.2% (95% CI, 90.3–92.7%).



Follow-up outcomes

The compliance of imaging follow-up at 6 months, 1, 2, and 3 years was 91.5% (43/47), 59.1% (26/44), 47.6% (20/42), and 33.3% (13/39), respectively. Clinical follow-up with phone or outpatient visits was performed each year for all patients. During follow-up, there were four deaths recorded. One patient had a rupture of AD 2 months after the operation (Figure 3). The other three patients had non-aortic related death, including one case of bilateral stroke (7 months), one case of acute coronary syndrome (26 months), and another case of cardiac arrest (38 months). The estimated survival (± SE) at 4 years was 88.7 ± 1.4% (95% CI, 87.3–90.1%). Endoleak was found in five patients (10.6%), and four patients had reintervention. One patient (1 small fenestration for LSA) had reintervention owing to type IA entry flow (5 months). Another f-SMSG aligned with LCCA was deployed proximal to the previous f-SMSG, and the entry flow was resolved. In another case, type IA entry flow was observed during the annual CTA examination, and the false lumen was embolized with a coil. Two patients had type IB entry flow, one had another covered stent graft deployed distal to the f-SMSG 5 months after the operation, and the other had a false lumen embolized with the coil. At the end of the follow-up, all supra-aortic trunks were patent. The estimated freedom from reintervention (± SE) at 4 years was 84.8 ± 1.5% (95% CI, 83.3–86.3%). Details about the 30-day and follow-up outcomes are listed in Table 3.


[image: image]

FIGURE 3
Kaplan–Meier curve of (A) overall survival; (B) freedom from reintervention; (C) freedom from type I endoleak.



TABLE 3    Outcomes [median (range) or n (%), N = 47].
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Discussion

An adequate landing zone is an important factor influencing the outcome of TEVAR. Yoon et al. compared the outcomes of TEVAR with proximal landing zone ≥20 and <20 mm and found that <20 mm was related to a higher rate of adverse events, especially type IA endoleak (8). In some cases, when performing TEVAR for aortic arch pathologies, supra-aortic trunks would be covered for an adequate proximal landing zone (9). Revascularization of supra-aortic trunks with minimal cerebral hypoperfusion time is essential for a successful treatment, including LSA, reconstruction of which had gone through controversies, while currently there is an agreement for the necessity of its reconstruction (10). Different endovascular techniques had been used in the revascularization of supra-aortic trunks, including the chimney technique, custom-made branched stent-graft, in situ fenestration, and f-SMSG (11–14). Chimney technique was related to a higher incidence of type Ia endoleak owing to the gutter. Shu et al. invented a gutter-free chimney stent graft system for aortic arch dissection, while 23.1% presented immediate type IA endoleak and 7.7% type IA endoleak in a delayed fashion in their initial clinical experiment, which was still higher than the fenestrated or branched stent graft (15). Branched stent graft has the most stable design. In the early stage, custom-made branched stent-graft was used, allowing personalized treatment, while the process of measurement and manufacture took more than 1 month, preventing its usage in the emergent condition. Castor single-branched stent graft is the first off-the-shelf single-branched stent graft for the preservation of LSA in China, which had also been approved in Europe (16). However, double/triple branched stent graft was still under investigation due to the various anatomy patterns of the aortic arch, especially when more than one supra-aortic trunk needs reconstruction. Fenestrated stent graft, including in situ fenestration and f-SMSG, allows personalized treatment even in an emergent surgery when CTA was available. Shu et al. reported midterm outcomes of TEVAR with in situ fenestration with an adjustable puncture device (17). At the end of the follow-up, all supra-aortic trunks were patent, and no fractures, migrations, or bridging stent kinks were found. Our study showed similar results, all supra-aortic trunks were patent and all f-SMSGs were complete.

Compared with in situ fenestration, cerebral hypoperfusion time could be minimized in TEVAR with f-SMSG (18). Once the fenestration was aligned with the target arteries, the supra-aortic artery was revascularized successfully. In this series, no stroke had been observed during the perioperative period. To ensure accurate alignment, a detailed and precise pre-operative measurement is essential, including the diameter and clock position of supra-aortic trunks and their distance, and the fenestration should be designed and created accordingly. Three-dimensional printing could improve the accuracy of fenestrations. Rynio et al. compared 40 fenestrations created by vascular surgeons and found that fenestrations created in the three-dimensionally aortic template had better reliability and greater alignment with the target vessels than those based on measurements from CTA (19). Branzan et al. suggested that the three-dimensional printed aortic model could be utilized in urgent treatment as safe and feasible (20). However, during deployment, migration of the f-SMSG did occur occasionally (one out of 47 in this series, and the supra-aortic trunk was revascularized with the chimney technique). A pre-loaded guidewire has been recommended to assist in overcoming the migration (21). Chassin-Trubert et al. reported improvement in the success rate after applying the pre-loaded guidewire [from 94% (19/22) to 100% (28/28)], all of which were total endovascular aortic arch repair, revascularizing all supra-aortic trunks (22). Additionally, the alignment could be simplified and reassured with a pre-loaded guidewire, thus shortening the learning curve (23).

A major concern about f-SMSG is its durability after modification. There are studies reporting the application of Bolton (Bolton Medical, Sunrise, FL, USA), the deployment system of the Gore device (WL Gore & Associates, Inc., Flagstaff, AZ, USA), and Medtronic (Bolton Medical, Sunrise, FL, USA) as f-SMSGs (homemade fenestrated stent-graft, physician-modified fenestrated stent-graft), while none of these abovementioned devices had reported durability after modification, namely, durability after damage to the fabric in their instructions for use (IFU). Several benchtop experiments had been carried out to evaluate the safety and fabric durability after modification, and no malfunction or rapid deterioration was reported, while pathological changes bring about more sophisticated hemodynamic and biomechanical conditions (24, 25). Several studies reported promising outcomes after TEVAR with f-SMSGs for aortic arch pathologies, including type A/B aortic dissections, degenerative aneurysms, and penetrating aortic ulcers (26–28). Canaud et al. reported outcomes of total arch TEVAR with double fenestrated physician-Modified Stent-grafts for 100 patients with various pathologies. During a mean follow-up of 24 ± 7.2 months, all supra-aortic trunks were patent, and no stent-graft collapse or type III endoleak was reported (29). In our study, the median follow-up was 51 months, and although the follow-up period of five patients exceeded 5 years, no stent graft collapse or type III endoleak was observed, and all supra-aortic trunks were patent. Despite f-SMSGs’ off-label use as off-the-shelf thoracic stent grafts, their safety and durability seem acceptable in treating aortic arch pathologies.

Ma et al. have performed computation analysis to investigate the force distribution after TEVAR and found the maximal aortic stress at the apposition point between the stent graft and aorta (greater curvature side), which was also verified in an animal model (30). In our series, two out of three RTAD cases had new entry tear at the proximal end, which was bare metal stent, of the f-SMSG, where the maximal aortic stress was suggested. Zone 0/1/2/3 TEVAR had been performed in our center, and more RTAD cases were recorded in zone 1/3 TEVAR compared with zone 0/2 TEVAR. When the proximal landing zone of the stent-graft is in the extremely curved artery, the maximal aortic stress would increase greatly, and so would the risk of RTAD. It has been suggested, not only with our evidence, that zone 0 instead of zone 1–2 as the proximal landing zone in selected cases was related to lesser complications and better outcomes (31). However, zone 0 TEVAR was challenging and should only be considered in high-volume centers and performed by experienced surgeons/physicians.



Limitations

Data were retrospectively analyzed despite being prospectively collected. The sample size was small and no control group was set to compare f-SMSG with other techniques to revascularize supra-aortic trunks, including parallel graft, branched stent graft, and in situ fenestration. No benchtop experiment has been performed before the clinical application of f-SMSG. Since f-SMSG is beyond the IFU, further and close follow-up is needed. All procedures were performed by an experienced surgeon.



Conclusion

Thoracic endovascular aortic repair with f-SMSGs is a feasible alternative treatment option for TBAD involving the aortic arch. Results based on this study seem to be acceptable. Long-term safety and durability need to be assessed with a larger sample size and longer follow-ups.
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Background: Thoracic endovascular aortic repair, initially intended for thoracic aortic disease treatment, has extended its application to the proximal zone of the aorta. However, the safety and surgical outcomes of extending the proximal landing zone into the ascending aorta (zone 0) in selected cases remain unknown. Thus, we performed a systematic review and meta-analysis of zone 0 thoracic endovascular aortic repair (TEVAR) to obtain a deeper understanding of its safety, outcomes, and trends over time.

Methods: A literature search was performed using PubMed, EMBASE, and Web of Science databases in accordance with the preferred reporting items for systematic reviews and meta-analyses guidelines, from January, 1997 to January, 2022. Only studies involving zone 0 TEVAR were included. The retrieved data from the eligible studies included basic study characteristics, 30-day/in-hospital mortality rate, indications, comorbidities, stent grafts, techniques, and complications. Summary effect measures of the primary outcomes were obtained by logarithmically pooling the data with an inverse variance-weighted fixed-effects model.

Results: Fifty-three studies with 1,013 patients were eligible for analysis. The pooled 30-day/in-hospital mortality rate of zone 0 TEVAR was 7.49%. The rates of post-operative stroke, type Ia endoleak, retrograde type A aortic dissection, and spinal cord ischemia were 8.95, 9.01, 5.72, and 4.12%, respectively.

Conclusions: Although many novel stent grafts and techniques targeting zone 0 TEVAR are being investigated, a consensus on technique and device selection in zone 0 TEVAR is yet to be established in current practice. Furthermore, the post-operative stroke rate is relatively high, while other complication rates and perioperative death rate are comparable to those of TEVAR for other aortic zones.

KEYWORDS
zone 0 TEVAR, fenestrated TEVAR, chimney TEVAR, hybrid endovascular aortic repair, endograft, complications after TEVAR


1. Introduction

Thoracic endovascular aortic repair (TEVAR) has become a viable treatment option for thoracic aortic pathologies over the past years (1, 2). The proximal landing zone (PLZ) of the stent graft has been extended from the descending to the ascending aorta (zone 0) to ensure a sufficient and healthy PLZ. Following the development of surgical devices and improvement in supra-aortic vessels revascularization techniques, studies investigating the feasibility and safety of TEVAR with zone 0 landing have been conducted.

Unlike TEVAR for other aortic zones, zone 0 TEVAR lacks high-quality evidence to support its use. Studies on zone 0 TEVAR mostly comprise case reports, case series, and retrospective studies. As no standard off-the-shelf stent grafts dedicated to zone 0 TEVAR are available, the safety, feasibility, and efficacy of zone 0 TEVAR with off-label use of thoracic or custom-made stent grafts are yet to be studied (3). Thus, a timely and comprehensive understanding of the safety and outcomes of zone 0 TEVAR is necessary before further promotion of its application. This systematic review and meta-analysis aimed to provide a comprehensive overview of the current application of zone 0 TEVAR, including its indications, stent grafts, procedures, and post-operative complications.



2. Methods


2.1. Search methodology

The systematic review conformed to the preferred reporting items for systematic review and meta-analyses statement standards (4). A search in PubMed, EMBASE, and Web of Science databases from January, 1997 to January, 2022 was made using set algorithms. The search algorithm in PubMed was “((((landing zone) AND (ascending aorta)) OR (‘landing' [All Fields] AND ‘zone' [All Fields] AND (‘zone' [All Fields] AND ‘0' [All Fields]))) OR (‘stent graft' [All Fields] AND (‘zone' [All Fields] AND ‘0' [All Fields]))) OR (‘endovascular' [All Fields] AND (‘zone' [All Fields] AND ‘0' [All Fields])).” The search algorithm used for EMBASE was “1. TEVAR; 2. Zone 0; 3. Ascending aorta; 4. 2 OR 3; 5. 1 AND 4.” The search algorithm in Web of Science was “((TS = (zone 0)) OR TS = (ascending aorta)) AND TS = (TEVAR).”



2.2. Inclusion and exclusion criteria

The studies included were published in English, containing zone 0 TEVAR, and clinical studies or cohort case reports. Studies containing only zone 0 TEVAR with prosthetic ascending aorta as the PLZ and studies, in which the reported number of cases of zone 0 TEVAR were <5, were excluded from the analysis.



2.3. Data extraction

Two researchers independently extracted data. The authors, publication date, study region, research type, number of cases, recruitment time, sex, age, 30-day/in-hospital mortality, 30-day/in-hospital mortality rate, pathology, stent graft, technique, and complications were retrieved from the eligible studies.



2.4. Statistical analysis

Data on stent graft, procedure and complications were summarized. Excel software (Microsoft Corp, Redmond, WA, USA) and Review Management 5.4 (The Cochrane. Collaboration, Oxford, UK) were used to record, analyze, conduct the meta-analysis, and tabulate clinical data. A meta-analysis was performed for perioperative mortality of zone 0 TEVAR and post-operative stroke, type Ia endoleak, spinal cord ischemia (SCI), and retrograde type A dissection (RTAD). Summary effect measures of post-operative complications and perioperative death rates were obtained by logarithmically pooling the data with an inverse variance-weighted fixed-effects model and presented with a 95% confidence interval (CI). Heterogeneity of the summary effects measures was assessed with the I2 test and considered heterogeneous when I2 was >50%. A 2-sided P-value of <0.05 was considered statistically significant.




3. Results


3.1. Study selection

A total of 1,812 studies were retrieved from PubMed, EMBASE, and Web of Science between January, 1997 and January, 2022. A total of 133 studies were considered eligible according to the inclusion criteria, of which 74 were excluded according to the exclusion criteria (Figure 1). Six studies were excluded because they were duplicates. Fifty-three studies, with a total number of 1,013 cases, were included in the final analysis (Table 1). The present study included 48 retrospective and 5 prospective studies.


[image: Figure 1]
FIGURE 1
 Preferred reporting items for systematic reviews and meta-analysis flow chart.



TABLE 1 Detailed information in each manuscript (N = 1,013).
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3.2. Pathology and comorbidities

The type of aortic pathologies and comorbidities are summarized in Tables 2, 3, respectively. Indications for zone 0 TEVAR of 636 cases from 32 studies were disclosed, and included aneurysm (n = 347, 54.56%), aortic dissection (n = 214, 33.65%), intramural hematoma (n = 56, 8.81%), penetrating atherosclerotic ulcer (n = 10, 1.57%), Kommerell's diverticulum (n = 6, 0.94%), and traumatic aortic rupture (n = 3, 0.47%).


TABLE 2 Aortic pathology in included studies (N = 636).
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TABLE 3 Comorbidities in included studies.
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3.3. Stent graft

Stent grafts used in zone 0 TEVAR are summarized in Table 4. A total of 554 stent grafts from 25 studies were analyzed. The most frequently used stent graft in zone 0 TEVAR was TAG/c-TAG stent graft (W.L. Gore and Associates, AZ, USA) (n = 215, 38.81%) followed by Valiant thoracic stent graft (Medtronic, MN, USA) (n = 83, 14.98%), Zenith TX1/TX2 (Cook Medical, IN, USA) (n = 58, 12.27%), Najuta (Kawasumi Laboratories, Tokyo, Japan) (n = 68, 12.27%), RELAY endovascular thoracic stent graft (Terumo Aortic, FL, USA) (n = 34, 6.14%), Ankura thoracic stent graft (Lifetech Scientific, Shenzhen, China) (n = 30, 5.42%), NEXUS Aortic Arch Stent Graft System (Endospan, Herzlia, Israel) (n = 29, 5.32%), Castor (Microport Medical, Shanghai, China) (n = 18, 3.25%), Thoracic Branch Endoprosthesis (Gore & Associates, AZ, USA) (n = 8, 1.44%), Zenith ascending stent graft (Cook Medical, IN, USA) (n = 10, 1.81%), and E-vita (Jotec, Hechingen, Germany) (n = 1, 0.18%). In 337 (60.83%) cases, stent grafts had a proximal bare-metal portion. Three novel stent grafts dedicated to zone 0 TEVAR had been introduced in the reviewed studies (25, 34, 48). Zenith ascending stent graft is aimed at the ascending aorta and has no branches or fenestrations for supra-aortic vessels. Najuta thoracic stent graft system is a fenestrated stent graft with one to three fenestrations, which can preserve all supra-aortic vessels. NEXUS Aortic Arch Stent Graft System is a novel single branch, two stent graft system used for endovascular aortic arch repair.


TABLE 4 Stent graft category (N = 554).
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3.4. Procedure

The procedures performed in 783 cases from 46 studies were classified as following: 1. TEVAR without any modification or parallel stent technique + bypass/debranching of supraaortic vessels (n = 384, 49.04%); 2. TEVAR + chimney + bypass/debranching of supraaortic vessels (n = 75, 9.58%); 3. fenestrated TEVAR + bypass/debranching of supraaortic vessels (n = 28, 3.58%); 4. branched TEVAR + bypass/debranching of supraaortic vessels (n = 63, 8.05%); 5. proximal scalloped TEVAR + bypass/debranching of supraaortic vessels (n = 15, 1.92%); 6. TEVAR only in ascending aorta (n = 20, 2.55%); 7. chimney TEVAR (n = 24, 3.07%); 8. fenestrated TEVAR (n = 163, 20.82%); and 9. proximal scalloped and fenestrated TEVAR (n = 11, 1.40%) (Table 5). Figure 2 illustrates the techniques used in zone 0 TEVAR. Out of the 783 cases, the inflow of the left subclavian artery (LSA) was preserved in 642 (81.99%) cases. Among the 191 cases treated with fenestrated TEVAR, pre-operative fenestrations were used in 44 (23.04%), back table fenestrations in 93 (48.69%), laser-in situ fenestrations in 43 (22.51%), and needle-in situ fenestrations in 9 (4.71%) cases, while fenestration techniques were not disclosed in 2 (1.05%) cases.


TABLE 5 Surgery details and LSA information (N = 783).
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FIGURE 2
 Six techniques used in zone 0 TEVAR. (A) (Left larger image) the area of zone 0 (blue). (B) (Upper left) TEVAR + debranching procedure. (C) (Upper middle) TEVAR + bypass procedure. (D) (Upper right) fenestrated TEVAR. (E) (Lower left) chimney TEVAR. (F) (Lower middle) branched TEVAR. (G) (Lower right) proximal scalloped and fenestrated TEVAR. TEVAR, thoracic endovascular aortic repair.




3.5. Perioperative mortality and post-operative complications

The pooled 30-day/in-hospital death rate was 7.49% (95% CI, 5.45–9.52, P < 0.00001, I2 = 22%, Figure 3). Data on the causes, characteristics, and outcomes of stroke, SCI, type Ia endoleak, and RTAD were collected, and the incidences were obtained by logarithmically pooling the data with an inverse variance-weighted fixed-effects model. The most common post-operative complication was stroke (8.95%, 95% CI, 6.44–11.46, P < 0.00001, I2 = 46%, Figure 4), followed by type Ia endoleak (9.01%, 95% CI, 5.77–12.25, P < 0.00001, I2 = 35%, Figure 5), RTAD (5.72%, 95% CI, 2.67–8.77, P = 0.0002, I2 = 0%, Figure 6), and SCI (4.12%, 95% CI, 1.89–6.35, P = 0.0003, I2 = 0%, Figure 7).
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FIGURE 3
 Forest plot shows the fixed-effects proportion meta-analysis for perioperative death rate. CI, confidence interval; SE, standard error.
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FIGURE 4
 Forest plot showing the fixed-effects proportion meta-analysis for post-operative stroke rate. CI, confidence interval; SE, standard error.
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FIGURE 5
 Forest plot showing the fixed-effects proportion meta-analysis for type Ia endoleak rate. CI, confidence interval; SE, standard error.
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FIGURE 6
 Forest plot showing the fixed-effects proportion meta-analysis for RTAD rate. CI, confidence interval; SE, standard error; RTAD, retrograde type A dissection.
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FIGURE 7
 Forest plot showing the fixed-effects proportion meta-analysis for RTAD rate. CI, confidence interval; SE, standard error; RTAD, retrograde type A dissection.


The causes and outcomes of stroke in 26 studies are presented in Table 6. Causes were disclosed in 11 studies, and outcomes were disclosed in 16 studies. Atherosclerotic plaque was considered the principal cause of stroke in six studies (12, 18, 26, 29, 45, 55). Other possible causes suggested by the authors included migration and compression of chimney stents, LSA dissection, debranching of LSA, and lower left ventricular ejection fraction (27, 32, 39, 44). Based on available data, it appears that stroke was the cause of death in 12 of the 65 patients who suffered from this complication (6, 14, 18, 26, 37, 44, 45).


TABLE 6 Possible causes and outcomes of strokes in included studies.
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Causes and outcomes of type Ia endoleak in 11 studies are shown in Table 7. Causes were disclosed in seven studies, while outcomes were disclosed in eight studies. Migration of stent graft was considered the principal cause of type Ia endoleak in three studies (16, 28, 37). Other possible causes suggested by the authors included aneurysmal evolution of aorta, unfavorable stent placement, gutter leakage between the main stent graft and chimney stent, short distance between the ostium of innominate artery and the aneurysm, lack of comfortability of Najuta stent prototype, and short proximal neck length (10, 20, 31, 37, 55). Based on available data, 17 of the 36 patients who presented with type Ia endoleak were treated conservatively, while in 5 patients type Ia endoleak lead to aneurysm enlargement, which ruptured and caused death in 1 patient (6, 10, 15, 20, 28, 30, 42).


TABLE 7 Possible causes and outcomes of type Ia endoleaks in included studies.
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Tables 8, 9 show the causes and outcomes of SCI and RTAD in 11 and 9 studies, respectively. One study suggested that SCI might have been caused by LSA coverage and long extent of aortic coverage (20). Outcomes of SCI were disclosed in 10 studies. Three out of 15 SCI patient were left with long-term sequelae (20, 30). Causes of RTAD were disclosed in seven studies, and outcomes were disclosed in nine studies, with clamp injury in hybrid procedure being considered the principal cause in four manuscripts (9, 21, 27, 46). An acute angle formed by the ascending aorta and PLZ, lack of conformability of the COOK TX2 stent graft in zone 0, primary disease progression, >30% oversizing of the stent graft, angulation of the proximal aortic arch >120° and stent graft diameter >42 mm have also been suggested as possible causes of RTAD (21, 35, 51). Four patients died of complications related to RTAD, and based on the available data eight out of 17 patients received reintervention (6, 9, 15, 19, 21, 46).


TABLE 8 Possible causes and outcomes of SCIs in included studies.
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TABLE 9 Possible causes and outcomes of RTADs in included studies.
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4. Discussion

To meet the challenges posed by the lack of dedicated stent grafts for zone 0 TEVAR, numerous procedures and novel devices have been developed. Techniques range from hybrid surgery to fenestrated, chimney, and branched TEVAR, while newer devices try to provide simpler and safer procedures. According to the reviewed studies, no clear protocol was shown regarding the selection technique or device for zone 0 TEVAR.

Stroke is the most common post-operative complication after zone 0 TEVAR (8.95%). Two meta-analyses of TEVAR for descending thoracic aortic diseases performed by Karaolanis et al. and Allmen et al. suggested that stroke rates in TEVAR for descending aortic aneurysm and type B dissection were 4.1 and 4.4%, respectively, lower than those in zone 0 TEVAR (58, 59). A meta-analysis from 2019 involving 989 patients undergoing total arch replacement with frozen elephant trunk also showed a lower stroke rate (8.95 vs. 2.38%) (60). Six authors suggested detachment of atherosclerotic plaque debris in the aortic arch, induced by manipulation of the guide-wire or stent graft delivery system was the cause of stroke (12, 18, 26, 29, 45, 55). Three authors suggested that the occlusion of supra-aortic vessels owing to migration or compression of stents, and the dissection of supra-aortic vessels could be a further cause (24, 32, 44). Other possible causes included prolonged procedural time, lower left ventricular ejection fraction, and increased blood loss (27, 39). While no author in reviewed studies attributed stroke to planned LSA coverage without revascularization, the meta-analysis made by Chen et al. and Karaolanis et al. reported a significant reduction in stroke rate when the covered LSA had been revascularized (59, 61). However, the stroke rate in the planned LSA coverage without revascularization remains unknown in reviewed studies. To prevent stroke, some authors introduced procedures such as mini-cardiopulmonary bypass support and temporary inflow blockage of branch vessels (39, 50). The principal goal of these interventions is to prevent atheromatous debris from accessing the cerebral blood supply. Given 8.95% stroke rate and 18.46% (12/65) stroke-related death in the review, post-operative stroke prevention must be considered more when planning zone 0 TEVAR (6, 14, 18, 26, 37, 44, 45).

The incidence of type Ia endoleak in zone 0 TEVAR is 9.01% in the review. That is slightly lower than that (10.07%) reported in the multicenter study, involving 1, 18, 43, 55, and 22 cases of zone 0, 1, 2, 3, 4 TEVAR, conducted by Hammo et al. (62) in 2019. In the aortic arch, the varied lengths of the outer and inner curves pose a barrier to the stent graft's stability. This leads a bird-beak configuration after TEVAR increasing the risk of type Ia endoleak. However, Kudo et al. (63) proposed that bird-beak configuration did not occur during the early or late periods after zone 0 TEVAR. Causes suggested by the authors include migration, unfavorable deployment, and lack of flexibility of the stent graft (10, 16, 20, 28, 37). Reinterventions, including open or endovascular surgery, are appropriate treatments for endoleak (20, 42). De León et al. (42) classified type Ia endoleak as “fast” and “slow” based on the time needed to visualize the aneurysmal sac during arteriogram. Based on their observation, they postulated that slow endoleak tends to resolve naturally within 1 year after TEVAR. Of 36 patients with type Ia endoleak, one died of aneurysm rupture and 7 resolved spontaneously indicating that active surveillance and timely treatment can lead to favorable results in selected cases (6, 9, 42).

The incidence of SCI is 4.12% in zone 0 TEVAR, near to that (4.5%) reported by Uchida, which included 7,309 patients treated by TEVAR in 2014 (64). There were no concrete explanations for SCI or risk factors in the reviewed studies. In theory, sacrifice of LSA inflow is a risk factor for SCI; however, absence of detailed information impeded analysis in this review. In this review, only one SCI patient had their LSA covered without revascularization (20). Nonetheless, previous studies have suggested that LSA revascularization in selected patients might prevent SCI (34). Authors also provided other preventive procedures including prophylactic cerebrospinal fluid drainage and maintenance of higher mean arterial pressure (18, 34). In this review, 8 cases of SCI were successfully treated with cerebrospinal fluid drainage. Only one case of permanent paraplegia was recorded, in a patient implanted with a long aortic stent, with LSA coverage (20).

The rate of post-operative RTAD in the present review is 5.72%, lower than that reported by Chen et al. in their meta-analysis. Their study, conducted in 2018, highlighted the higher risk of RTAD in zone 0 TEVAR compared to zones 1, 2, 3, and 4 (8.12 vs. 2.57, 2.66, 0.67,% and 0.67%, respectively) (65). The anatomy of the arch and lack of comfort with newer stent grafts might contribute to the high rate of RTAD in zone 0 TEVAR. In four reviewed studies, RTAD patients had undergone hybrid procedures, and the leading cause suggested by the authors was clamp injury while debranching or bypassing branch vessels (9, 21, 27, 46). Oversizing of the stent graft, a large diameter of the stent graft, and an acute angle formed by the ascending aorta and PLZ contribute to RTAD according to some authors (21, 51). Although previous studies suggested proximal bare-metal configuration as a risk factor for RTAD, this configuration was present in 60.56% of cases in the reviewed studies and did not correlate with the rate of RTAD (65, 66). Prevention of RTAD mainly focuses on pre-operative planning and stent graft design. Chassin-Trubert et al. (46) suggested that, in selected hybrid procedures, rapid right ventricular pacing might decrease the risk of RTAD following zone 0 TEVAR. Given the 4/17 (23.5%) related-death rate and 8/17 (47.0%) reintervention rate, surgeons should consider reintervention as soon as RTAD is discovered (6, 9, 15, 19, 21, 46).

In the present review, the overall 30-day/in-hospital death rate of zone 0 TEVAR is 7.49%, close to that reported for all zone TEVAR (8.07%) in a systematic review by Ramdass in 2015 (67). But it exceeds the rates after TEVAR for descending thoracic aortic disease, as shown by Naazie in 2022 and Harris in 2020 (4.2% in 2,141 patients and 4.0% in 1,784 patients, respectively) (68, 69). If arch disease is taken into account, the 30-day rate of death in this review is lower than that reported for frozen elephant trunk in a multicenter study by Leone (437 patients, 14.9%), and higher than that reported for open total arch replacement in a meta-analysis performed in 2016 (2,880 patients, 5.3%) (70, 71).

The present meta-analysis and systemic review shows some limitations. First, most studies were conducted in a single center and lacked specific clinical data on individual patients. Second, most of the reviewed studies focused on one or two techniques, leading significant reporting biases. Finally, the recruitment time in reviewed studies with high heterogeneity inhibited further analysis of yearly trends. Consequently, to obtain a complete picture of zone 0 TEVAR, more exhaustive investigations on zone 0 TEVAR are required in the future.



5. Conclusion

Despite the absence of stent grafts dedicated for zone 0 TEVAR, novel stent grafts and various techniques targeting zone 0 TEVAR are currently being investigated and developed. However, there is still no consensus on technique and device selection for zone 0 TEVAR in current practice. Furthermore, the post-operative stroke rate is relatively high, while other complications and perioperative death rate are comparable to those of TEVAR for other aortic zones. The small number of studies aimed at zone 0 TEVAR calls for more comprehensive and detailed clinical studies to improve the informed decision-making in patients who may benefit from zone 0 TEVAR.
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Objective: Fenestrated or branched endovascular aortic arch repair (fb-arch repair) is an effective option for treating complex aortic arch lesions, including thoracic aortic aneurysms and aortic dissections. However, the relatively high rate of re-intervention due to target vessel (TV)-related endoleaks have raised concerns. This study aimed to determine risk factors for TV-related endoleaks after fb-arch repair.



Methods: This was a retrospective analysis of all patients undergoing fb-arch repair between 2017 and 2021in nanjing drum tower hospital of China. All the patients underwent computed tomography angiography (CTA) before surgery; at discharge; and at 3 months, 6 months, and yearly post-discharge. All procedures are performed with physician modified grafts. Two experienced vascular surgeons used CTA and vascular angiography data to assess endoleaks. The study endpoints were mortality, aneurysm rupture, and emergence of and re-intervention for TV-related endoleaks.



Results: During the follow-up period, 218 patients underwent fb-arch repair. There were seven perioperative deaths and four deaths during follow-up (two myocardial infarctions and two malignancies). There were nine additional patients who were excluded from the study (two strokes, three with abnormal aortic arch anatomy, and four with insufficient clinical data). Among the 198 patients considered (mean age, 59 ± 13.3 years; 85% male), 309 branch arteries were revascularized. A total of 35 TV-related endoleaks were identified in 28 patients during a mean follow-up of 23 ± 14 months (median 23, IQR 26.3): six type Ic, 4 type IIIb, and 20 type IIIc endoleaks. Patients in the endoleak group had greater aortic arch segment diameters (43.1 ± 5.1 vs. 40.3 ± 4.7; P = 0.004) and a greater number of TVs revascularized (2.0 ± 0.8 vs. 1.5 ± 0.8; P = 0.004) than those in the non-endoleak group. However, the morphological classification of the aortic arch did not seem to affect the occurrence of TV endoleaks (13%, 14%, and 15% for type І, II, and III aortic arches, respectively; P = 0.957). Pre-sewing branch stents in the fenestration position reduced the risk of TV endoleaks (5% vs. 14%; P = 0.037). Additionally, in TVs affected by aortic aneurysm or dissection, the risk of endoleaks increased after reconstruction (17% vs. 8%; P = 0.018). The incidence of secondary TV-related endoleaks after fb-arch repair was 14.1%.



Conclusion: The data from this study showed that the incidence of secondary target vessel related endoleaks after fb-arch repair is approximately 14.1%. Additionally, patients with a larger aortic arch diameter or more revascularized arteries during surgery were at increased risk TV-related endoleaks. The target vessels originating from the false lumen or aneurysm sac are more prone to endoleaks after reconstruction. Finally, prefabricated branch stents reduced risk of TV-related endoleaks.
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1. Introduction

Aortic arch pathologies involving the supra-aortic vessels are a major challenge for surgeons. Traditional open or hybrid surgeries are highly traumatic for patients. Despite surgical modifications and improved postoperative care, open or hybrid surgeries continue to have relatively high rates of morbidity and mortality (1, 2). Total endovascular aortic arch repair is a feasible approach for managing complicated aortic arch diseases (3, 4); however, some concern regarding the associated high re-intervention rate remains. Owing to Chinese policy restrictions, the development and promotion of company-manufactured devices (CMDs) in China has lagged behind those in other countries. Most fenestrated or branched endovascular aortic arch repair (fb-arch repair) procedures use physician-modified endografts (PMEGs) rather than CMDs. Notably, PMEG use may result in higher rates of complications and re-intervention events than CMD use due to inconsistencies in stent graft modification standards (5).

Endoleaks are the primary cause of re-intervention after fenestrated or branched endovascular aortic repair (F/BEVAR), and target vessel (TV)-related endoleaks occur more frequently than those around the main stent graft. TV-related endoleaks are common, as F/BEVAR is common in those with complex aortic diseases and modular endografts. The following are the three main types of endoleaks associated with the TVs: type Ic, which is caused by retrograde blood flow from the distal end of a bridging stent; type IIIb, which involves a tear or break in the fabric of the bridging stent; and type IIIc, which is defined as poor connections between the bridging stent and fenestration ring, directional branch, or mini-cuffs. Among primary and secondary endoleaks, type IIIc is the most predominant TV-related endoleak type, accounting for 85% and 55%, respectively (6). Progression to type I and type III endoleaks often leads to aneurysm sac enlargement, thereby increasing the risk of aneurysm rupture. The latest guidelines recommend the treatment of type I and type III endoleaks (7, 8). The incidence of TV-related endoleaks in the visceral segment after F/BEVAR for thoracoabdominal aortic aneurysms ranges from 16.4% to 35.7% (9, 10). The development of fb-arch repair occurs slightly later than that of F/BEVAR in the visceral area, and there are only few studies on TV-related endoleaks after fb-arch repair.

This study aimed to examine the incidence of secondary TV-related endoleaks among patients who underwent fb-arch repair and to identify risk factors for secondary TV-related endoleaks using patient data from a high-volume, single center in China.



2. Materials and methods


2.1. Study population

This retrospective study was approved by the Ethics Committee of Nanjing Drum Tower Hospital (registration number: 2017-015-05), and all patients provided consent for their participation. At our hospital, 218 patients underwent fb-arch repair for 62 thoracic aortic aneurysms, 137 chronic dissections, 10 intramural hematomas, and 9 penetrating aortic ulcers involving the arch between June 2017 and September 2021. All of the patients received elective operations. 20 patients were excluded from the study due to deaths unrelated to endoleaks and other reasons. Aortic imaging data of the remaining 198 patients were obtained via computed tomography angiography (CTA). All patients underwent CTA examination before surgery; before discharge; 3, 6, and 12 months after discharge; and every year thereafter. Some patients (n = 63) sought an immediate CTA examination due to symptoms; therefore, their follow-up schedules were adjusted accordingly. All CTA images or angiographic data were reviewed by vascular radiologists and senior vascular surgeons.



2.2. Study design

Custom-manufactured devices (CMDs) are not widely used in mainland China due to health insurance policy requirements and cargo delivery time issues. PMEGs, which have been developed rapidly and widely in China, were used to treat all included patients. 3D printing, which may be used to improve the accuracy of fenestration (11), was used in this study to facilitate the treatment of patients with ≥2 TVs requiring reconstruction. Indications for surgery included thoracic aortic aneurysms or aortic dissection with rupture, chest or back pain, an asymptomatic aneurysm sac diameter of >5.5 cm or diameter increased by >5 mm within 6 months, intramural hematoma with a thickness of greater than 10 mm or persistent increase in size, combined with pleural effusion, or penetrating aortic ulcers >5 mm in depth with an insufficient landing zone due to pathologies involving supra-aortic vessels. Based on the patient's anatomy and lesion characteristics, we reconstructed branch vessels in one of the following three ways: in situ fenestration, on-site fenestration, or pre-sewn cuffs or branches.

All in situ fenestrations were performed using a combination of a steerable sheath and a needle to rupture the membrane. The diameter of the area of each fenestration was adjusted according to the size of the branch vessel opening, and a nitinol ring was used to mark the area around which sutures were required. The following bridging stents were implanted within each fenestration area: bridging stents, including Viabahn (W. L. Gore, Flagstaff, AZ); Fluency (BD/Bard, Murray Hill, NJ, United States), and the iliac branch of the endovascular aortic repair graft. In the early stages of this study, some bridging stents were relined using Omnilink (Abbott Vascular, Santa Clara, CA, United States) to prevent kinking. The mini-cuff included a 3–5-mm Viabahn, which was shortened and anastomosed end-to-side to the main stent graft using 5-0 Ethibond sutures (Ethicon, West Somerville, NJ). The directional branch was sutured using 1–1.5-cm Viabahn. The largest outer diameter of the entire aortic arch and the outer diameter of the aorta at the level of the branch opening were referred to as D1 and D2, respectively.



2.3. Procedure

All operations were performed under general anesthesia in a hybrid operating room equipped with a fixed fluoroscopy C-arm. PMEGs were performed using Valiant (Medtronic, Minneapolis, MN, USA; n = 57), Ankura (Lifetech Scientific, Shenzhen, China; n = 123), or Zenith (Cook, Bloomington, IN, USA; n = 18) platforms. Access was obtained through femoral and left brachial arteries, with the left common carotid and right subclavian arteries selected when necessary. Fenestrations or inner branches were preferred in cases in which TVs originated from the true lumen, and fenestrations were close to TV orifices. Mini-cuffs or outer branches were preferred if the TV originated from the false lumen and if there was sufficient distance between the main stent graft and the TV orifices. Steerable sheaths, such as FuStar (Lifetech Scientific Inc., Shenzhen, China), were used to facilitate TV cannulation and dissection flap puncture. Temporary diameter-reducing ties were used in all patients to ensure rotational and axial movement of the main stent graft, thus facilitating TV catheterization. After TVs were positioned and bridging stents were ready for deployment, reducing ties were removed, allowing for free movement of the main stent graft. Balloon molding of bridging stents is essential for eliminating gaps and preventing primary endoleaks. Anticoagulants were not routinely used after surgery, but we recommend that patients be treated with dual antiplatelet therapy (aspirin + clopidogrel) for 1–3 months after surgery, followed by a change to a single antiplatelet agent and adjustment of the dosing regimen based on follow-up results, according to requirements (12).



2.4. Statistical analysis

Categorical variables are expressed as numbers and percentages, and continuous variables are expressed as mean ± standard deviation or median, as appropriate. The Pearson chi-squared test was used to compare nominal data. Further, the student's t-test and Mann-Whitney U-test were used to compare mean values. Univariate and multivariate analyses were performed to identify risk factors for TV-related endoleaks among anatomic and stent graft-related variables. Odds ratios (OR) with 95% confidence intervals (CI) were used to reflect the odds of an event. Values of P < 0.05 were considered statistically significant. All statistical analyses were performed using SPSS version 25.0 software (IBM Corp., Armonk, NY, United States).




3. Results


3.1. Baseline patient characteristics and demographics

A total of 218 patients underwent fb-arch repair at our center throughout the study period: 62 with thoracic aortic aneurysms, 137 with chronic dissections, 10 with intramural hematomas, and 9 with penetrating aortic ulcers involving the arch. Perioperative deaths occurred in seven patients: five with retrograde type A aortic dissections, one with thoracic aortic rupture, and one with myocardial infarction. There were four deaths during follow-up (two myocardial infarctions and two malignancies). In addition, nine patients were excluded from the study (two experienced strokes, three had abnormal aortic arch anatomy, and four had insufficient clinical data). We estimated 30-day and 24-month survival rates as 96.8% and 95.4%, respectively. Among the remaining 198 patients (mean age, 59 ± 13.3 years; 85% male) with aortic arch diseases, 309 branch arteries were revascularized using 172 fenestrations and 137 inner- or outer-branch stents.A total of 35 TV-related endoleaks were identified among 28 patients during a mean follow-up period of 23 ± 14 months (median 23, IQR 26.3): six patients with type Ic (retrograde from the distal end of the branch), four with type IIIb (bridging stent fabric tear), and 20 with type IIIc endoleaks (detached stent or loose bridging stent connection). As depicted in Figure 1, A 45-year-old male patient developed type IIIc endoleak around the left subclavian artery during the follow-up. After two false lumen coil embolization, the endoleak disappeared and the aorta was well remodeled. No significant differences were observed in patient demographics or the prevalence of comorbidities between patients with and without a TV endoleak (Supplementary Table S1). The characteristics of patients and TVs were explored to identify risk factors for TV-related endoleaks after fb-arch repair.


[image: Figure 1]
FIGURE 1
A 45-year-old male patient underwent fb-arch repair for chronic aortic dissection. The patient developed type IIIc endoleak around the left subclavian artery during the follow-up. (A) The CTA imaging of the aortic arch involved by dissection. (B) The CTA imaging of the Type IIIc endoleak near the left subclavian artery after fb-arch repair. (arrow). (C) The cross-sectional image of the Type IIIc endoleak (arrow). (D). After two false lumen coil embolization, the original endoleak disappeared and the aorta was well remodeled.




3.2. Risk factors for TV-related endoleaks after fb-arch repair

No significant between-group differences were noted in terms of body mass index and length of hospital stay post-procedure. However, the number of revascularized TVs per individual appeared to affect the risk of TV-related endoleak. Patients in the endoleak group had a greater number of reconstructed vessels than those of the non-endoleak group (Table 1, 2.0 ± 0.8 vs. 1.5 ± 0.8; P = 0.004). Univariate logistic regression analysis revealed that TVs per patient and ≥2 TVs were potential risk factors for endoleaks; however, considering the problem of collinearity, we chose ≥2 TVs for the final multivariate logistic regression. Subsequently, ≥2 TVs was identified as an independent risk factor for TV-related endoleaks after fb-arch repair (Table 2: OR, 3.849; 95% CI, 1.633–9.075; P = 0.002).


TABLE 1 Factors with the potential to affect TV-related endoleak occurrence after fb-arch repair.
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TABLE 2 Univariate and multivariate analysis of risk factors for TV-related endoleaks in 198 patients who had previously undergone fb-arch repair.
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Patients in the endoleak group had a greater aortic arch diameter than those in the non-endoleak group (D1: 43.1 ± 5.1 vs. 40.3 ± 4.7; P = 0.004). The use of D1 as a condition in univariate and multivariate analyses revealed that D1 was another independent risk factor for TV-related endoleaks (Table 2: OR, 1.130; 95% CI, 1.033–1.236; P = 0.008). During the follow up, we found a patient with the maximum aortic diameter higher than 65 mm had TV-related endoleaks around all three supra-aortic vessels after fb-arch repair (Figure 2). The operation time in the endoleak group was longer than that in the non-endoleak group (296.7 ± 85.8 vs. 262.3 ± 77.9; P = 0.034). This finding may be affected by the need for reconstruction of a greater number of branches in patients of the endoleak group.


[image: Figure 2]
FIGURE 2
A 69-year-old male patient underwent fb-arch repair for a postdissection aortic arch aneurysm. Probably because of the large aortic arch diameter, there seems to be endoleaks around the reconstructed supra-aortic vessels during the follow-up. (A) The CTA imaging of the Type IIIc endoleaks near the brachiocephalic trunk and the left common carotid artery after fb-arch repair. (arrow). (B) The CTA imaging of the Type IIIc endoleak near the left subclavian artery after fb-arch repair. (arrow). (C) The cross-sectional image of the Type IIIc endoleaks (arrow).


Postoperative treatment with direct oral anticoagulants and anatomic aortic arch type were not found to affect the occurrence of TV-related endoleak. TV-related endoleaks were observed in 17% of patients with aortic dissection after fb-arch repair compared to 9% of those with other diseases involving the aortic arch (P = 0.120). The main grafts included Lifetech products from China and other brands from overseas. Although the fabric and stent design of products differed, no significant between-group differences were noted in the incidence of TV-related endoleaks among those with different graft products (12%, 16% and 22%, P = 0.477; Table 2).



3.3. Risk factors for TV-related endoleaks among 309 TVs after fb-arch repair

Endoleak-related risk factors were identified among 309 TVs. First, the effect of revascularization method on the occurrence of endoleak was assessed, revealing no significant between-group differences in the incidence of TV-related endoleaks. The revascularization methods that were considered included in situ fenestration (10 endoleaks among 72 TVs, 14%), on-site fenestration (20 endoleaks among 146 TVs, 14%), and pre-sewn cuffs or branches (5 endoleaks among 91 TVs, 5%; P = 0.112; Table 3). However, TVs revascularized with pre-sewn cuffs or branches appeared to result in a lower rate of endoleaks than those revascularized via other methods (5% vs. 14%, P = 0.037; Table 3). Similar results were observed when the effects of different bridging stent type use were assessed, revealing that the risk of endoleaks in TVs reconstructed with Fluency was slightly higher than that in Viabahn (13% vs. 8%, p = 0.249; Table 3). Importantly, the occurrence of TV-related endoleaks after surgery depended on whether TVs are affected by aortic arch lesions. The occurrence of TV-related endoleaks in branch vessels affected by aortic arch pathologies was 17%, which was higher than that in branch vessels not affected by pathologies (8%, P = 0.018, Table 3). In the multivariate analysis of endoleak-related risk factors among TVs, we determined that non-pre-sewn cuffs or branches (OR, 2.951; 95% CI, 1.091–7.980; P = 0.033), TVs affected by pathologies (OR, 2.107; 95% CI, 1.015–4.372; P = 0.045), and aortic diameter at the level of the TV opening (D2) (OR, 1.059; 95% CI, 1.002–1.120; P = 0.043) were independent risk factors for TV-related endoleaks (Table 4).


TABLE 3 Potential influencing factors for target vessel-related endoleaks among 309 target vessels after fb-arch repair.
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TABLE 4 Univariate and multivariate analyses of risk factors for target vessel (TV)-related endoleaks among 309 TVs after fb-arch repair.
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4. Discussion

Total endovascular repair using fenestrated and branched technology is an appropriate option for the treatment of aortic arch aneurysms and chronic aortic dissection involving the supra-aortic vessels. Although total endovascular treatment avoids damage caused by thoracotomy and circulatory arrest, F/BEVAR remains challenging for vascular surgeons. Marek et al. reported an 85% technical success rate for F/BEVAR, with 30- and 90-day mortality rates of 7% and 15%, respectively (10). These values were higher than those of the current study. Our data more closely mirrored the findings of a multicenter study from China, which estimated 30-day and 24-month survival rates as 97.5% and 94.9%, respectively (13). This was likely due to the high proportion of single fenestrations encountered in our study. Complete interruption of the false lumen or aneurysm sac perfusion greatly affects the prognosis of patients with aortic disease. In fact, in 62.7% of type B aortic dissections, an increase in aortic diameter 5-years after TEVAR was observed (14). Further, when the diameter of a dissection aneurysm exceeded 60 mm, risk of aneurysm rupture within one year reached 30% (15). Therefore, it is important to ensure that the stent graft fully covers the lesion area and actively correct large-flow endoleaks.

Owing to the modular design of the endograft used in the F/BEVAR procedure, TV-related endoleaks were the most common type of endoleak after surgery and were the most common cause of postoperative re-intervention. Kitagawa et al. (16) examined 30 patients with post-dissection TAAAs; despite remarkably good perioperative outcomes, up to 40% of patients underwent re-intervention for various endoleaks. The study further revealed that aortic diameter was closely associated with the incidence of TV-related endoleaks after F/BEVAR, with aortic arch diameters (D1) of the 28 patients with TV-related endoleaks significantly greater than those of the 170 patients without endoleaks. Similar results were observed when the occurrence of TV-related endoleaks after F/BEVAR in degenerative aneurysms was assessed (6). This finding may be explained by the fact that an enlarged aneurysm sac often increases the distance between fenestrations and TV orientation, both of which provide space for blood flow to enter the sac lumen due to a connection gap.

The present study revealed that patients with a greater number of TVs were more likely to have endoleaks. Patients with many TVs require revascularization, usually because the dissection entry point or aneurysm sac is close in proximity to the opening of visceral branch vessels. However, the presence of an increased quantity of TVs correspondingly increases the risk of accumulation. This study suggests that TVs revascularized using pre-sewn cuffs or branches are less likely to have endoleaks than those revascularized using in situ fenestration or on-site fenestration. This reduced risk of TV-related endoleaks may be associated with the fact that PMEGs are limited by struts during main stent modification, especially during F/BEVAR during which the diameter of the fenestration can exceed 1 cm. In particular, creation of a standard circle fenestration is difficult, and the connection with the branch stent is very short. In contrast, the connection between the mini-cuff or branch to the bridging stent when using in a standard round stent (usually Viabahn) is 3–15 mm.

Although no iCAST-covered stent, a widely used bridging stent, is available, many alternatives such as self-expanding covered stents (Fluency, Viabahn), balloon-expanding covered stents (Lifestream, BARD), and balloon-expanding bare mental stents (Omnlink, Abbott) can be used in China. A previous study showed that the probability of endoleak occurrence in those with balloon-expandable stents may be higher than that in those with self-expanding stent grafts; however, due to the limited number of cases considered, this study failed to support such prior conclusions. The present study suggested that TVs revascularized with Fluency stents appear to be more prone to endoleaks than those revascularized with Viabahn, a finding that may be due to the stiffness of Fluency stents. It is not uncommon for bridging stents to migrate or slip, mainly because mismatch between calibers of the bridging stent and fenestrations or branches may occur (17). The diameter of the bridging stent should be smaller than that of the branch vessel; therefore, the proximal end of the bridging stent should not enter the main graft to a great extent. TVs involved in pathologies are independent risk factors for TV-related endoleaks. The probability of entry into the false lumen around the opening of branch vessels is high, resulting in a certain distance between the actual opening of branch vessels and feneatrations, leaving room for endoleak blood flow to enter the false lumen. However, entry may occur at the distal end of a branch vessel. Alternatively, stent-induced entry may occur due to bridging stent implantation.

This study has some limitations. First, the sample size was insufficient for identifying risk factors for endoleaks after surgery with confidence. A larger number of positive samples would provide more convincing findings. Moreover, since an insufficient number of cases were considered, we were unable to perform a subgroup analysis of different types of TV-related endoleaks. There was a certain proportion of patients who were lost follow-up. Finally, all patients received PMEGs; therefore, findings may not be applicable in patients receiving CMDs.

In conclusion, fb-arch repair is an effective means for treating aortic arch pathologies; however, the relatively high incidence of TV-related endoleaks is concerning. Increased aortic arch diameter, TVs affected by aortic arch lesions, and the number of revascularized branches are independent risk factors for TV-related endoleaks after fb-arch repair. However, pre-sewn cuffs and branches were determined to be protective factors.
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Objective: To present our experience of preserving the isolated left vertebral artery (ILVA) with physician-modified fenestration (PM-F) or in situ fenestration (ISF) during thoracic endovascular aortic repair (TEVAR) for aortic pathologies involving aortic arch.



Methods: This is a single-center, retrospective, observational cohort study. Between June 2016 and December 2021, 9 patients (8 men; median age 60.0 years old) underwent TEVAR with ILVA reconstruction (PM-F, n = 6; ISF, n = 3) were identified and analyzed.



Results: The technical success rate was 100%. No early (<30 days) death occurred. No aortic rupture, major stroke or spinal cord injury was observed. The median follow up was 38.0 (rang: 1.0–66.0) months. One death occurred at 56 months, while the reason cannot be identified. No aortic rupture, major stroke or spinal cord injury was observed during follow up. No patient required reintervention. Out of the 22 successfully revascularized target vessels, 2 ILVAs were found occluded in 2 patients at 6 months and 7 months, respectively. However, these two patients were asymptomatic.



Conclusions: Our initial experience reveals that PM-F or ISF for ILVA preservation was feasible, safe, and effective during TEVAR for complex thoracic aortic pathologies. However, the patency of preserved ILVA should be improved.



KEYWORDS
isolated left vertebral artery, physician-modified fenestration, in situ fenestration, thoracic endovascular aortic repair, thoracic aortic disease





Introduction

Aortic arch branch variation was common in general population with a proportion approaching 20% (1), while in patients with thoracic aortic disease (TAD), the proportion rises to 33.5%. Isolated left vertebral artery (ILVA) arising directly from the aortic arch was the second most common branch variation with a prevalence of 0.8%–6.6% in TAD (2–5).

It is prevalent that the posterior inferior cerebellar artery was supplied by ILVA (6). Further, in certain aortic arch anomalies, the left common carotid artery (LCCA) does not supply normal blood flow and the ILVA compensates for that (7). Hence, improper management of the ILVA may result in posterior stroke or spinal cord ischemia, especially if the arterial circle of Willis is incomplete. It was reported that a complete circle of Willis was seen in only 27% of Chinese people (8). However, there was no consensus on the indication for preservation of ILVA during TEVAR presently.

The strategies of ILVA reconstruction was still uncertain in current guidelines. ILVA transposition has been used with favorable results (9). Total endovascular reconstruction has the advantages of improved safety and reduced invasiveness. We presented our initial experience and short-term outcomes of total endovascular repair with physician-modified fenestration (PM-F) or in situ fenestration (ISF) for patients suffering from aortic arch pathology with an ILVA in the present study.



Methods

This is a single-center, retrospective, observational cohort study. All the TAD patients treated in our center between June 2016 and December 2021 were retrospectively re-evaluated (Figure 1).


[image: Figure 1]
FIGURE 1
Consort diagram of thoracic aortic repairs (2017.6–2021.12; n = 936). TEVAR, thoracic endovascular aortic repair; ILVA, isolated left vertebral artery; PM-F, physician modified-fenestration; ISF, in situ fenestration.


Inclusion criteria were as follows: (1) TAD patients with ILVA underwent total endovascular repair; (2) ILVAs were reconstructed with PM-F or ISF techniques. The indications of aortic disease intervention were deﬁned according to recommended clinical practice Guidelines of the European Society for Vascular Surgery (ESVS) (10). In our center, ILVA revascularization was performed in patients with a dominant ILVA or symmetric vertebral arteries and an incomplete circle of Willis. Extensive coverage of the aorta is also considered an indication for ILVA preservation to prevent spinal cord ischemia. The ILVA revascularization was not considered in patients with dominant right vertebral artery or a small ILVA (<2.0 mm in diameter). We did not perform open ILVA revascularization in our center.

Exclusion criteria were as follows: (1) Patients without ILVA; (2) Patients treated with open surgery or hybrid procedure; (3) Patients underwent endovascular repair without ILVA reconstruction (Zone 3 TEVAR or Zone 2b TEVAR or direct coverage); (4) ILVAs were reconstructed with other endovascular technique such as parallel stents.

The study was conducted in accordance with the Declaration of Helsinki. The study was approved by institutional ethics committee of our hospital (No. 20221434) and individual consent for this retrospective analysis was waived. We present the following article in accordance with the STROBE reporting guidelines.

All patients underwent preoperative computed tomography angiography (CTA) with 3-dimensional reconstructions on a workstation (QUARIUS WS, Terarecon Inc, Mateo, CA;). The stent-grafts were oversized 5%–10% for aortic dissections and 15%–20% for aortic aneurysms and penetrated ulcers. A landing zone of at least 1.5 cm away from proximal end of aortic lesions along the outer curvature of aortic arch was planned for either technique.


Physician modified-fenestration for isolated left vertebral artery

Based on the three-dimension reconstruction, the information including the aortic diameters, the aortic arch angle, the branch vessel diameters, lengths, angles to the arch, clock positions, relative spatial relationships among the branches were taken into consideration to design the location of the fenestrations for ILVA. The strut-free area between the stent struts was preferred as the site of fenestration. The size of the fenestration was designed equal to or slightly smaller than the diameter of the ILVA origin. Then a circular fenestration was created with a cautery device or a knife. Two radiopaque markers were sewn onto the proximal and distal edge of the fenestration.

The main stent graft was introduced and rotated in the descending aorta to adjust the position of fenestration. The fenestration was oriented toward the ILVA by aligning the radiopaque markers with the origin of ILVA. Bridge stent implantation was preferred for aortic lesions not located on the lesser curvature. After full deployment of the stent graft, a bare metal stent of 3.5 mm to 5 mm in diameter was deployed (Supplementary Material, Figure 2). The bare stent used were balloon-expandable bare stent [Dynamic Renal (BIOTRONIK AG, Buelach, Switzerland) or Apollo (Microport, Shanghai, China)] or self-expandable bare stent [Pulsar-18 (BIOTRONIK AG, Buelach, Swizerland)].


[image: Figure 2]
FIGURE 2
Physician modified-fenestration for isolated left vertebral artery. (A) Preoperative CTA of a type B aortic dissection demonstrating the ILVA (white arrow) from the distal aortic arch between the LCCA and the LSA; (B) A fenestration was made on the main body stent graft for preservation of ILVA on table; (C) follow up CTA showed patent target vessels and well excluded aortic dissection without endoleak; (D) intraoperative aortography showed a type B aortic dissection with a ILVA; (E) After full deployment of the stent graft, the ILVA was super-selected from the contralateral femoral access followed by bridging stent implantation; (F) Final aortography demonstrated complete exclusion of aortic dissection and patent aortic arch branch arteries, with bridging stent-grafts in the LCCA, ILVA, and LSA.




In situ fenestration for isolated left vertebral artery

An incision was made at the interval of sternocleidomastoid branches, one attaching on manubrium while the other attaching on proximal part of the clavicle for exposure of ILVA. Then a 6F short sheath was introduced into ILVA. After full deployment of the stent graft, a liver biopsy needle (18 gauge/30 cm, BARD) was introduced via the short sheath, and advanced to the ostium of ILVA. After the tip was adjusted perpendicular to the greater curvature of the aortic stent graft, the membrane of the stent graft was penetrated to make a fenestration. The fenestration was dilated with a 3- or 4 mm balloon and then a 4- to 5 mm bare metal stent was deployed as a bridge stent. Post-dilation with a 3- or 4 mm balloon was then conducted routinely (Figure 3, Supplementary Material).


[image: Figure 3]
FIGURE 3
In situ fenestration for isolated left vertebral artery. (A) Preoperative CTA showed a type B aortic dissection with ILVA (yellow arrow); (B) The cervicle contrast-enhanced CTA demonstrated dominant ILVA and incomplete circle of Willis; (C) During procedure, the ILVA was exposed with a supraclavicular incision; (D) Follow up CTA showed well exclusion of aortic dissection and patent supra aortic branches; Needle-assisted in situ fenestration followed by bridging stents placement for reconstruction of LCCA (E), BCT (F), ILVA (G) and LSA (H) after deployment of stent graft; (I) Complete aortography demonstrated excluded aortic dissection and patent branch vessels.


In our center, the left subclavian artery (LSA), brachiocephalic trunk (BCT) and LCCA were generally reconstructed by ISF technique if required (11), regardless of the technique used for ILVA reconstruction. Chimney technique was only considered when the supra aortic arch vessel was accidently partially covered by thoracic stent graft. The preferred subsequence for reconstruction was LCCA, BCT, ILVA and LSA. For patients requiring fenestration of the LSA, an 8F angle-adjustable sheath (Lifetech, Inc., Shenzhen, China) was exchanged from the left brachial artery access. Then an adjustable needle catheter (12) was advanced via the sheath and punctured the aortic stent graft at an as perpendicular as possible angle. After sequential ballooning with 4-, 8-, and 10 mm balloon, a bridging stent with appropriate sizes was implanted. For patients requiring fenestration of both the LCCA and LSA, a liver biopsy needle (18 gauge/30 cm, BARD) was used to create the LCCA fenestration first. The balloon dilatation and stent implantation of the LCCA were similar to the procedures of LSA fenestration. For patients requiring fenestration of LCCA, BCT and LSA (13), LCCA was reconstructed first followed by BCT reconstruction. The cardiopulmonary bypass was applied between coverage of LCCA and BCT and successful reconstruction of the two TVs (13).

After the procedure, mono-antiplatelet therapy (aspirin, 100 mg/day) was prescribed for long-term therapy.



Follow up

Demographic, anatomical, intra-operative, and post-operative data were recorded. All patients underwent computerized tomography (CT) scan pre-operatively and before discharge. The follow up protocol included CT scan at 1, 3, 6, and 12 months and yearly thereafter (14). The follow up clinical data was obtained during patient visits to the hospital, other hospital stays, or by telephone interview.



Definition and outcomes

The results were presented according to the guidelines for reporting standards in TEVAR (15). Technical success was defined as successful deployment of all stent grafts with patent TVs and exclusion of the lesion in the absence of surgical conversion to open repair or death at 24 h or less without type I or III endoleak in the completion angiogram. Major adverse events (MAEs) included all-cause mortality, major stroke, paraplegia, myocardial infarction, respiratory failure, renal function decline or new-onset dialysis, bowel ischemia, and other major complications. Target vessel stenosis less than 50% was defined as patency. Short term was defined as the first 30 postoperative days. The follow up index was defined as the ratio between the investigated follow-up period and the theoretically possible follow-up period up to the pre-specified study end date (16). Classification of the vertebral artery variable origin was defined according to Lazaridis' report (4). Aortic arch aneurysms were classified according to Cooley's report (17) based on the extent of the aneurysm and the repair. The primary endpoints were all-cause mortality and neurologic new symptoms. The secondary endpoints were ILVA patency rate, endoleak and other complications.



Statistical analysis

Statistical analysis was performed using SPSS software (version 19.0; SPSS, Inc., Chicago, IL, United States). Continuous variables were summarized as means ± standard deviations if normally distributed, and as median and range if not. Categorical variables were expressed as count and percentage.




Results

Between June 2016 and December 2021, a total of 9 TAD patients (88.9% male with median age of 60.0 years, range: 38.0–76.0) underwent TEVAR and ILVA reconstruction. According to the proposed classification (4), ILVA presented with the LA2.2 configuration in all patients. Left VA dominance, right VA dominance and symmetric VA were found in two (22.2%), two (22.2%) and five (55.6%) patients. In eight (88.9%) patients, the ILVAs entered the circle of Willis to form the basilar artery. In eight (88.9%) patients, the ILVAs sent off the posterior-inferior cerebellar artery. Demographic characteristics and baseline clinical data are detailed in Table 1.


TABLE 1 Demographics and baseline clinical characteristics (n = 9).

[image: Table 1]

All patients received TEVAR with aortic arch branches reconstruction. The technical success rate was 100%. Two TVs (LSA and ILVA) were reconstructed in 6 patients, three TVs (LSA, ILVA, and LCCA) in 2 patients and four TVs (LSA, ILVA, LCCA and BCT) in one patient. Totally, 22 TVs were successfully reconstructed (ISF used for 15 TVs, PM-F for 6 TVs and Chimney technique for one TV) and 19 bridging stents (9 covered stents and 10 bare metal stents) were placed in 19 TVs. Among the nine preserved ILVAs, PM-F technique were used for 6 TVs while ISF technique were used for 3 TVs. Six bare metal stents were placed in 6 ILVAs. In three ILVAs preserved with PM-F, stent was not deployed. The main body stent grafts used were the Ankura (Lifetech, Shenzhen, China; n = 5), Valiant (Medtronic, Inc, Minneapolis, MN, United States; n = 3) and TAG (Gore, WL Gore & Associates, Flagstaff, AZ, United States; n = 1) devices. The median procedure time was 170.0 (range: 110.0–375.0) min and the volume of contrast material was 105.0 (range: 90.0–200.0) ml. The median hospitalization was 11.0 (range: 7–24) days and the median length of stay in ICU after the operation was 0 (range: 0–1) days (Table 2).


TABLE 2 Procedure details.

[image: Table 2]

There was no early mortality within 30 days after procedure. No aortic rupture, major stroke, spinal cord injury, acute kidney injury, renal failure and other major adverse event was observed. No endoleak was detected via 30-day follow up CTA. No patient received reintervention. All TVs were patent without occlusion/stenosis or bridging stent migration.

The median follow up was 38.0 (range: 1.0–66.0) months. All patients were followed up and the mean follow up index was 1.0 ± 0.0. During follow up period, one death occurred at 56 months resulting in a follow up mortality of 11.1% (1/9). The reason for death cannot be identified. Out of the 22 successfully revascularized TVs, 20 TVs remained patent while 2 ILVAs were found occluded. The ILVAs occlusion occurred at 6 months and 7 months, respectively. The ILVA patency rate was 77.8% (7/9). Fortunately, these patients were all asymptomatic. Hence, further reintervention was not needed. No other major adverse event including aortic rupture, major stroke or spinal cord injury was observed during follow up. No endoleak was detected via follow up CTA. No significant stenosis, kink, fracture and migration of branch stents were observed. No patient received reintervention (Table 3). The follow-up CTA indicated that all the patients exhibited a reduction in the diameter of the aneurysm and the thrombosed false lumen. The median maximum aortic diameters were 36.0 (range: 25.0–66.0) mm preoperatively and 30.2 (range: 22.0–63.0) mm at last follow up, respectively (p = .001).


TABLE 3 Follow up outcomes.
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Discussion

ILVA is not a rare aortic arch branch variation, which is more common in TAD patients (1). The presence of an ILVA has significant impact on the choice of aortic arch reconstruction techniques and cerebral protection methods (18). Current literature reported several options such as total open surgery (18), hybrid procedure (9, 19) and parallel stents technique (20) to deal with aortic arch lesions and ILVAs. However, there was no consensus on the indication and strategy for ILVA reconstruction to date, as the relevant studies were scarce.

ILVA can enter into basilar artery and terminate at posterior inferior cerebellar artery (PICA), which can supply the brainstem and cerebellum. It is necessary to manage the ILVA better to prevent posterior circulation ischemia, stroke and spinal cord injury, instead of direct coverage. According to Ding and his colleague's experience (21), preservation of ILVA was favored, if ILVA was dominant, or if bilateral vertebral artery was symmetric with an incomplete circle of Willis. Differently, Yang and his colleague (9) held that all ILVA should be preserved if possible based on the fact that the prevalence of complete circle of Willis was 42% in western population and only 27% in Chinese population (8, 22). And, Piffaretti and his colleagues held that reconstruction of a nondominant ILVA can help reduce the potential risk of spinal cord ischemia in patients with additional risk factors such as previous extensive aortic coverage (19). We favored a positive strategy to preserve ILVA for a high incidence (73%) of an incomplete circle of Willis in the Chinese population (8). In our clinical practice, we performed ILVA revascularization in patients with a dominant ILVA or symmetric vertebral arteries and an incomplete circle of Willis. Extensive coverage of the aorta is also considered an indication for ILVA preservation to prevent spinal cord ischemia. The ILVA revascularization was not performed in patients with dominant right vertebral artery or a small ILVA (<2.0 mm in diameter).

Currently, during open surgery and hybrid procedure, ILVA transposition combined with LSA transposition seemed a feasible and reliable approach. The limited evidence from recently published case series showed high technical success rate and high long-term ILVA patency rate (9, 19). During perioperative and follow up period, there was no neurological complications. However, the small sample size and short follow-up limited the quality of the evidence. An endovascular approach was worth trying to provide a less invasive and more expeditious method which can be completed in one stage. Table 4 (9, 18, 19, 23–25) has summarized the results of various techniques for ILVA revascularization from currently published case series (number of patients >1) to date.


TABLE 4 Techniques for preservation of isolated left vertebral artery: Literature summarya.

[image: Table 4]

Parallel grafts such as the chimney technique has been used for preservation of ILVA, implying a feasible alternative with encouraging short-term results (20). However, the risk of type Ia endoleaks through the gutters and uncertainty regarding the long-term patency of artery remain a concern (26). PM-F (27) and ISF (11) has been used in supra-aortic branches reconstruction. The published literature showed that these two techniques were promising and reliable methods excluding the lesions and preserving the target vessels. To date, these two techniques has not been reported for preservation of ILVA during TEVAR. Based on our experience of performing PM-F and ISF for preservation of other target vessels, less invasive and total endovascular method was provided for the patients in this case series. For patients requiring reconstruction of both the ILVA and LSA, PM-F technique was preferred as the cervical incision can be avoid. For patients requiring reconstruction of more supra-arch branches, ISF was preferred as ILVA can be exposed simultaneously during exposing LCCA in which cervical incision was inevitable. During perioperative period, the technical success rate was high without major adverse events and procedure-related vessel injury, nerve injury, chyle leakage and lymphatic leakage in this case series. All target vessels were patent during short-term period (<30 days). Currently, both laser fenestration technique and needle fenestration technique had been reported to be used during in situ fenestration procedure for treatment of aortic arch disease with favorable outcomes (11, 28). We preserved the ILVA using needle assisted fenestration technique in these patents for we were familiar with needle fenestration procedure. Laser fenestration technique could also be considered as a potential adjunct for ILVA revascularization based on experience of different centers.

Some drawbacks still existed and raised some concern during application of these two techniques. For PM-F, massive pre-operative measurements and accurate deployment were needed for better alignment of fenestrations to the ostium of target vessels. The process of stent graft modification would extend the operation time. The modification procedure of removing a part of membrane may impact the integrity and durability of the stent graft. And the short junction between the main body stent graft and the bridging stent may increase the risk of type III endoleak. For ISF, the manipulation is really technical demanding. Vessel injury may occur during fenestration process. The supra arch arteries and cerebral blood supply has to be blocked before successful fenestration which could increase the risk of cerebral ischemia. And the concern of high risk of type III endoleak still existed for short combination of the main body stent graft and the bridging stents (29). However, our initial experience showed that favorable short-term results can be achieved without neurological deficits and other major complications.

At present, limited data on ILVA transposition during open surgery and hybrid procedure has been published showing satisfactory patency rate during short-term follow up period (9, 18, 19). But the interpretation of the results should be careful as the number of patients was small and the studies were single-center retrospective case series showing high risk of bias. In our study, patency rate was favorable during postoperative period. However, the patency rate dramatically decreased around 6 months follow up. This initial experience implied unsatisfied long-term patency (77.8%) of ILVA reconstructed by PM-F or ISF. However, it should be note that the mean diameter of ILVA in this study (3.4 mm) was smaller compared with the figure of 5.1 mm in the current literature (9). On the other hand, there was no cerebral infarction or SCI observed in the two patients with ILVA occlusion. It is difficult to determine why patients do not have severe posterior circulation ischemia related symptoms or spinal cord ischemia after vertebral artery occlusion. The plausible explanation was that ILVA occlusion after ILVA reconstruction is a relatively slow process (around 6 months). Collateral pathways can develop and compensate for posterior circulation ischemia during that process, which is different from acute ischemia caused by direct coverage without collateral pathways compensation. Nonetheless, as current evidence was really scarce, it may be reasonable to preserve ILVA to decrease risk of cerebral ischemia and spinal cord injury. The endovascular technique is a worthwhile alternative with less invasiveness.


Limitations

There are some limitations of this study. This is a single center, retrospective observational study with a relatively small number of patients and relatively shorter follow-up period. In addition, it lacks control groups. Further, the surgeon experience may impact the results of the procedure.




Conclusions

PM-F or ISF for ILVA preservation was feasible, safe, and effective. Issues on indication and technical strategy for ILVA preservation should be better discussed and clarified. And, the patency of ILVA preserved by PM-F or ISF should be further improved.
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Background: Left subclavian artery (LSA) revascularization during thoracic endovascular aortic repair (TEVAR) is necessary to reduce postoperative complications in patients with Stanford type B aortic dissection and an insufficient proximal anchoring area. However, the efficacy and safety of different LSA revascularization strategies remain unclear. Here, we compared these strategies to provide a clinical basis for selecting an appropriate LSA revascularization method.



Methods: In this study, we included 105 patients with type B aortic dissection who were treated using TEVAR combined with LSA reconstruction in the Second Hospital of Lanzhou University from March 2013 to 2020. They were divided into four groups according to the method used for LSA reconstruction, namely, carotid subclavian bypass (CSB; n = 41), chimney graft (CG; n = 29), single-branched stent graft (SBSG; n = 21), and physician-made fenestration (PMF; n = 14) groups. Finally, we collected and analyzed the baseline, perioperative, operative, postoperative, and follow-up data of the patients.



Results: The treatment success rate was 100% in all the groups, and CSB + TEVAR was the most commonly used procedure in emergency settings compared with the other three procedures (P < 0.05). The estimated blood loss, contrast agent volume, fluoroscopic time, operation time, and limb ischemia symptoms during the follow-up were significantly different in the four groups (P < 0.05). Pairwise comparison among groups indicated that the estimated blood loss and operation time in the CSB group were the highest (adjusted P < 0.0083; P < 0.05). The contrast agent volume and fluoroscopy duration were the highest in the SBSG groups, followed by PMF, CG, and CSB groups. The incidence of limb ischemia symptoms was the highest in the PMF group (28.6%) during the follow-up. The incidence of complications (except limb ischemia symptoms) during the perioperative and follow-up periods was similar among the four groups (P > 0.05) The median follow-up time of CSB, CG, SBSG, and PMF groups was significantly different (P < 0.05), and the CSB group had the longest follow-up.



Conclusion: Our single-center experience suggested that the PMF technique increased the risk of limb ischemia symptoms. The other three strategies effectively and safely restored LSA perfusion in patients with type B aortic dissection and had comparable complications. Overall, different LSA revascularization techniques have their advantages and disadvantages.



KEYWORDS
type B aortic dissection, endovascular repair, left subclavian artery, revascularization, LSA reconstruction





Introduction

Aortic dissection (AD) is a life-threatening disease with an incidence of 35 cases per 100,000 people per year in patients aged 65–75 years (1). The Stanford type B dissection accounts for 25%–40% of all aortic dissections (2, 3). Since the description of thoracic endovascular aortic repair (TEVAR) by Dake et al. (4), several authors have reported the treatment of type B aortic dissections (TBADs) using TEVAR with favorable mid- and long-term outcomes (5–7). Moreover, the 2014 ESC guidelines recommend TEVAR as a first-line treatment for complicated TBADs (8).

Although TEVAR has revolutionized the treatment of TBADs, a minimum of 15 mm of the normal aortic wall is necessary to adequately fix stent grafts (9). However, the proximal seal zone is of inadequate length in 26%–40% of patients (10). In such cases, intentional coverage of the left subclavian artery (LSA) is often performed to extend the sealing zone. Nevertheless, the risk of serious complications, such as stroke, upper extremity ischemia, and spinal cord ischemia (SCI), increases with the coverage of LSA (11–13). Although LSA coverage is tolerated by some patients (14), the latest clinical trials and meta-analyses have revealed that a conventional LSA reconstruction could significantly decrease the risk of postoperative stroke and SCI (15–17).

The Society for Vascular Surgery practice guidelines recommend conventional LSA reconstruction in selected patients (18). However, the recommendations did not suggest the most effective technique for LSA revascularization. Chimney graft (CG), single-branched stent graft (SBSG), physician-made fenestration (PMF), and carotid–subclavian bypass (CSB) are the main methods for LSA revascularization. Here, we summarized our experience of TEVAR with CG, SBSG, PMF, and CSB performed on patients with type B aortic dissections involving the LSA and evaluated their perioperative and follow-up parameters.



Methods

This single-center retrospective cohort study was initiated by the Department of Cardiac and Vascular Surgery, Second Affiliated Hospital of Lanzhou University. A total of 350 TEVAR surgeries were performed from March 2013 to 2020, and 150 of them were performed on patients with type B aortic dissection and involved LSA management. The management strategy was determined by aortic anatomy, surgeon, and patients following strict inclusion and exclusion criteria. Patients were included based on the following criteria: (I) diagnosed with TBAD using computed tomography angiography (CTA); (II) diagnosed with an insufficient proximal landing zone (the entry tear located <15 mm distal to the LSA) using CTA; (III) no advanced kidney or liver disease; and (IV) no serious anatomic variation. Patients were excluded based on the following criteria: (I) Stanford type A aortic dissection; (II) a penetrating aortic ulcer; (III) a serious artery anatomic variation; (IV) a previous history of TEVAR; (V) severe kidney or liver disease; (VI) allergy to iodine contrast media; (VII) connective tissue disease. such as Marfan syndrome; and (VIII) a postoperative follow-up of <12 months.

Finally, we selected 105 patients with TBAD who were treated using TEVAR and LSA revascularization. These patients were divided into four groups based on the revascularization strategy used, and 41, 29, 21, and 14 patients were included in the CSB, CG, SBSG, and PMF groups, respectively (Figures 1–4). Informed signed consent was obtained from each patient included in this study, and the study protocol was approved by the Institutional Ethics Committee of the Second Affiliated Hospital of Lanzhou University (ID: 2021A-016).


[image: Figure 1]
FIGURE 1
Schematic representation of carotid subclavian bypass and thoracic endovascular aortic repair.
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FIGURE 2
Schematic representation of the chimney graft and thoracic endovascular aortic repair.
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FIGURE 3
Schematic representation of the single-branched stent graft and thoracic endovascular aortic repair.
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FIGURE 4
Schematic representation of physician-made fenestration and thoracic endovascular aortic repair.


Patient information, including demographics, procedural data, and outcomes, was obtained from the electronic medical records for further data analysis. The outcomes of this study included in-hospital mortality, stroke, all-cause mortality, LSA steal syndrome, and procedure-related reintervention. All preoperative variables, including cohort characteristics, and procedural variables, such as procedure type, characteristics, and timing, were studied to assess the difference between groups. All outcomes were defined using standard guidelines (8, 19).


Statistical analysis

SPSS 26.0 software was used for statistical analysis. Kolmogorov–Smirnov tests were performed to check data normality. Continuous variables were expressed as mean ± standard deviation. Comparisons between multiple groups were performed using a one-way analysis of variance (one-way ANOVA) when the variances were homogeneous. Comparisons between the two groups were performed with Tukey's test. When the variances were nonhomogeneous, we used the Games–Howell test. Continuous variables were expressed as medians and interquartile ranges if data were not normally distributed. Categorical variables were expressed as numbers and percentage frequencies. Comparisons between multiple groups were performed using the Kruskal–Wallis H test for categorical variables. The Bonferroni correction was applied to comparisons between the two groups. Comparisons between groups were performed using the chi-square test or Fisher's exact test. P < 0.05 was considered statistically significant, and P < 0.0083 was considered statistically significant after the Bonferroni correction.




Results


Baseline and preoperative characteristics of patients

A total of 105 patients, who met our inclusion criteria, were included in this study, including 41 patients in the CSB group, 29 patients in the CG group, 21 patients in the SBSG group, and 14 patients in the PMF group. The demographic information of patients is presented in Table 1. We did not observe any significant difference in the age (P = 0.187), sex (P = 0.675), and weight (P = 0.338) of the patients included in the four groups. Similarly, the incidence of preoperative comorbidities, including hypertension (P = 0.694), hyperlipidemia (P = 0.835), diabetes mellitus (P = 0.972), and coronary artery disease (P = 0.987), was not significantly different among the groups. The preoperative characteristics, including symptoms, NYHA class, aortic regurgitation, mitral regurgitation, pulmonary hypertension, aortic diameters, LSA diameters, and LSA–LCCA distance, were not significantly different among the four groups (Table 2). However, emergency surgery was more frequent in the CSB group (Table 3), and we found that the rate of emergency surgery was significantly higher in the CSB group than that in the SBSG group (adjusted P = 0.007).


TABLE 1 Baseline demographics and comorbidities of patients in different treatment groups.
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TABLE 2 Preoperative characteristics of patients in different treatment groups.
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TABLE 3 Comparison between two treatment groups.
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Operative details of patients

TEVAR combined with LSA reconstruction was considered successful when the main body of the covered thoracic aortic stent was released successfully, the covered stent isolated the proximal and distal tears of the dissection without complications (including stent distortion or folding and endoleakage), and the patency of the blood flow of the LSA was confirmed. The operative details are summarized in Table 4. TEVAR combined with LSA reconstruction was performed in all groups with a 100% surgical success rate. All procedures were performed under general anesthesia (only one surgery in the CG group was performed under local anesthesia). Stent graft-related complications were not reported during surgery in any of the four groups. The stent graft-related complications, anesthesia, and incidence of endoleakage during surgery did not differ significantly in the four groups; however, the differences in the fluoroscopic time (P = 0.001), amount of contrast (P < 0.001), estimated blood loss (P < 0.001), and operation time (P < 0.001) were statistically significant. Comparisons between the two groups are presented in Table 3.


TABLE 4 Operative details of patients in different treatment groups.
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In-hospital outcomes after surgery

Postoperative outcomes before discharge are shown in Table 5. In-hospital death, symptoms of limb ischemia, paraplegia, and lymphatic leakage were not reported in any group. The complications, including stroke (transient ischemic attack), hematoma, pneumonia, LSA steal syndrome, neurologic injury, and blood transfusion, did not differ significantly in the four groups. However, one case of stroke occurred in CG and PMF groups. The CSB and CG groups had a case of LSA syndrome that recovered without reintervention. One patient of the CSB group developed symptoms of nerve injury, which may be caused by the injury of the brachial plexus during the surgery. The symptoms were alleviated after conservative treatment during the hospital stay. The duration of stay in the ICU and hospital was not significantly different among the four groups.


TABLE 5 In-hospital outcomes in patients after surgery.
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Postoperative follow-up outcomes

Overall postoperative follow-up outcomes are summarized in Table 6. Three patients died during postoperative follow-up, and one patient died in each of the CSB, CG, and PMF groups. In the CG group, a patient died 2 months after surgery because of retrograde type A aortic dissection (RAAD). One patient of the PMF group had LSA steal syndrome, and one patient of the CSB group underwent reintervention because of an endoleak. The CTA review showed type IB endoleak, which was resolved by implanting a thoracic aorta-covered stent combined with CUFF-covered stent reintervention. The endoleak disappeared after the intervention, and a complete false lumen thrombosis was observed in the CTA review 1 year later.


TABLE 6 Follow-up outcomes in patients.

[image: Table 6]

The median follow-up durations for CSB and CG groups were 28.0 (IQR: 17.0–33.0) and 24.0 (IQR: 16.0–28.0) months, respectively. The similar durations for SBSG and PMF groups were 15.0 (IQR: 13.5–17.5) and 21.5 (IQR: 19.0–31.5) months, respectively. We found that the follow-up time was significantly shorter in the SBSG group (adjusted P < 0.0083) and significantly longer in the CSB group than that in the PMF group (adjusted P < 0.0083) (Table 3). The incidence of stroke was 4.9%, 6.9%, 4.8%, and 7.1% in the CSB, CG, SBSG, and PMF groups, respectively. The incidence of stroke and the rate of complete false lumen thrombosis were not significantly different among the four groups. In addition, spinal cord ischemia was not observed during follow-up in all the groups. However, limb ischemia symptoms were reported, and their prevalence was significantly lower in the SBSG group than that in the PMF group.




Discussion

The registry data show that TEVAR for thoracic aortic pathologies has more acceptable outcomes and lower perioperative complications than open repair in the last two decades (20, 21). However, TEVAR with intentional LSA coverage for good fixation of stent grafts carries a high risk for left upper extremity ischemia and stroke (22, 23). The European Society for Vascular Surgery recommends routine revascularization for elective cases to prevent the devastating neurological consequences of spinal cord ischemia and stroke following TEVAR (18). Nevertheless, the efficiency of different LSA reconstruction strategies remains unclear.

Several new LSA reconstruction strategies are constantly emerging with the evolution of medical devices and surgical technology. Carotid subclavian bypass, chimney graft, single-branched stent graft, and physician-made fenestration are the most common surgical techniques for reconstructing LSA, and all of these strategies have been used in our center for the treatment of Stanford type B dissection. Here, we summarized our single-center experience of 105 patients who underwent TEVAR combined with four different strategies of LSA reconstruction and compared the efficiency of the four strategies.

We observed a significant difference in the methods used for emergent surgeries. The CSB technique was most commonly used in emergency settings. Bypass technology is the earliest application in LSA reconstruction, and its safety and reliability have been reported in many studies (24, 25). It is especially suitable for emergent cases because of its relatively simple maneuver and wider clinical situations. However, SBSG was not used in emergencies because it was custom-made and involved a long manufacturing time and increased cost. Since the introduction of the CG technique by Criado (26), it has been used to expand proximal landing zones in TEVAR with favorable results (27, 28). However, a gutter between the main graft, aortic wall, and CG can be a potential site for endoleaks after TEVAR (29, 30), and an endoleak is a common complication during surgery. The single-branched stent graft designed by Inoue and colleagues (31) is intended to treat pathologies involving the LSA in the distal arch. Several clinical trials on SBSG have demonstrated favorable short-term results in aortic arch reconstruction (32, 33). Compared to the chimney technique, SBSG implantation is less likely to cause endoleaks because there is no risk of gutter formation. We observed two cases of endoleaks during surgery in the CG group (incidence rate: 6.9%). Although a small endoleak happened in a patient of the PMF group, reintervention was not necessary. Similar to our study, Zhang et al. compared CG and SBSG in the same situation and did not report any significant differences (34). Moreover, the difference in endoleak occurrence was not statistically different among the four groups.

We found a significant difference in the fluoroscopic time and amount of contrast among the four groups. The values were highest in the SBSG group, followed by PMF, CG, and CSB groups. CSB was associated with the lowest fluoroscopic time and amount of contrast because all other three techniques required more time and contrast to confirm the patency of LSA. Moreover, the position of the LSA stent needed to be adjusted according to the results of intraoperative angiography. Compared with the other three groups, the CSB group was associated with more estimated blood loss during surgery. This happens because CSB combines open surgery and endovascular repair. However, our data suggested that the estimated blood loss was much less than that reported by D'Oria (VQI data: 220 vs. 309 ml) (35). The CSB group had a significantly longer operation time than the other three groups, which could be attributed to the lack of a hybrid operation room in our center and the necessity of transferring patients.

The in-hospital outcomes were not significantly different among the groups; however, there was a significant difference in the incidence of limb ischemia symptoms. We found that the PMF group was associated with a much higher rate of symptoms of limb ischemia compared with the SBSG group (28.6% vs. 0%; P = 0.008). The PMF technique for aorta repair offers a more judicious approach with favorable mid-term results without altering the anatomic structures (36, 37). Nevertheless, the target branch needs to be at a vertical angle to the aortic arch for using this technique, and tortuosity and the sharp angle of the branch vessels could significantly raise the procedural challenges. Therefore, its long-term efficiency should be confirmed in further studies. In this study, the follow-up time was significantly longer in the PMF group than that in the other groups, and we assumed that a relatively short follow-up might be associated with a lower incidence of symptoms of limb ischemia.

RAAD is a serious TEVAR-related complication. Its incidence ranges from 2.5% to 10%, and the perioperative mortality is >40% (38–40). We had one case of RAAD in the CG group (incidence rate: 3.4%), which resulted in the death of the patient during follow-up. Several predictive risk variables are linked to RAAD, including the timing of TEVAR, the size of the ascending aorta, the proximal landing zone, the extent of false lumen thrombosis, and the proximal-neck balloon dilatation (41–43). The MOTHER registry analysis revealed that RAAD occurred more frequently when the patients were treated in the acute phases and when the stent graft was noticeably oversized (44). In our experience, the preoperative CT-based graft oversizing was limited to 110% to prevent further stress on the aortic wall.


Limitations

This study has some possible limitations. We designed this study as a single-center retrospective study. The LSA reconstruction strategy depends on the judgment of the surgeon and the subjective initiative of the patient, which could cause selection bias. The results need to be further verified by multicenter randomized controlled studies. In addition, the number of enrolled patients was small with a relatively short follow-up; therefore, a larger number of patients with long-term follow-up should be included in further studies.




Conclusion

Our single-center experience suggested that the PMF technique was associated with a higher risk of symptoms of limb ischemia, and the other three strategies effectively and safely restored LSA perfusion with comparable complications in patients with TBAD. LSA revascularization techniques have their unique advantages and disadvantages. Although CSB increases operation time and intraoperative blood loss, it is more suitable for emergencies. However, our results should be further verified in a multicenter randomized controlled study with a larger sample size.
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Introduction: Thoracic endovascular aortic repair (TEVAR) of the arch is challenging given its complex geometry and the involvement of supra-aortic arteries. Different branched endografts have been designed for use in this region, but their haemodynamic performance and the risk for post-intervention complications are not yet clear. This study aims to examine aortic haemodynamics and biomechanical conditions following TVAR treatment of an aortic arch aneurysm with a two-component single-branched endograft.



Methods: Computational fluid dynamics and finite element analysis were applied to a patient-specific case at different stages: pre-intervention, post-intervention and follow-up. Physiologically accurate boundary conditions were used based on available clinical information.



Results: Computational results obtained from the post-intervention model confirmed technical success of the procedure in restoring normal flow to the arch. Simulations of the follow-up model, where boundary conditions were modified to reflect change in supra-aortic vessel perfusion observed on the follow-up scan, predicted normal flow patterns but high levels of wall stress (up to 1.3M MPa) and increased displacement forces in regions at risk of compromising device stability. This might have contributed to the suspected endoleaks or device migration identified at the final follow up.



Discussion: Our study demonstrated that detailed haemodynamic and biomechanical analysis can help identify possible causes for post-TEVAR complications in a patient-specific setting. Further refinement and validation of the computational workflow will allow personalised assessment to aid in surgical planning and clinical decision making.
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1. Introduction

An aortic aneurysm is a localised distention of the vessel wall, resulting in an abnormal and often permanent dilatation of the affected section of the aorta. Thoracic aortic aneurysms (TAAs) can arise in the ascending aorta, aortic arch, thoracic descending aorta, or the thoraco-abdominal regions of the aorta. Isolated arch aneurysms are less frequent but pose a significant challenge given the geometric complexity of the region, especially the involvement of supra-aortic vessels that are responsible for supplying blood to the head and upper parts of the body. Insufficient blood perfusion to the arch branches can result in severe and often fatal consequences (1–3). The standard treatment option for arch aneurysm is open-chest surgery, with thoracic endovascular aortic repair (TEVAR) providing a minimally invasive alternative. Initially introduced for the treatment of abdominal aortic aneurysms, endovascular repair has now been extended to the thoracic aorta and arch. TEVAR offers several benefits to patients, including short post-operative time spent in the hospital and fast recovery (4–6).

Endografts used for TEVAR are designed to mimic a patient's anatomy as closely as possible. They can be branched or unbranched, depending on the zone of the aorta in which they are deployed. Improvements have been made to the design and deployment methods of endografts, yielding a remarkable decrease in mortality and morbidity rates of the repair procedure (4, 7). Branched or fenestrated stent-grafts are often used to ensure perfusion of blood to the supra-aortic vessels when implanted in the arch. Branched stent-grafts are conceptually more appealing than fenestrated devices as they are adaptable to a wide range of anatomical morphologies. Branched stent-grafts can be manufactured as either single- or multi- branched endografts with or without inner tunnels. These inner tunnels can be either antegrade or retrograde with antegrade tunnel branches tending to provide a smoother transition of flow into the arch branches as reported in previous computational studies (8). Single-branched stent-graft requires two bypass connections between the upper branches, e.g., bypass between the innominate artery and the left common carotid artery or between the left subclavian artery and the left common carotid, and thus may result in insufficient blood perfusion to the supra-aortic arteries as the entire flow is supplied by a single bridging stent. Double-branched endografts are developed for zone 0 deployment with two bridging stents connected to the innominate and left common carotid arteries (9, 10). The choice of endograft used lies with clinicians and is based on the treatment procedure, deployment zone, and other peri-operative factors.

Implanting an endovascular device will obviously change the flow within the repaired region, and it is of particular interest to gain more insights into the haemodynamic changes induced by the endograft (11, 12). In vivo examinations and clinical imaging alone cannot provide information on certain parameters of interest such as wall shear stress (WSS), forces exerted on the wall, and localised flow patterns. Previous studies have examined the performance of endografts in the aortic arch and their ability to perfuse the arch branches. For example, Zhu et al. (13) and Sengupta et al. (14) performed computational fluid dynamics (CFD) analysis of aortic flow after implantation of double-branched endografts in patients with arch aneurysms and noted improved flow patterns with increased WSS in the aortic arch. However, the presence of such inner branches can lead to disturbed flow in the region. In addition, arch endografts often involve occlusion of the native ostia of supra-aortic branches and peri-operative revascularisation procedures are required to maintain perfusion to the arch branches (15). Left subclavian artery revascularisation, often through the left common carotid artery, can lead to increased flow in the remaining native vessels with increased peak flow velocity and higher displacement forces being exerted in the region (16, 17).

The influence of endografts on flow in the repaired aorta depends strongly on their design, and here the focus is on the effect of a single-branched device with no inner tunnel branches, suitable for zone 0 deployment to treat aortic arch pathologies. The device implanted in the patient included in this investigation is the Nexus™ Aortic Arch Stent Graft System developed by Endospan (Herzlia, Israel). As shown in Figure 1, it consists of a main module for the aortic arch and descending aorta with a side-branch for one supra-aortic vessel and a curved module for the ascending aorta that connects to the main module through a self-protecting sleeve (18). The device is suitable for implantation in zone 0 to zone 2 in the thoracic aorta and the branch emerging from the main module serves as an anchoring mechanism to hold the component in place. Being an “off the shelf” device, the length of each module and the diameters are chosen based on the application and anatomical features of the aorta being treated (19). The proximal end of the device has curved stent tips designed for atraumatic sealing in the ascending aorta and is meant to reduce pressure points on the outer curvature. The two modules overlap and have a radial force interlocking mechanism holding the separate components together in the ascending region.


[image: Figure 1]
FIGURE 1
The NEXUS™ device selected for TEVAR, highlighting its features and different components.


This investigation aimed to examine the haemodynamic and biomechanical conditions of the aorta following TEVAR treatment for an aortic arch aneurysm with the Nexus™ device. We used patient-specific geometric models reconstructed from computed tomography (CT) scans acquired before and after the interventional procedure and at follow-up.



2. Materials and methods


2.1. Patient data

Clinical data and images were acquired from a patient with a large aneurysm arising from the inferior wall of the aortic arch. The patient underwent TEVAR with a single-branched Nexus™ device. Figure 2 outlines the timeline of the case being studied, with reconstructions from clinical images showing the progression of the case. Ethical approval was obtained from the local Ethics Committee, and written consent was given by the patient.


[image: Figure 2]
FIGURE 2
The various stages of treatment and follow-ups for the patient examined. PRE: Pre-TEVAR geometry indicating presence of aneurysm, POST: Post-TEVAR geometry following a successfully completed procedure, FU1: First follow-up scan which indicated negative results in the form of the carotid-carotid bypass being compromised, FU2: The final clinical images obtained from the patient indicating the formation of an aneurysmal sac in the ascending aorta.


The aneurysm, measuring 9.6 × 6.0 × 5.9 cm in the aneurysmatic sac, led to compressions in the distal pulmonary vessels but there were no morphometric changes to the innominate artery (IA), left common carotid (LCC) artery and left subclavian artery (LSA). Pre-intervention CT images with measurements of diameters and distances at three different locations are shown in Figure 3.


[image: Figure 3]
FIGURE 3
Central line view of the whole aorta: (left) proximal to distal aorta with three marked levels. (A)—just beyond LSA, (B)—just before IA, (C)—proximal landing zone, 35 mm from IA proximally to the ascending aorta. The length between (B) and (C) is 35 mm, and (B) and (A) is 70.7 mm. (Right) Transverse view of levels (B) and (C) with a cross-sectional measurement of aortic diameter 37.9 × 37.7 mm and 37.0 × 39.5 mm, respectively.


The patient was treated with TEVAR using the Nexus™ device; the intervention was carried out following a debranching procedure to set up a bypass between the right common carotid (RCC) and LCC, as well as the LCC and LSA. The procedure was successful and restored flow in the arch whilst successfully excluding the aneurysm, with a suitable proximal sealing length of 3.5 cm from the IA, greater than the minimum recommended length of 3.0 cm. The measured landing diameter of the ascending aorta was 38 mm, and that of the device was 43 mm, thereby producing an oversize ratio of 13.2%. The aneurysmal sac was successfully sealed, both LCC-RCC bypass and LCC-LSA bypass were patent. However, follow-up scans indicated the LCC-RCC bypass remained patent whilst the LCC-LSA bypass was compromised with a thrombus in the bypass near the LCC vascular stroma. A final follow-up of the patient 10 months after the intervention revealed the formation of an aneurysmal sac in the ascending aorta with migration of the ascending module of the device and a suspected leak or tear in the ascending aorta.

The patient had other comorbidities which needed to be taken into consideration during the treatment planning stages. Prior to intervention, the patient was on alendronate 10 mg OD, atorvastatin 20 mg OD, folic acid 5 mg BD, methotrexate 20 mg weekly, omeprazole 20 mg OD, prednisolone 5 mg BD. Following the intervention, the medication was adjusted to alendronate 70 mg OD, aspirin 75 mg OD (for 3 months), atorvastatin 20 mg OD, bisoprolol 1.25 mg OD, clopidogrel 75 mg OD (for 3 months), folic acid 10 mg weekly, methotrexate 15 mg weekly, omeprazole 20 mg OD, prednisolone 10 mg OD.



2.2. Geometric models

Anatomically accurate 3D geometries were reconstructed based on CT scans acquired using an ECG-gated spiral CT scanner (Siemens Somatom) at various stages as described in Figure 2. Image segmentation and 3D reconstruction of the aorta were performed using an image processing software, Mimics (v20, Materialise, Leuven, Belgium). A thresholding technique was adopted to isolate the regions of interest (ROI). User-defined lower and upper limits of grayscale intensity were set for thresholding, with a typical lower limit of 270–280 HU and an upper limit of 2,000 HU or above depending on the image resolution. This produced initial 2D masks on all the available slices. A split mask function was then used to separate the ROI from unwanted neighboring tissues that might have been included in the initial masks. The separated masks were manually inspected and modified if necessary to ensure all pixels in the targeted vessels were selected. Finally, the reconstructed geometries were smoothed using the Discrete Gaussian filter based on a linear smoothing enhancement algorithm. The smoothing function requires a smoothing factor (within range 0–1) and the number of iterations (within range 1–500) to be specified. A specific “compensate shrinkage” feature was enabled to preserve the shape of the geometry, thereby preventing the lumen of the aorta and its branches from shrinking. This was ensured by comparing vessel diameters extracted from the reconstructed 3D surface with those measured in the CT images at multiple locations of interest. Sensitivity tests indicated that setting a smoothing factor of 0.1 and 50 iterations for each stage of smoothing produced reliable reconstructions used in this study. Figure 4 shows the pre-TEVAR geometry which featured a large aortic arch aneurysm in the inferior radius of the arch and three supra-aortic branches emerging from the arch. The model also included the right brachiocephalic artery and RCC which bifurcate from the IA, resulting in four model outlets in the arch. The post-TEVAR geometry (Figure 3) incorporated the implanted device where the two modules were considered as one body and connected with the unstented portions of the aorta. The IA branch and its bifurcation were included while the LCC and LSA were excluded as they were covered by the main module. As a result, the post-TEVAR geometry had two outlets in the arch.


[image: Figure 4]
FIGURE 4
Pre-TEVAR (left) and post-TEVAR (right) models reconstructed from the corresponding CT scans, and the prescribed 3-EWM boundary conditions at the model outlets.


Mesh generation was carried out using ANSYS ICEM CFD (v15.0, ANSYS Inc., Canonsburg, PA, USA). For haemodynamic analysis, unstructured meshes consisting of 10 prismatic boundary layers at the wall were generated with approximately 6.8 and 5 million elements in the post-TEVAR and pre-TEVAR geometries respectively. For biomechanical structural analysis, a constant wall thickness of 1.4 mm was applied to the reconstructed 3D luminal surface, creating a solid volume representing the aortic wall. Figure 5 shows the solid domain geometry consisting of 6.8 million elements and the delineation of the stented and unstented regions.


[image: Figure 5]
FIGURE 5
3d geometry for structural domain, with unstructured mesh shown on the left, and segments of different material highlighted on the right. The uniform thickness of the geometry can be seen clearly on the right with the branch inlets and outlets serving as regions of fixed points to tether the geometry in place.




2.3. Computational details and boundary conditions

Flow in the aorta was described by the transient, three-dimensional equations for conservation of mass and momentum. Blood was modelled as a Newtonian fluid with a constant density of 1,060 kgm−3 and dynamic viscosity of 0.004 Pa s. Based on the measured peak flowrate of 2.34 × 10−4 m3/s and inlet area of 993.13 mm2, the peak Reynolds number was 2,182.3 and the corresponding Womersley number was 19.2. This combination indicated that flow in the ascending aorta was likely to be disturbed (20), hence the need to employ the SST-Tran (shear stress transport—transitional) model, which has been shown to be more suitable for physiological flows involving potential transition from laminar to turbulent flow (21, 22).

In order to solve the flow governing equations numerically, suitable boundary conditions at the inlet and outlets are required. These should, as much as possible, represent the flow conditions specific to the patient and the stage of treatment being considered. The inflow waveform was adapted from a previous study (22) and then adjusted to represent the recorded cardiac output of the patient and further tuned to the dimensions of the model inlet (23, 24). The lack of patient-specific inflow data, such as 4D Flow MRI specific to the patient, necessitated the implementation of a novel method for generating realistic 3D inlet velocity profiles (IVPs). A synthetic dataset of virtual aortic velocity profiles was generated by employing statistical shape modelling (SSM) to a clinical dataset consisting of 31 thoracic aortic aneurysm (TAA) cases; this produced representative 3D IVPs comparable to that of the velocity distributions observed whilst using specific 4D Flow MRI data (25). The velocity profile producing peak systolic velocity closest to that of the clinical measurement was chosen and interpolated in time to match the length of the cardiac cycle. Figure 6 shows the generated IVPs prescribed at the model inlet. The length of the cycle was adjusted according to the heart rate (HR) of the patient (Pre-TEVAR HR: 74 beats/minute, Post-TEVAR HR: 84 beats/min).


[image: Figure 6]
FIGURE 6
Representative 3D inlet velocity profile imposed at model inlet showing velocity distribution at different stages of the systolic phase of the cardiac cycle.


A 3-element Windkessel model (3-EWM) was prescribed at the outlets and tuned according to blood pressure measurements made throughout the observation and treatment phases (pre-TEVAR aortic pressure: 119/72 mmHg, post-TEVAR brachial pressure: 133/62 mmHg) using an established method (26). Since the 3-EWM requires mean arterial pressure (MAP) values for the necessary parameters to be set, MAP was calculated from the measured systolic and diastolic pressures (SP and DP respectively) (27).

[image: Disple Image]

Since the measured post-TEVAR pressure corresponded to the brachial (brach) pressure, which cannot be directly utilised for the 3-EWM, the measured brachial pressure was converted to central (cent) pressure using the following expression (28), with DPcent = DPbrach,

[image: Disple Image]

All the model parameters used in the 3-EWM are given in Table 1. In addition, the employment of SST-Tran model required a turbulence intensity (Tu) to be prescribed at the inlet. A low Tu of 1% was set based on previous experience (21, 22). The wall was assumed to be rigid with a no-slip boundary condition. CFD simulations were carried out using ANSYS CFX v15.0 (ANSYS, Canonsburg, PA, United States) with a fixed time-step of 0.001 s and a convergence criterion of 10−5. All simulations were run for at least 3 cycles until a periodic solution was reached.


TABLE 1 3-EWM parameters used in the three models simulated in this study.

[image: Table 1]

For finite element analysis (FEA) of wall deformation and stress in the post-TEVAR model, the native aorta was assumed to be an isotropic, homogeneous and linear elastic material with a Young's modulus (E) of 0.8 MPa and Poisson's ratio (ν) of 0.49 (29). The stented region was also modelled as a linear elastic material with a Young's modulus of 15 MPa and Poisson's ratio of 0.3 (30, 31). The material densities were 1,100 kg.m−3 and 2,140 kg.m−3 for the native aorta and stented region respectively (30) (Molony et al., 2009). Since the aortic wall model was reconstructed from CT images obtained at diastole, it was necessary to account for prestress in the aorta under diastolic pressure conditions. Prestress was estimated using an iterative approach proposed and evaluated in previous studies (32, 33). The iterative process was carried out until the maximum total deformation in the stressed configuration was less than 0.5 mm under a diastolic pressure, allowing for the structural domain to achieve equilibrium with the internal blood pressure (34). The obtained prestress tensor was then applied in the FEA simulation where the geometry was tethered at the inlet and branch outlets and peak systolic pressure distribution from the flow simulations were applied as the load at the internal surface of the wall model. All FEA simulations were carried out using ANSYS Static Structural v19.2 (ANSYS, Canonsburg, PA, United States).



2.4. Haemodynamic metrics and endograft dynamics

This investigation explores the haemodynamic response to the implanted device, focusing on localised flow patterns, WSS-related metrics and flow disturbances. A list of the indices used here are defined in Table 2. A detailed description of the relevant haemodynamic metrics for the investigation can be found in our previous work (14).


TABLE 2 Haemodynamic indices used for analysis in this study.

[image: Table 2]




3. Results


3.1. Flow patterns

Figure 7 shows instantaneous streamlines at peak systole for all the simulated scenarios (PRE, POST, and FU1). Flow in the ascending aorta was helical with high velocities skewed towards the outer curvature in all models. The presence of the aneurysm in the arch (PRE) caused a large recirculation zone in the aneurysm sac. Excluding the aneurysm via TEVAR restored a more desirable flow pattern in the arch, as can be seen in POST. This not only led to more uniform flow into the supra-aortic branches, but also virtually eliminated any undesirable recirculating flow in the arch. Aside from small differences in the supra-aortic branches, there seem to be no qualitative differences in flow patterns between POST and FU1.


[image: Figure 7]
FIGURE 7
Instantaneous velocity streamlines at peak systole for the pre-TEVAR (PRE—top left) and post-TEVAR (POST—top right) and follow-up (FU1—bottom right) models. This indicates the exclusion of the aneurysm in the inner curvature of the arch following the procedure and the flow patterns observed at the follow-up examination following the compromise of the carotid-subclavian bypass.


Comparison of the time-varying outflow through the RCC outlet is given in Figure 8 for the three simulated scenarios. The large recirculation zone in the aneurysm sac affected perfusion of the arch branches in PRE where flow through the RCC outlet was retrograde for approximately 64% of the cardiac cycle. PRE also had a lower peak flowrate and significantly lower flow throughout the cycle, providing a mean outflow of 3.48 × 10−6 m3s−1 (0.21 L/min) through the RCC. Other arch branches also experienced large periods of retrograde flow ranging between 64%–69% of the cardiac cycle. Post-TEVAR flow through the RCC was mostly antegrade with a mean outflow of 9.59 × 10−6 m3s−1 (0.57 L/min). The difference in outflow between POST and FU1 was due to the altered boundary conditions in FU1 to represent the break in the carotid-subclavian bypass further downstream of the RCC. As a result, FU1 had a lower flow rate of 5.55 × 10−6 m3s−1 (0.33 L/min) through the RCC.


[image: Figure 8]
FIGURE 8
Volumetric flowrate in the RCC for the pre-TEVAR (PRE) case, post-TEVAR (POST) and follow-up (FU1) cases (bottom). The length of the cardiac cycle was based on clinical measurements (1.23 s for pre-TEVAR and 1.4 s for post-TEVAR).


The vortical flow structure throughout the modelled aorta is visualised using the λ2 criterion as shown in Figure 9. A threshold value of −100 s−2 was chosen in order to isolate the relevant vortex cores formed in the aorta and to make suitable qualitative comparisons. Pre-TEVAR aneurysmatic flow understandably presented with a greater degree of disturbance as flow entered the arch branches compared to the post-TEVAR model which presented with vortical flow that can be often seen in and attributed to the curved nature of the vessel giving rise to counter-rotating vortices.


[image: Figure 9]
FIGURE 9
Vortical structures within the vessel represented as isosurfaces using the λ2 criterion for pre-TEVAR (left) and post-TEVAR (right) stages.




3.2. Wall shear stress related indices

Wall shear stress and its associated indices are important near wall haemodynamic parameters which can affect endothelial cell proliferation and play a role in thrombus formation (35, 36). Figure 10 demonstrates the difference in time-averaged WSS (TAWSS) patterns between PRE and POST. Both present with a large area of high TAWSS along the outer curvature of the ascending aorta, which is due to the skewed inlet velocity profile and the curvature of the aorta. The large recirculation zone in the aneurysmal sac, as seen in Figure 7, led to extremely low TAWSS in this area (PRE), with elevated TAWSS along the outer curvature of the arch and in the emerging branches. In the PRE model, a patch of elevated (>2.5 Pa) TAWSS can be seen in the inner curvature of the arch, immediately downstream of the aneurysm.


[image: Figure 10]
FIGURE 10
Comparison of time-averaged WSS between pre-TEVAR (top) and post-TEVAR (bottom) stages.


Comparisons of WSS-related indices between POST and FU1 are shown in Figure 11, displaying high degree of similarities. TAWSS and transverse WSS (transWSS) are useful metrics which serve as indicators for thrombus formation and plaque development, and there appears to be no extremes of magnitudes or abnormal spatial distribution of either. Endothelial cell activation potential (ECAP) identifies regions of high oscillatory shear index (OSI) and low TAWSS and regions of ECAP higher than 5.0 can pose a risk of thrombus formation (37, 38). However, in these cases there appears to be no abnormally high values of ECAP.


[image: Figure 11]
FIGURE 11
Comparison of wall shear stress-related metrics between post-TEVAR and follow-up stages with time-averaged WSS (top), transverse WSS (middle) and endothelial cell activation potential (bottom) maps all showing similar spatial distribution and patterns between the two cases.




3.3. Displacement force

The implanted SG experiences a displacement force (DF) resulting from the change in net momentum owing to pressure and WSS generated by the aortic blood flow. Since pressure is the dominant component, the time-varying nature of displacement force is expected to closely resemble the pressure waveform (39). Figure 12 shows the displacement force acting on the ascending module of the endograft in POST, decomposed into three orthogonal components as defined in the figure. The displacement force was primarily in the z-direction but with a significant component in the y-direction due to the non-planar curvature of the aorta, thus along the coronal plane for the individual.


[image: Figure 12]
FIGURE 12
Time-dependent displacement forces acting on the ascending module of the device, shown for POST, decomposed into x-, y- and z-components with peak values in each direction indicated on the plot. The direction of the resultant force is shown on the geometric model.


Figure 13 demonstrates the difference in displacement force between POST and FU1, with the endograft experiencing a consistently higher force in FU1 than in POST throughout the cycle. The maximum displacement force in FU1 was 15% higher than in POST.


[image: Figure 13]
FIGURE 13
Time-dependent displacement forces exerted on the ascending module of the device post-TEVAR (post) and at follow-up (FU1) stages.


Since the ascending module of the device is of particular interest in this case, it was further divided into separate segments, and the magnitude of displacement force was calculated for each of these segments. As shown in Figure 14, the distribution of displacement force was non-uniform with larger values in the distal portion of the ascending module. Segment 3 experienced the largest displacement force, followed by segment 2 and 1, which are closer to the overlapping region between the ascending module and the main endograft.


[image: Figure 14]
FIGURE 14
Peak magnitude of displacement force exerted upon different segments of the ascending module of the device.




3.4. Wall displacement and mechanical stress

Figure 15 presents the spatial distribution of wall displacement and von Mises stress (equivalent stress) obtained with the FE analysis. The structural analysis was carried out at peak systole to represent the worst-case scenario when the aorta was subjected to the maximum pressure load. The highest von Mises stresses were observed in the distal ascending aorta, immediately upstream of the emerging branch. This coincides with the previously highlighted overlapping region between the two modules. The maximum displacement of up to 2.41 mm was observed at the distal end of the arch and could be attributed to the region not being anchored by the LCC and LSA.


[image: Figure 15]
FIGURE 15
(A) Highlighted region indicates ascending module of the device. (B) Total displacement experienced by the vessel at peak systole. (C) Spatial distribution of von Mises (equivalent) stress in the wall at peak systole.





4. Discussion

The case analysed in this investigation presented with a rather complex pathology along with several comorbidities that had to be taken into account when determining treatment for the patient. TEVAR was considered the best option due to its minimally invasive nature and the availability of the device to exclude the aneurysm and restore flow in the region. The chosen device was a single-branched aortic arch endograft with a side branch leading into the innominate artery. Revascularisation was carried out prior to the TEVAR procedure by introducing bypasses from the RCC to LCC and LCC to LSA. Clinical information and the second follow-up CT examination (as shown in Figure 2 at FU2) indicated the formation of a new aneurysm in the ascending aorta, with migration of the ascending module of the device and a suspected leak or tear in the ascending aorta.


4.1. Comparing pre- and post-intervention haemodynamics

As shown in Figure 7, the presence of a large aneurysm in the arch caused a significant reduction in flow velocity and recirculating flow in this region, which adversely influenced the flow leading into the arch vessels as reported by others (13). This was evidenced through a prolonged period of retrograde flow through the RCC (Figure 8), which could impair blood perfusion further downstream. Multidirectional flow can also lead to extreme WSS, which may increase the risk for thrombus formation and/or atherosclerotic lesion development in the supra-aortic arteries (40).

The TEVAR procedure using a single branched endograft successfully excluded the aneurysm and restored more organised flow in the arch. A smoother lumen, in the absence of the aneurysm, allowed for sufficient flow leading into the IA, which in turn perfused the LCC and LSA through the bypass performed pre-TEVAR. Nevertheless, the non-planar and tortuous geometry of the arch was exacerbated after the endograft was deployed as can be seen from the post-TEVAR geometry (Figure 4). The procedure also resulted in increased flow into the IA, which was the only supra-aortic branch directly perfused through the arch and it had to carry additional flow to supply the LCC and LSA. The choice of device was made based on the complex nature of the region being treated and to ensure sufficient perfusion to the supra-aortic branches. Branched and fenestrated endografts would both serve the purpose of aortic branch perfusion, but the local haemodynamics will be influenced by the endograft design. Using a branched stent-graft allows for flow to be smoothly guided into the emerging arch branch. Additionally, the ability of the main module of the single branched device to be securely anchored in the deployed region made it the more suitable choice in this case.



4.2. Post-intervention and beyond

Flow patterns in the POST and FU1 were largely similar throughout the aorta, with a small difference in the IA due to the different outflow through the RCC branch. Close examination of WSS-related indices also revealed no significant alteration between POST and FU1 as shown in Figure 11, suggesting that the minor change in outflow conditions through the RCC in FU1 had not affected the global flow patterns and near wall haemodynamics.

It was clear from the final follow-up (FU2) CT scan (Figure 2) that further complications occurred between FU1 and FU2. The scan revealed the formation of a large aneurysm alongside the ascending module of the device, which extended along the outer curvature of the arch. Flow through this bulge perfused the native ostia of the LSA and LCC which were initially occluded prior to the TEVAR procedure. It was suspected that a leak or tear occurred in the ascending aorta, but the origin of the leak was undetermined, and a suspected source of the leak could be migration of the device or dehiscence due to improper fixation. This necessitated a closer examination of the biomechanical environment of the ascending aorta in searching for a plausible cause for the suspected leak.

Firstly, the possibility of device migration was assessed. The main module of the device was unlikely to move as it was anchored securely by the branch leading into the IA, but the ascending module was connected to the main module through a self-protecting sleeve and relied on a radial force interlocking mechanism to hold it in place. Migration of the ascending module could occur if the displacement force (DF) acting on it was sufficient to move it upward or pull it away from the main module, which would lead to type I or type III endoleak respectively (41). Previous studies suggested that DF exerted on the endograft can have a considerable effect on its spatial stability (42), and that the magnitude and direction of DF are influenced by the endograft geometry, the haemodynamic state of the patient, and the local geometry of the vessel (39, 43–45). Therefore, it was necessary to evaluate the DF experienced by the ascending module in both POST and FU1.

Our results showed that despite overall flow patterns being largely similar between POST and FU1, the DF increased by approximately 15% in FU1. The only difference between the POST and FU1 models was the outflow conditions imposed at the outlets. As has already been mentioned, the boundary conditions were altered to reflect the compromised LCC-LSA bypass, with excess flow being diverted to the descending aorta. This redirected flow resulted in changes in the normal pressure forces on the vessel wall, leading to an increase in DF. Nevertheless, the maximum DF of 11.33 N in FU1 was well below the reported threshold of 32 N to dislocate a non-planar stent-graft in the thoracic aorta (46). While threshold values have been reported for the abdominal and thoracic aorta (47, 48), there is little information in the literature on the magnitude of DF needed to cause device migration in the ascending aorta. It was also interesting to note the direction of DF as illustrated in Figure 12 which shows clearly that the total DF experienced by the ascending module deviates from its local longitudinal direction. This was attributed to the curvature and non-planarity of the aorta, especially in the region of interest here, giving rise to increased anterio-posterior and lateral components (43). The direction of DF vector indicated that it would pull the ascending module laterally away from the outer curvature, which could compromise the stability in the proximal landing zone or lead to misalignment in the device (18, 19). Further analysis of the distribution of DF along the ascending module showed that the region close to the connection between the two modules experienced relatively high DF (Figure 14).

The spatial distribution of von Mises stress obtained with the finite element analysis showed high stresses in the region where the two parts of the device connect (Figure 15), owing to the highly tortuous local geometry and the emergence of the IA branch. The maximum von Mises stress was approximately 1.3 MPa, which exceeded the yield stress for dilated ascending aorta of 1.2 ± 0.1 MPa referenced in other studies (49, 50). Although the maximum stress occurred in the wall protected by the endograft, and the graft is much stiffer and can withstand higher stresses compared to the native aorta, the extremely high level of stress in this region could compromise the device locking mechanism, thereby increasing the risk of disconnection between the two modules. Moreover, high stress concentrations were also observed in the proximal and distal ends of the device, resulting from local geometric discontinuity and compliance mismatch between the graft and the native aorta. Such focal high stress regions have been found to correlate strongly with the locations of stent-graft induced new entry in type B aortic dissections (51, 52). Based on these findings, it is plausible to speculate that a proximal tear might have occurred which then led to the formation of the observed aneurysm.



4.3. Limitations

In the CFD simulations presented in this investigation, the aortic wall was assumed to be rigid and the supra-aortic vessels bypass was not included in the post-TEVAR model. The rigid wall assumption is expected to have a minor influence on the predicted flow patterns, especially in the post-TEVAR and follow-up models where a large part of the aorta was supported by the endograft. Excluding the supra-aortic vessels bypass is also likely to have an insignificant effect on the predicted haemodynamics and wall stress, even though its inclusion would have provided the opportunity to investigate potential causes for the failed carotid-subclavian bypass observed at FU1. In the finite element stress analysis, the aortic wall was modelled as a linear elastic material; this assumption was made because within the region of interest, the post-TEVAR aortic wall was largely integrated with the endograft with a relatively small section of the native aorta at the proximal and distal end of the device. In addition, the periodic motion of the aortic root and its influence on the ascending aorta were ignore, which could have influenced the predicted wall stress (53). Finally, the results presented here were confined to a single patient. However, the number of patients undergoing TEVAR of the entire aortic arch with a single-branched device is very limited and this paper focused on presenting a longitudinal analysis at multiple stages of the treatment.




5. Conclusion

This investigation presents a detailed haemodynamic and biomechanical analysis of a patient who underwent TEVAR treatment for a large aneurysm in the aortic arch using a single-branched endograft. Imaging data from different stages of the process along with physiologically representative numerical modelling allowed to paint a picture of the progression of the case from pre-intervention to post-intervention and beyond. Simulation results for the different stages demonstrated the dramatic improvement in flow patterns in the aortic arch after the TEVAR procedure. As the final follow-up examination revealed the formation of a new aneurysm in the ascending aorta, further analysis was carried out in searching for possible causes for the observed complication. Results for displacement forces on the endograft and stresses within the wall indicated that the endograft was subjected to an angulated displacement force in the lateral direction and the overlapping region between the main and ascending module experienced very high stresses, which could act together to weaken the locking system, resulting in migration or misalignment of the device. In addition, high stress concentration was observed at the proximal end of the ascending module, suggesting the possibility of a proximal tear as a source for the observed aneurysm. Careful positioning of the overlapping region and the proximal landing zone may help reduce the stresses in these regions at risk of compromising stent-graft stability. In this regard, finite element-based simulations of virtual stent-graft deployment, such as those reported recently on aortic dissections (53, 54), offer a promising tool that should be further developed and validated for use in pre-intervention planning to minimise potential device migration or endoleaks.
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Metric

Mathematical expression

Description

‘Time-averaged WSS

r
TAWSS = L[] |7, ldt

Average of the WSS magnitude over the cardiac cycle.

Transverse WSS

r
TransWss = &7

d le of W

o the temporal mean WSS

Average over the
vector.

2, criterion

=G ()28

Synthetic descriptor for incompressible flows used to evaluate isosurfaces in flow.

Displacement force

Eig = [y, paA+ [y, (-, G)da

‘Time dependent displacement force due to pressure and friction exerted by the flow of blood
on the walls.

Oscillatory shear index

ost = %(FM)

s

Change of direction of the WSS vector from the primary direction of flow.

Endothelial cell activation
potential

ECAP = 738

Synthetic mefric to identify regions at a higher risk of thrombus formation.

Tis the time period of a cardiac cycle; 7., is the wall shear stress vector: v, v, v; are the velocity components in the x, y, and z direction; u; is the tangential velocity with
respect to the unit normal for each element.
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Outlet | R1[Pas m | C[m’Pa
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'l | R2[Pasm

(x 10%) (x 10°°) (x 10°)
RCCA 994 0669 258
LCCA 244 0399 424
LSA 963 0868 197
ouT 120 698 245
POST RSA 575 1.03 168
RCCA 402 1.03 9.19
ouT 120 513 254
FUL RSA 575 1.03 168
RCCA 691 1.03 167
ouT 120 7.56 225

RSA, Right subclavian artery: RCCA, Right common carotid artery; LCCA, Left
common carotid artery: LSA, Left subclavian artery: OUT, model outlet).
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Al Target vessel | No target

patients | endoleaks (N vessel
(N=198) =28) endoleaks
(N=170)
BA diameter, mm | 143+19 146+ 19 143£18
LCCA diameter, 9216 95214 9.1+16
mm
LSA diameter, mm | 11317 116216 13117
Dy, mm 407+48 431251 403+47
BMI 256+34 26434 255434
Hospital LOS after | 128+45 132245 127+46
procedure, d
Procedure time, | 267.1=797 | 2967858 6232779
min
Target vessels per | 16+08 20408 15208
patient
> 2 target vessels 72 (36) 18 (64) 54 (32)
GetNOAC therapy | 34 (17) 6 (1) 28 (16)
Aortic dissection 130 (66) 22 (79) 108 (64)
Morphological
classification of the
aortic arch
Type I 7/53 (13)
Type I 15/106 (14)
Type IIl 6/39 (15)
Brand of the main
graft
Lifetech 123 15/123 (12) 108
Meditronic 57 9/57 (16) 48
Cook 18 418 (22) 14

BA, brachiocephalic artery; LCCA, left common carotid artery; LSA, left subclavian
artery; Dy: maximum diameter of the aortic arch; BMI, body mass index; LOS
length of stay: DOAC, direct oral anticoagulants

All data are presented as number (%) or mean + standard deviation.
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Variables

Dy, mm

Univariate analysis

OR (95% CI)
1.128 (1.044—
8.986)

Multivariate analysis

OR (95% Cl)
1130 (1.033-
1.236)

Target vessels per
patient

1924 (1214
3.050)

> 2 target vessels

3867 (1673~
8.936)

3849 (1633~
9.075)
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prototype
Short proximal neck length

Pecoraro et al. (30) 1/26* 3.85% Not available 1 under surveillance without reintervention
Chiesa etal. (6) 124 4.17% Not available Resolved spontaneously
Canaud et al. (9) 1/16" 6.25% Aneurysmal evolution of aorta 1 dead due to aneurysm rupture
Shirakawa et al. (15) 2/30 6.67% Not available 2 under surveillance without reintervention
Kolvenbach et al. (10) 7112 9.09% Unfavorable stent placement 1 under surveillance without reintervention
Faure et al. (28) 71® 9.09% Migration of stentgraft 1 under surveillance without reintervention
Huang et al. (37) 2/22* 9.09% Migration of stentgraft Not available

Aneurysmal evolution of aorta
De Leon etal. (42) 8/60° 1333% Not available 6 recovered spontaneously

2 resolved surgically

Bernardes et al. (16) ur 14.29% Migration of stentgraft Not available
Kudo etal. (55) 6/40° 15.00% Gutter leakage between the main stent Not available

graft and chimney ste

Short distance between the ostium of

innominate artery and the aneurysm
Kurimoto et al. (20) 12137 32.43% Lack of comfortability of Najuta stent 4 resolved by undergoing reinterventions

because of aneurysm enlargement
2 dead due to pneumonia
6 under surveillance without reintervention

“Perioperative (30-day) type la endoleak.
PLate (>30-day) type Ia endoleak.
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References SCl cases/total cases in Possible causes Outcomes
the articles %

Kudo etal. (55) 1740 2.50% Not available Not available

Narita et al. (27) 1/35* 2.86% Not available 1 recovered after cerebrospinal fluid drainage

Shirakawa et al. (15) 1/30* 3.33% Not available 1 dead due to other reasons

Vallejo etal. (11) 127* 3.70% Not available 1 dead due to other reasons

Pecoraro et al. (30) 126 3.85% Not available 1 dead due to respiratory insufficiency and spinal
cord ischemia

Lietal. (47) 2/43* 4.65% Not available 2 recovered after cerebrospinal fluid drainage

Zizaetal. (24) 117 5.88% Not available 1 recovered after cerebrospinal fluid drainage

Preventza etal. (14) 2/29* 6.90% Not available 1 recovered after cerebrospinal fluid drainage
1 partial recovered after cerebrospinal
fluid drainage

Kurimoto et al. (20) 337 8.11% Long extent of aortic coverage® 1 recovered after cerebrospinal fluid drainage
1 permanent paraplegias
1 paraparesis

Faure et al. (28) y1* 9.09% Not available 1 recovery after cerebrospinal fluid drainage

Canaud et al. (9) 1/6* 16.67% Not available 1 recovery after cerebrospinal fluid drainage

“Perioperative (30-day) SCI.

*The covered areas of the stent grafts were from ascending aorta to levels of Th 6, Th 8, and Th 10, respectively. SCI, spinal cord ischemia; LSA, left subclavian artery.
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References

RTAD cases/total cases

in the articles %

Possible causes

Outcomes

Oversizing of stentgraft >30%
Angulation of proximal aortic arch >120°
Diameter of stentgraft >42 mm

Shirakawa et al. (15) 1/30° 3.33% Debranching procedures 1 recovered surgically
Vallejo et al. (11) 127* 3.70% Not available 1 treated medically and stable
Chiesa et al. (6) 1//24° 4.17% Not available 1 recovered surgically
Chassin-Trubert et al. (46) 3/42% 7.14% Clamp injury in hybrid procedure 2 immediate ascending aortic replacement
1 dead due to RTAD
Narita et al. (27) 2/35% 5.71% Clamp injury in hybrid procedure 2 managed conservatively
Lietal. (51) 116 6.25% Ascending aorta and proximal landing zone | 1 dead due to pericardial effusion
of stent graft in an acute angle
De Rango etal. (19) 3/19* 15.79% Not available 2 dead due to RTAD
1 recovered surgically
Canaud et al. (9) 1/6* 16.67% Clamp injury in hybrid procedure 1 immediate ascending aortic replacement
Zhu etal. (35) 1/5% 20.00% Lack of conformability of the COOK TX2 Not available
stent graft in zone 0
Primary disease progression
Gandet etal. (21) 313 23.08% Clamp injury in hybrid procedure 2 recovered surgically

1 dead due to RTAD

“Perioperative (30-day) RTAD.

®Late (>30-day) RTAD. RTAD, retrograde type A dissection.






OPS/images/fcvm-10-1058440/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-10-1034354/fcvm-10-1034354-t005.jpg
Surgeries No. of cases (n %) Preservation of No. of cases (n %)

LSA inflow™
TEVAR without any modification or parallel stent technique + 384 49.04% ¥ 318 82.81%
bypass/transposition of supra-aortic vessels
N 66 17.19%
TEVAR-chimney + bypass/debranching of supra-aortic vessels 75 9.58% Y 71 94.67%
N 4 5.33%
Fenestrated TEVAR + bypass/debranching of supra-aortic vessels 28 3.58% Y 23 82.14%
N 5 17.86%
Branched TEVAR + bypass/debranching of supra-aortic vessels 63 8.05% Y 60 95.24%
N 3 4.76%
Proximal scalloped TEVAR + bypass/debranching of supra-aortic vessels 15 1.92% Y 14 93.33%
N 1 6.67%
TEVAR only in ascending aorta 20 2.55% Y 20 100.00%
N 0 0.00%
Chimney TEVAR 24 3.07% Y 5 20.83%
N 19 79.17%
Fenestrated TEVAR 163 20.82% ¥ 147 90.18%
N 16 9.82%
Proximal scalloped and fenestrated TEVAR 11 1.40% Y 6 54.55%
N 5 45.45%

*The only intended covered supraarch artery without revascularization was LSA, when other branch arteries were invariably revascularized. LSA, left subclavian artery; TEVAR, thoracic
endovascular aortic repair.
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Lower left ventricular ejection fraction

Pecoraro etal. (30) 1/26* 3.85% Not available 1 recovered spontaneously

Huang et al. (37) 1/22¢ 4.55% Not available 1 dead due to stroke

Kurimoto et al. (20) 2/37° 5.41% Not available Not available

Lietal. (52) 237 5.41% Not available 1 dead due to cardiac attack
1 dead due to severe
pulmonary infection

Planer et al. (48) 2/28° 7.14% Not available 2 recovered with minor
sequalae

Wangetal. (32) 222 9.09% Migration of chimney stents 2 recovered by additional

Compression of chimney stents stent placement®

Melissano et al. (12) 3/32° 9.38% Atherosclerotic plaques in the aortic arch Not available

Chassin-Trubert et al. (46) 4/42° 9.52% Not available Not available

Kudo etal. (55) 4/40° 10.00% Atherosclerotic plaques in the aortic arch Not available

Roselli et al. (33) 4/39* 10.26% Not available 1 dead due to unknown
reason

Preventza etal. (14) 3/29% 10.34% Not available 1 deaddue to stroke
2 recovered

Narita et al. (27) 4/35¢ 11.43% Prolonged procedural time 2 dead due to unmentioned

Increased blood loss reason

Chiesa etal. (6) 3/24° 12.50% Not available 3 dead due to stroke

Bockler et al. (26) 7 14.29% Atherosclerotic plaques in the aortic arch 1 dead due to stroke

Canaud etal. (9) 1/6* 16.67% Not available Not available

Ferndndez-Alonso et al. (45) 1/6* 16.67% Atherosclerotic plaques in the aortic arch 1 dead due to stroke

Tinelli et al. (44) 16" 16.67% LSA dissection 1 dead due to stroke

Yoshitake et al. (29) 423" 17.39% Atherosclerotic plaques 3 dead due to COPD, cancer,
pneumonia

Ziza etal. (24) 317 17.65% Supra-arch vessels dissection Not available

Faure et al. (28) 2112 18.18% Not available Not available

Eleshra et al. (57) 2/8* 25.00% Not available Not available

Dake et al. (49) 2/8" 25.00% Not available 1 dead due to other
pathologies

Katada etal. (23) 27 28.57% Not available 2 sustaining grade II focal
neurologic deficits

Hiraoka etal. (18) 5/7* 71.43% Atherosclerotic plaques in the aortic arch 4 dead due to stroke

Ryomoto et al. (39) 6/9* 66.67% Prolonged procedural time Not available

Perioperative (30-day) stroke.
PLate (30-day) stroke.

*The stroke was discovered immediately after operation. LSA, left subclavian artery; COPD, chronic obstructive pulmonary diseases.
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Variable CSB (n=41) CG (n=29) SBSG (n=21) PMF (n=14)

Mortality 1(24%) 1(3.4%) 0 (0%) 1(7.1%) 0.648"
Symptoms of limb ischemia 2 (4.9%) 2(6.9%) 0 (0%) 4 (28.6%) 0023"
LSA steal syndrome 0 (0%) 0 (0%) 0 (0%) 1(7.1%) 0.133*
Stroke 2 (4.9%) 2(6.9%) 1(48%) 1(7.1%) 0975"
sCI 0 (0%) 0 (0%) 0 (0%) 0(0%) -
Endoleak 2 (4.9%) 5 (17.2%) 1 (48%) 1(7.1%) 0280°
RTAD 0 (0%) 1(3.4%) 0 (0%) 0 (0%) 0610°
Reintervention 1(2.4%) 0 (0%) 0 (0%) 0 (0%) 1.000°
CFLT 37 (90.2%) 25 (86.2%) 18 (85.7%) 11 (78.6%) 0.686"
Follow-up time (months) 280 (17.0-33.0) 240 (160-28.0) 15.0 (13.5-17.5) 215 (19.0-31.5) <0.001"

Continuous data are shown as medians (interquartile ranges), and categorical data are shown as numbers (%). LSA, left subclavian artery: SCI, spinal cord ischemia; CFLT.
complete false-lumen thrombosis; P<0.05 was considered statistically significant

*Fisher's exact test.

brruskal-Wallis H test
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Cases

Casel

Case2

Case3

Cased

Case5

Case 6

Case7

Case$

Lesions

Aneurysm

Aneurysm

Aneurysm
Aneurysm
Dissection
aneurysm

Aneurysm

Aneurysm

Aneurysm

Locations

Zone 3

Zone 1

Zone 3

Zone2

Zone |

Zone 2

Zone2
Zone2

“TA, computed tomography angiograph

Branch
SGs

A &LCCA
JA&LSA

JA&LCCA
1A &LCCA

IA&LSA

JA&LCCA

1A &LCCA
IA&LSA

Assistant procedurals

LCCA-LSA bypass, LSA
embolization with coils
LCCA-LSA bypass, proximal
LCCA ligation

None

None

LCCA-LSA bypass, proximal
LCCA ligation

LCCA-LSA bypass, LSA
embolization with coils
None

None

CCA, left common carotid artery

Temporary
pacemaker utilization

+

Complications

None
None

None

None

Proximal endoleak (diminished in
6-months CTA)

None

None

None
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Variable N (%) or median (range)

Emergency operation

0

‘Technical success

9 (100%)

Procedure time, minutes

1700 (1100-375.0)

Volume of contrast material, ml

1050 (90.0-200.0)

Length of thoracic aortic endografls, mm

160.0 (150.0-200.0)

Diameter of thoracic aortic endografts, mm

32.0 (30.0-40.0)

Proximal landing zone

72

6 (66.7%)

Z1

2 (222%)

0

1(11.1%)

Distal landing zone

75

9 (100%)

Total target vessel

LSA 9
ILVA 9
LCCA 3

BCT 1

No. of bridging stents per patient 2.0 (1.0-4.0)
Technique for ILVA reconstruction

ISF 3 (333%)
Pre fenestration 6 (66.6%)
Stent placement in ILVA, patient 6 (66.7%)

Covered stent

0

Bare metal stent

6 (66.7%)

Length of ILVA stent, mm 26.0 (19.0-40.0)
Diameter of ILVA Stent, mm 425 (35-5.0)

Length of stay, days 110 (7.0-24.0)
Length of ICU stay, days 0(0-1.0)

LSA, left subclavian artery; ILVA, isolated left vertebral artery; LCCA, left common
carotid artery: BCT, brachiocephalic trunk: ICU, intensive care unit.
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Variable
Follow-up, months

N (%) or median (range)
380 (1.0-66.0)

FU mortality

1(11.1%)

FU MAE

3 (33.3%)"

FU endoleak

FU Re-intervention

0

FU TV instability®

2 (222%)

Branch vessels

Branch

2 (222%)

Bridging stent migration

0

ILVA occlusion/stenosis

2 (222%)

MAE, major adverse event; TV, target vessel; ILVA, isolated left vertebral artery; FU
follow up.

*Follow up MAE included one death and two ILVA occlusions taking place during
follow up period.

“TV instability means composite end point used to define any death or rupture
related to side branch complication (e.g, endoleak, rupture) or any secondary
intervention indicated to treat a branch-related complication, ~including
endoleak. disconnection. kink stenosis, occlusion. or rupture.
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Author Disease Treatment (R Success | Early outcomes FU FU outcomes | FU ILVA
for aortic | preservation rate (moths) patency
disease
Suzuki et al. (24) | 2006 TAA(1=8) | Open repair
TAD(n=2) technique
(n=1);
Transposition
(n=9)
Qietal (23) 2013 |21 | TAD Open repair en-bloc 100% | 2 spinal cord injury; | 5816 1 late death NA
technique 1 transient
(n=12) neurologic deficit; 1
Transposition acute renal failure.
(n=9).
Zhuetal (18) 2015 [3 | TAD Open repair Transposition 100% None 44219 1 patient 100%
underwent
TEVAR for
descending aortic
dissection
Piffaretti etal. (19) [ 2020 |6 | TAA(1=3) | Open repair Transposition 100% 1 homer's Mean 45 | 1deathat4 100%
TAD(n=3) | (n=4) syndrome; 1 month
TEVAR(1=2) respiratory
Yang et al. (9) 2021 [13 | TAA@=2) |TEVAR Transposition 100% | 1 contrast induced | Mean 22 None 100%
acute kidney injury;
1 incision
PAU(n=1) hematoma; 1 acute
left-lower-limb.
ischemia
Zhangetal. 25) [2022 |67 |TAA(m=12) |TEVAR Chimney 100% 9 Ia endoleak 644 |7 neurologic new |  97%
TAD(n = 43) (n=28); symptoms; 9 Ta
IMH(n =7) Pre-fenestration endoleak; 5 mild-
PSA (n (1=24) dizziness
Transposition

TAA, thoracic aortic aneurysm; TAD, thoracic aortic dissection; ILVA, isolated left vertebral artery; FU, follow up; NA, not available; TEVAR, Thoracic Endovascular Aortic

Repair; IMH, intramural hematoma; PAU,

*Only case series (n> 1) were included.
°En-bloc technique means a single aortic patch containing the origin of the ILVA and the left subclavian artery or left common carotid artery was anastomosed to the

prosthetic graft

ulcer; PSA,

s aaltien i i NS B s i i e ek B
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Patients with thoracic
aortic disease treated
with TEVAR between
2016.6 and 2021.12
(n=936)

TEVAR with
management of ILVA
()

Excluded:

No ILVA n =925
TEVAR Zone3 n=1
TEVAR Zone2bn =1

Excluded:

Chimney n =0

Direct Coverage n = 0
Hybrid procedure n = 0

TEVAR with ILVA
preservation (n=9)
PM-F (n=6)
ISF (n=3)
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Variable N (%) or median
(range)
Age [years, median (range)] 60.0 (38.0-76.0)
Sex
Male 8 (88.9%)
Female 1(11.1%)
C
Hypertension 6 (66.7%)
Hyperlipidemia 0
COPD 1(111%)
Diabetes 2 (222%)
Coronary artery disease 1(111%)
Myocardial infraction 0
Congestive heart failure 0
Previous stroke 1(111%)
Peripheral artery disease 0

Renal insufficiency 0
Renal failure 0
Previous aortic surgery 0
History of tumor 1(2.6%)
Cigarette Use 7 (77.8%)

ASA

5 (55.6%)
4 (44.4%)

Pathology
Type B aortic dissection 4 (44.4%)
Acute 2(222%)
Chronic 2 (222%)
‘Thoracic aortic aneurysm 4 (44.4%)
PAU 1 (111%)

Anatomic features
ILVA configuration
LA2Y 9 (100.0%)
Left vertebral artery dominance 2 (222%)
Right vertebral artery dominance 2 (222%)
Symmetric vertebral artery 5 (55.6%)
ILVA diameter, mm 34 (3.0-4.2)
Right vertebral artery diameter, mm 40 (30-5.1)
Complete circle of Willis 2 (222%)
ILVA entering the circle of Wills to form the basilar 8 (88.9%)
artery
ILVA sending off the posterior-inferior cerebellar 8(88.9%)
artery
COPD, chronic obstructive pulmonary disease; PAU, Penetrating atherosclerotic
ulcer; ILVA, Isolated left vertebral artery.
“The ILVA configuration classification was based on Lazaridis’ report (Surg Radio
Anat. 2018° 40:779-97).
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All target | Target vessel No target

vessels endoleaks vessel
(N=309) (N=35) endoleaks
(N=274)

Endoleak
position

BA 44 5/44 (1) 39

LCcA 77 8/77 (10) 9

LSA 188 22/188 (12) 166
Modification 0112
method

In situ 72 10172 (14) 62
fenestration

Onsite 146 20/146 (14) 126
fenestration

Pre-sewn cuffs 91 5/91 (5) 86
or branches
Brand of 0473
bridging stent

Bard Fluency 164 21/164 (13) 143

Gore Viabahn 108 9/108 (8) 9

Tliac branch of 37 5/37 (14) B
EVAR graft
TVs affected by | 104 (34) 18 (51) 86 (31) 0018
pathologies
D,, mm 368+65 39165 36564 0023
Oversize ratio 1105+ 1.099+0.052 11060048 | 0.427

0049

Bridge stent 105+15 108+17 105+15 0220
diameter, mm
Bridge stent 4552104 451111 456103 0.821
length, mm

BA, brachiocephalic artery; LCCA, left common carotid artery; LSA, left subclavian
artery; Dy: maximum diameter of the aortic arch; TV, target vessel.

’In situ fenestration compared with the other two methods

Pre-sewn culffs or branches compared with the other two methods.

“Bard Fluency compared with Gore Viabahn; D, aortic diameter at the level of TV
orientation.

All data are presented as number (%) or mean + standard deviation.
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Variables

Not pre-sewn cuffs or
branches

Univariate analysis

OR (95% ClI)
2.745 (1030~
7.317)

Multivariate
analysis
OR (95% Cl)
2,951 (1.091-
7.980)

“TVs affected by pathologies

2315 (1138~
4.709)

2107 (1015~
4372)

Dy, mm

1064 (1.008-
1.123)

1.059 (1.002-
1.120)
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OPS/images/fsurg-09-969995/fsurg-09-969995-t003.jpg
Variables Total EOS o EOS > ¢ -4
(n=1180)  0.00 000  value
(n=681) (n=499)
Age, years 53(44-63) 53 (45-63) 53 (44-63) 0628
Gender (male/ 883/297 483/198 400199 <0001
female)
BMI (kg/m?) 25.39 (23.05- 2535 0226
28.02) (2299~
27.91)
From onset to 10 (6-18) 10 (7-15) 9(6-22) 0196
admission
Leg pain
Left 42 (3.6%) 26(38%)  16(32%) 0032
Right 19 (1.6%) 6 (0.9%) 13 (2.6%) 0.010*
Both 10 (0.8%) 3 (04%) 7 (14%)
Cerebral ischemia 97 (82%) 68 (100%) 29 (5.8%)
attack
Hypotension 88 (7.5%) 57 (84%)  31(62%) 0163
Pericardial effusion 809 (68.6%) 448 (658%) 361 (723%)  0017*
Mortality 171 (145%) 113 (166%) 58 (116%) 0017
[CU admission 5(3-8) 5(3-8) 4(3-7) 0033
Post tracheostomy 62 (54%) 42(63%) 20 (41%) 0091
Post stroke 79 (6.7%) 44 (65%) 35 (7.1%) 0841
Post intracranial 13 (11%) 8 (1.2%) 5 (1.0%) 1000

hemorrhage

BMI, body mass index; ICU, intensive care unit.
vSintistically sionificant values.
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Variables Odds Ratio 95%C1 P value
Age, years 1.036 1.023-1.049 <0.001*
Gender, (male/female) 0.869 0.603-1.252 0451
BMI (kg/mz) 1.006 0.967-1.046 0.775
Hypertension 1520 1014-2.278 0041
WBC (continuous) 1.060 1021-1.100 0002
Eosinophils (continuous) 0.004 0.000-0.241 0.006*
Eosinophils =0 cells/L Reference

Eosinophils >0 cells/L 0.661 0.470-0.929 0.017*
Neutrophils (continuous) 1.000 0.994-1.006 0.986

sSratistically Sionifcant alies.
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Variables otal Death jon-death 4
(n=1180) (n=171) (n=1009) value
Age, years 53 (44-63) 58 (49-68) 52 (44-62)  <0.001"
Gender (male/ 883/297 124/47 7591250 0505
female)
BMI (kg/m?) 253 (23.05- 2539 2540 (2303~ 0811
28.02) (2324- 27.99)
28.22)
Smoking history 293 (24.8%) 43 (25.1%) 250 248%) 0924
Drinking history 215 (182%) 36 2L1%) 179 (17.7%) 0335
Complications
HIN 878 (74.4%) 138 (80.7%) 740 (733%)  0.046"
DB 41 (3.4%) 2(1.2%) 39 (3.9%) 0075
COPD 10 (0.8%) 2(12%) 8 (0.8%) 0645
AF 12 (L0%) 3(1.8%) 9 (0.9%) 0398
Marfan 23 (1.9%) 1(06%) 22 2.2%) 0234
CABG history 1(0.1%) 1(0.6%) 0 (0.0%) 0145
Stroke history 35 (3.0%) 6 (3.5%) 29 (2.9%) 0808
Symptoms
Pain 1101 (93.3%) 164 (959%) 937 (92.9%)  0.184
Chest pain LOL1 (85.7%) 147 (86.0%) 864 (856%) 1000
Back pain 536 (454%) 77 (450%) 459 (455%) 0934
Abdominal 79 (6.7%) 15 (8.8%) 64 (6.3%) 0247
pain
Nausea 175 (18.1%) 25 (18.4%) 150 (181%) 1000
Vomiting 146 (15.1%) 20 (147%) 126 (151%) 0200
Stroke 17 (14%) 6 (3.5%) 11 (11%) 0.026*
hemiplegia
Sign
Hypotension 88 (7.5%)  22(129%) 66 (6.5%) 0.005
Heart rate 80 (69-94)  84(70-99) 80 (69-93) 0127
Pericardial 809 (68.6%) 116 (67.8%) 693 (68.7%)  0.859
effusion
Preoperative 174 (145%) 40 (23.4%) 134 (133%)  0.001"

limb ischemia

BMI, body mass index: HTN, hypertension: DB, diabetes; COPD, chronic
obstructive pulmonary disease; AF, atrial fibrillation; CABG, coronary artery

bypass grafting,

*Statistically Sionificant valiies
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Variables Total Death  Non-death : o
(n=1180) (n=171) (n=1009) value
WBC (40-10.0 x 10°/L)
<4 14 (12%) 6 (3.5%) 8(08%) <0001
4-10 451 (382%) 48 (28.1%) 403 (39.9%)
>10 715 (60.6%) 117 (684%) 598 (593%)
Neutrophils (2.0-6.0 x 10%/L)
<2 4(03%) 3 (1.8%) 1(01%) 0012+
2-6 175 (14.8%) 22 (129%) 153 (152%)
>6 1,001 (84.8%) 146 (854%) 855 (84.7%)
Lymphocytes (1.0-3.5 x 10°/L)
< 735 (623%) 105 (614%) 630 (624%) 079
21 445 (377%) 66 (38.6%) 379 (37.6%)
Monocytes (0.1-0.6 x 10°/L)
<06 500 (424%) 68 (39.8%) 432 (428%)  0.456
206 680 (57.6%) 103 (602%) 577 (57.2%)
Eosinophils (0.02-0.52x 10°/L)
0 681 (577%) 113 (661%) 568 (563%)  0.038"
0-002 276 (234%) 38 (222%) 238 (23.6.%)
0.02-0.52 21(187%) 20 (117%) 201 (199%)
052 2(0.2%) 0/(0.0%) 2(02%)
Eosinophils (0.02-0.5x 10%/L)
0 681 (577%) 113 (661%) 568 (563%) 0017
>0 499 (423%) 58 (339%) 441 (437%)
Eosinophils 000 (000~ 000 (0.00- 000 (000~  0.008*
(continuous) 0.02) 001) 002)
WBC (continuous) 112 (86~ 124 (87-  11(85-138) 0002
141) 15.4)
Neutrophils 97 (713~ 108 (72~ 95(71-122) 0002
(continuous) 124) 13.9)
Lymphocytes 08(05-11)  08(05  08(0511) 0155
(continuous) L1
Monocytes 06(04-09) 0407  06(0.4-09) 0741
(continuous) 1.0)
Hemoglobin (115~ 122 (101~ 120 (93- 154 (1015~ 0.099
150 g/L) 139) 139) 139)
Platelet (100 137 (9825~ 120 (72- 139 (102-180)  <0.001%
400 x 10°/1) 177) 172)
Neutrophils (40%-  87.20 (8183 87.80 87.00 (8170~ 0355
70%) 90.30) (83.30- 90.40)
89.90)
Lymphocytes 695 (480~ 650 (4.60- 00 (490- 0241
(20%-50%) 10.40) 9.90) 10.40)
Monocytes (3%- 57 (41-7.6) 56 (43- 57 (41-78) 0284
10%) 72)
Eosinophils (04%- 000 (000~ 000 (0.00- 000 (000~  0.002*
B 0.10) 0.10) 0.20)
Creactive protein  45.55 (668 5375 (668~ 4515 (663~  0.619
(0-10 mg/L) 108.35) 1173) 106.45)
Albumin (30-55 g/ 0 (3350 3495 37.30 (3380~ <0.001%
L 19.90) (3043 40.10)
38.88)
D-dimer (0~ 519 (282~ 826 (429- 480 260~  <0.001%
0.5 mg/L) 11.61) 21.08) 9.86)
CINT (0.02- 0,028 (0.01- 0.069 0025 (001~ <0.001*
0.13 ug/L) 0.16) 0.019- 0131)
035)
PT (10-155) 126(117- 137 (125~ 125(116-  <0001*
142) 16.6) 14.0)
INR (0.8-13) LI1(LO2- 120 (109~ 09 (101~ <0001*
124) 146) 122)

CTNT, troponin T: PT, prothrombin time; INR, international normalized ratio:

WBC, white blood cell.
«Statistically sionificant valises.
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Age, years

61 (33-77)

Body mass index

24.46 (18.36-34.60)

Male 39 (83.0)
Hypertension 35(76.1)
Smoking history 20 (42.6)
Coronary disease 2 (4.3)
Stroke 3(6.4)
Diabetes mellitus 6(12.8)
Previous endovascular repair 2(4.3)
Chronic obstructive pulmonary disease 3(6.4)
Renal dysfunction 4(8.5)
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Extent of pathology (Bproxiamlextent,distalextent)

Bi,s 1(2.1)
Bi,s 2(4.3)
By, 9 1(2.1)
Bi,u 121
B, 4 4(8.5)
Bys 2(4.3)
By, g 2(4.3)
B, g 2 (4.3)
B, 10 2(4.3)
Ba 11 4(8.5)
B3, 4 8(17.0)
Bs, s 4(8.5)
Bs, 6 3(6.4)
Bs, 9 7 (14.9)
B3, 10 1(2.1)
Bs, 11 3(6.4)
Chronicity

Acute (1-14 days) 26 (55.3)
Subacute (15-90 days) 12 (25.5)
Chronic (>90 days) 9 (19.1)
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Variables

Model 1
Age
Hypertension
WBC (continuous)
Eosinophils (continuous)
Model 2
Age
Hypertension
WBC (continuous)
Eosinophils =0 cells/L.
Eosinophils >0 cells/L

Odds Ratio

1.040
1373
1075
0010

1.04
137
1.08

Reference

1.46

95%C1

1.027-1.054
0.907-2.077
1.033-1.119
0.000-0.650

1.027-1.055

1.039-1.124

1.033-2.070

P value

<0.001%
0134

<0.001*
0031

<0.001*
0135

<0.001*

0032*

sStatistically sionificant vallies.
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Median hospital stay 11 (5-28)
Median ICU stay 1(0-12)
Thirty-day outcomes

Mortality 1(2.1)
Retrograde type A aortic dissection

Reintervention 4(11.8)
Retrograde type A aortic dissection 2(4.3)
Severe aortic insufficiency 1(2.1)
Follow-up, months 51 (16-71)
Follow-up outcomes

Mortality 4(8.5)
Aortic-related deaths 1(2.1)
Non-aortic-related deaths 3(6.4)
Reintervention 4(11.8)
Type IA entry flow 2(4.3)
Type IB entry flow 2 (4.3)
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Total EOS > 0.00 P
(n=1180) 0.00 (n=499) value
(n=681)
PT (10-155) 126 (1.7-  128(118- 124 (115~ <0001*
142) 14.35) 13.9)
INR (0.8-13 5) LI(L02- 112103~ 109 (100- 0001
124) 125) 1.22)
TT (16-18'5) 189 172 1933175 186 (169~ 0001
25) 21 209)
APTT (23-275) 299 (269- 304 (269- 293 (268~ 0004
37) 39.3) 34.55)
D-dimer 521 (283~  528(304- 496 (243~ 0207
(0-0.5 mg/L) 11.74) 11.44) 12.07)
Platelet (100~ 137(9825- 125 (86~ 157 (123-201)  <0.001*
400 x 10”/L) 177) 163)
Fibrinogen 22(16-30) 21 (16-27) 24 (17-33) <0001
(2-4 g/L)

PT. prothrombin time: INR, international normalized ratio; TT, thrombin time;
APTT, activated partial thromboplastin time.
*Statistically significant values.
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vices No. of stent grafts (n
TAG/CcTAG stent graft (Gore & 215 38.81%
Associates, AZ, USA)

Valiant thoracic stent graft (Medtronic, 83 14.98%
MN, USA)

Zenith TX1/TX2 (Cook Medical, IN, 58 10.47%
USA)

Najuta thoracic stent graft system 68 1227%
(Kawasumi Laboratories, Tokyo, Japan)

RELAYendovascular thoracic stent graft 34 6.14%

(Terumo Aortic, FL, USA)

Ankura thoracic stent graft (Lifetech 30 5.42%

Scientific, Shenzhen, China)

NEXUS Aortic Arch Stent Graft System 29 5.32%

(Endospan, Herzlia, Israle)

Castorstent (Microport Medical, 18 3.25%

Shanghai, China)

Zenith ascending stent graft (Cook 10 1.81%

Medical, IN, USA)

Thoracic Branch Endoprosthesis (Gore 8 1.44%

& Associates, AZ, USA)

E-vita OPEN NEO hybrid stent graft 1 0.18%

system (Jotec, Hechingen, Germany)
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References Publish Casesof  Recruitment Female Male Mean 30-day/in- 30-day/in-

date zone 0 period age hospital hospital
TEVAR death death rate

Kurimoto et al. (5) 2009/5/1 23 2001-2008 N/A N/A N/A N/A N/A
Chiesa et al. (6) 2010/2/1 24 1999-2009 3 21 73 3 12.50%
Holtetal. (7) 2010/6/1 9 2001-2009 3 6 64 1 11.11%
Geisbiisch et al. (8) 2010/6/1 10 1997-2009 2 8 65 1 10.00%
Canaud et al. (9) 2010/7/1 6 1998-2008 N/A N/A N/A 0 0.00%
Kolvenbach et al. (10) 2011/5/1 11 2008-2010 6 5 73 1 9.09%
Vallejo et al. (11) 2012/2/1 27 2002-2010 N/A N/A N/A 8 29.63%
Melissano et al. (12) 2012/3/1 32 1999-2011 N/A N/A N/A 3 9.38%
Fukui etal. (13) 2013/1/20 9 2007-2012 N/A N/A N/A N/A N/A
Preventza et al. (14) 2013/9/1 29 2005-2011 8 21 67 2 6.90%
Shirakawa et al. (15) 2014/2/1 30 1997-2012 1 21 74 1 3.33%
Bernardes et al. (16) 2014/7/1 7 2007-2012 4 3 59 1 14.29%
Roselli et al. (17) 2015/1/1 2 2006-2014 1 11 72 3 13.64%
Hiraoka et al. (18) 2015/1/1 7 2005-2013 N/A N/A N/A 5 71.43%
De Rango et al. (19) 2014/1/1 19 2005-2013 N/A N/A N/A 3 15.79%
Kurimoto et al. (20) 2015/7/1 37 2007-2013 8 29 78 0 0.00%
Gandet etal. (21) 2015/7/1 13 2001-2013 2 13 74 N/A N/A
Cazavet et al. (22) 2016/1/1 17 2002-2014 N/A N/A N/A N/A N/A
Katada et al. (23) 2016/2/1 7 2012-2014 2 5 73 0 0.00%
Ziza etal. 24) 2016/6/1 17 1998-2013 N/A N/A N/A 3 17.65%
Tsilimparis et al. (25) 2016/6/1 10 2011-2014 5 5 67 0 0.00%
Bockler et al. (26) 2016/6/1 7 2009-2010 N/A N/A N/A 1 14.29%
Narita etal. (27) 2016/7/1 35 2008-2014 5 30 79 2 571%
Faure et al. (28) 2016/7/1 11 2005-2015 N/A N/A N/A N/A N/A
Yoshitake et al. (29) 2016/10/1 23 2011-2015 3 20 76 1 4.35%
Pecoraro et al. (30) 2017/6/1 2 2006-2015 9 17 72 2 7.69%
Canaud etal. (31) 2017/8/1 16 2013-2016 N/A N/A 75 N/A N/A
Wang etal. (32) 2017/10/1 2 2009-2016 2 20 61 0 0.00%
Roselli et al. (33) 2018/4/1 39 2006-2016 16 23 72 5 12.82%
Toya etal. (34) 2018/11/1 8 2015-2016 3 5 73 0 0.00%
Zhuetal. (35) 2019/1/1 5 2015-2017 N/A N/A N/A N/A N/A
Hosaka et al. (36) 2019/1/1 2 2009-2013 N/A N/A N/A 0 0.00%
Huang etal. (37) 2019/1/20 2 2012-2017 0 2 54 1 4.55%
Yamauchi et al. (38) 2019/3/1 7 2012-2017 N/A N/A N/A N/A N/A
Ryomoto et al. (39) 2019/8/1 9 2010-2017 N/A N/A N/A N/A N/A
Piffaretti et al. (40) 2019/11/1 6 2011-2015 3 3 69 N/A N/A
Tsilimparis et al. (41) 2020/5/1 12 2011-2017 N/A N/A N/A 1 833%
De Leon etal. (42) 2020/6/27 60 2007-2015 N/A N/A N/A N/A N/A
Kuo et al. (43) 2020/9/1 13 2016-2017 1 9 64 0 0.00%
Tinelli et al. (44) 2020/10/1 6 2009-2018 N/A N/A N/A 1 16.67%
Ferndndez-Alonso 2020/11/1 6 2014-2020 N/A N/A N/A 1 16.67%
etal. (45)
Chassin-Trubert et al. 2021/2/1 42 2004-2018 7 35 70 6 14.29%
(46)
Lietal. (47) 2021/3/1 43 2015-2019 14 29 64 0 0.00%
Planer et al. (48) 2021/3/4 28 N/A 6 2 72 2 7.14%
Dake et al. (49) 2021/6/1 8 N/A 1 7 73 2 25.00%
Seguchi et al. (50) 2021/6/25 7 2016-2019 1 6 83 0 0.00%
Lietal. (51) 2021/8/1 16 2009-2011 0 16 55 1 6.25%
Lietal. (52) 2021/8/24 37 2016-2019 7 30 70 2 5.41%
Hanna et al. (53) 2021/11/1 6 2009-2019 N/A N/A N/A N/A N/A
Barnes et al. (54) 2021/11/12 6 2011-2019 N/A N/A N/A 1 16.67%
Kudo etal. (55) 2021/11/20 40 2010-2020 12 28 79 1 2.50%
Chen et al. (56) 2021/12/29 51 2010-2019 N/A N/A N/A 0 0.00%
Eleshra et al. (57) 2022/1/31 8 2012-2016 1 7 70 1 12.50%

N/A, not available, which means the specific information was not available or could not be extracted from manuscripts; TEVAR, thoracic endovascular aortic repair.
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Pathologies

Aneurysm

Dissection

IMH 56 8.81%
PAU 10 1.57%
Kommerell’s diverticulum 6 0.94%
Traumatic rupture of aorta 3 0.47%

PAU, penetrating atherosclerotic ulcer; IMH, intramural hematoma.
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Comorb No. of cases (n

Smoking 164/373

Diabetes 65/396 16.41%
Hypertension 352/442 79.64%
ASA > 11 69/106 65.09%
CHF 25/147 17.01%
COPD 114/401 28.43%
Renal insufficiency 73/521 14.01%
CVD 99/545 18.17%
Dyslipidemia 90/213 42.25%
Peripheral vascular occlusive disease 44/217 20.28%
End-stage renal disease 5/77 6.49%
CAD 149/452 32.96%
Concomitant malignancy 15/56 26.79%
Connective tissue diseases 6/68 8.829%

ASA, American Society of Anesthesiologists classification; CHE, congestive heart failure;
COPD, chronic obstructive pulmonary disease; CVD, cerebrovascular diseases; CAD,
coronary artery disease.
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Characteristic Total cohort Weekday Weekend Holiday P-value

(n=499) (n=320) (n=128) (n=51)
Age (years) 5279 (11.88) 52.56 (11.94) 53.73 (11.90) 53.90 (11.69) 0.549
Sex (male) 352 (70.54) 229 (71.6) 92 (71.9) 31 (60.8) 0.272
Hypertension 388 (77.76) 249 (77.8) 95 (74.2) 44 (86.3) 0.216
Coronary disease 52(10.42) 34(10.6) 12 (9.4) 6(11.8) 0.877
Diabetes mellitus 13 (2.61) 10 (3.1) 1(0.8) 2(3.9) 0.230
Marfan syndrome 7 (1.40) 5(1.6) 2(1.6) 0(0.0) 1.000
History of cardiac surgical treatment 14 (2.81) 10 (3.1) 4(3.1) 0(0.0) 0.216
History of stroke 29 (5.81) 16 (5.0) 8(6.3) 5(9.8) 0.429
Peripheral vascular disease 6(1.20) 4(1.3) 1(0.8) 1(2.0) 0.666
Heart failure 18 (3.61) 13 (4.1) 2(1.6) 3(5.9) 0.251
COPD 4(0.80) 2(0.6) 2(1.6) 0(0.0) 0.561
Dyslipidemia 8(1.60) 5(1.6) 2(1.6) 1(2.0) 0.872
Massive pericardial effusion 10 (2.00) 6(1.9) 4(3.1) 0(0.0) 0.247
Chronic kidney disease 13 (2.61) 8(2.5) 4(3.1) 1(2.0) 0.890
WBC (10°/1) 10.59 10.61 10.45 11.30 0.650
(8.50-12.72) (8.53-12.72) (7.99-12.77) (8.97-12.71)
HGB (g/L) 123.00 126.00 119.50 119.00 0.129
(109.00-135.00) (110.00-136.00) (108.00-134.00) (108.00-134.00)
PLT (10°/L) 152.00 154.00 148.00 161.00 0.507
(123.00-190.50) (126.25-192.75) (120.00-187.50) (122.00-200.00)
PT (s) 13.10 13.00 13.10 13.50 0.393
(12.10-14.40) (12.10-14.30) (12.00-14.80) (12.40-14.60)
APTT (s) 30.80 30.50 30.80 31.30 0.684
(28.20-35.03) (28.10-35.13) (28.30-34.40) (28.50-35.75)
DD (jg/ml) 251 2.44 241 433 0.078
(1.06-5.45) (1.03-4.97) (1.03-5.40) (1.87-8.98)
ALT (U/L) 19.00 20.00 17.50 22.00 0.136
(13.00-34.00) (13.00-36.25) (12.00-27.00) (13.00-37.00)
AST (U/L) 26.00 27.00 24.00 26.50 0.922
(17.00-52.00) (17.00-52.00) (16.00-61.00) (19.00-52.25)
SCr (umol/L) 84.00 85.00 84.00 80.00 0.475
(65.00-115.00) (65.00-114.00) (65.00-125.00) (63.00-116.00)
CTnI (ng/L) 13.16 12.94 18.72 9.71 0.811
(2.52-333.64) (2.42-288.93) (2.95-719.08) (1.50-365.35)
NT-proBNP 1057.00 912.60 1677.00 908.55 0.069
(459.45- (512,60~ (519.13— (347.38-
2242.50) 1909.00) 3430.50) 2596.50)
Time from symptom onset to be hospitalized (h) 15.00 15.00 14.50 12.00 0.770
(9.00-24.00) (9.00-24.00) (10.00-24.00) (8.00-24.00)

Values are presented as the mean (SD), median (IQR), or number of patients (%).

COPD, chronic obstructive pulmonary disease; SD, standard deviation; IQR, interquartile range. WBC, white blood cell counts; HGB, hemoglobin; PLT, platelet; PT, prothrombin time;
APTT, activated partial thromboplastin time; DD, D-Dimer; ALT, alanine aminotransferase; AST, aspartate aminotransferase; SCr, serum creatinine; CTn I, cardiac troponin [; n-terminal
pro-brain natriuretic peptide, NT-proBNP.
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Variable Total cohort Weekday Weekend Holiday P-value

(n=499) (n=320) (n=128) (n=51)
CPB time (min) 221.50 225.50 224.00 207.50 0.300
(191.25-267.00) (192.00-268.50) (191.50-271.25) (184.74-255.25)
Operation time (min) 505.00 505.00 510.00 460.00 0.134
(440.00-575.00) (445.00-578.75) (440.00-580.00) (430.00-560.00)
Autologous blood transfusion (ml) 573.69 573.69 573.69 573.69 0.785
(500.00-573.69) (500.00-573.69) (500.00-573.69) (500.00-573.69)
PRBC transfusion (U) 4.00 4.00 4.00 4.00 0.496
(2.00-4.20) (2.00-4.20) (2.00-4.20) (2.00-4.20)
Plasma transfusion (mL) 500.00 500.00 500.00 400.00 0.462
(400.00-600.00) (400.00-647.50) (400.00-600.00) (400.00-650.00)
Cryoprecipitate transfusion (U) 17.56 17.56 17.56 17.56 0.923
(16.00-17.56) (16.00-17.56) (16.00-17.56) (16.00-17.56)
Platelet transfusion (U) 2.00 2.00 2.00 2.00 0.735
(1.96-2.00) (1.96-2.00) (1.96-2.00) (1.96-2.00)
Concomitant operation
Bentall 64 (12.83) 37 (11.6) 21 (16.4) 6(11.8) 0.389
CABG 22 (4.41) 17 (5.3) 5(3.9) 0(0.0) 0.109
MVR 4(0.80) 1(0.3) 3(23) 0(0.0) 0.108
Pneumonia 73 (14.6) 44 (13.8) 21(16.4) 8 (15.7) 0.747
Tracheotomy 27 (5.4) 18 (5.6) 6(4.7) 3(5.9) 0.956
Acute kidney injury 146 (29.3) 98 (30.7) 35(27.3) 13 (25.5) 0.654
CRRT 59 (11.8) 39 (12.2) 14 (10.9) 6(11.8) 0.955
Stroke 24 (4.8) 13 (4.1) 8(6.3) 3(5.9) 0.668
Hepatic hypofunction 105 (21.1) 63 (19.7) 31 (24.4) 11 (21.6) 0.538
Gastrointestinal bleeding 23 (4.6) 23(3.8) 8(6.3) 3(5.9) 0.496
Multisystem organ failure 42(8.4) 23(7.2) 15(11.7) 4(7.8) 0319
Surgical intervention time (T) 0.096
T<48h 221 (44.3) 142 (64.3) 50 (22.6) 29 (13.1)
T>48h 278 (55.7) 178 (64.0) 78 (28.1) 22(7.9)
Daytime or Nighttime 0.001
Daytime 227 (45.5) 108 (33.8) 80 (62.5) 39 (76.5)
Nighttime 272 (54.5) 212 (66.2) 48 (37.5) 12 (23.5)
Clinical outcomes 0.740
Cure 380 (76.2) 248 (77.5) 93 (72.7) 39 (76.5)
Automatic discharge 69 (13.8) 44 (13.8) 19 (14.8) 6(11.8)
Death 50 (10.0) 28 (8.8) 16 (12.5) 6(11.8)
ICU stay (d) 5.00 5.00 5.00 5.00 0.826
(3.00-7.00) (3.00-7.00) (3.00-7.00) (4.00-7.00)
Hospital stay (d) 19.00 19.00 19.00 19.00 0.694
(14.00-23.00) (14.00-23.75) (14.00-23.00) (15.00-24.00)
7-day mortality 28 (5.6) 15 (4.7) 10 (7.8) 3(5.9) 0.515
In-hospital mortality 50 (10.0) 28 (8.8) 16 (12.5) 6(11.8) 0.451

Bentall, aortic valve replacement with a valved conduit; CABG, coronary artery bypass grafting; MVR, mitral valve replacement; CPB, cardiopulmonary bypass; PRBC, packed red blood
cell; CRRT, continuous renal replacement therapy.
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Variable

Age (years)

Sex (male)
Hypertension
Coronary disease
Diabetes mellitus
Marfan syndrome

History of cardiac surgical
treatment

History of stroke
Peripheral vascular disease
Heart failure

COPD

Dyslipidemia

Massive pericardial
effusion

Chronic kidney disease
WBC (10°/L)

HGB (g/L)
PLT (10°/L)
PT (s)

APTT (s)

DD (jug/ml)
ALT (U/L)
AST (U/L)
SCr (nmol/L)
CTn1I(ng/L)
NT-proBNP

Time from symptom onset
to be hospitalized (h)

Daytime
(n=227)
53.04 (11.69)
163 (71.8)
180(79.3)
27 (11.9)
5(2.2)
4(1.8)
5(22)
16 (7.0)
2(0.9)
9 (4.0)
2(0.9)
5(2.2)
1(0.4)

8(3.5)
10.40
(8.06-12.60)
122.00
(111.00-134.00)
158.50
(124.25-196.75)
13.20
(12.10-14.40)
30.20
(28.10-34.15)
2.09
(0.94-4.84)
18.00
(12.00-30.00)
23.00
(16.00-46.00)
80.00
(63.00-115.00)
10.10
(2.63-332.82)
1727.00
(645.30-3317.00)
15.00
(10.00-24.00)

Nighttime
(n=272)

52.97 (12.09)
189 (69.5)
208 (76.5)

25(9.2)
8 (3.0)
3(1.1)
9(3.3)

13 (4.8)
4(1.5)
9(3.3)
2(0.7)
3(1.1)
9(3.3)

5(1.8)
10.79
(8.79-12.81)
124.00
(108.00-138.00)
146.50
(122.00-185.75)
13.10
(12.10-14.43)
31.30
(28.30-35.83)
2.99
(1.20-5.95)
21.00
(13.00-37.00)
29.0
(18.25-59.75)
89.00
(66.00-115)
19.74
(2.33-341.25)
794.95
(436.08-1569.69)
14.00
(9.00-24.00)

P-value

0.949
0.571
0.450
0.325
0.601
0.809
0.456

0.281
0.850
0.696
1.000
0.538
0.050

0.239
0.650

0.330

0.146

0.926

0.056

0.006

0.057

0.005

0.175

0.651

0.001

0.165

Intervention time <48 h

(n=221)

52.01 (11.93)
160 (72.4)
177 (80.1)

20 (9.0)
5(2.3)
1(0.45)
6(2.7)

11 (5.0)
3(1.4)
9 (4.1)
1(0.5)
4(1.8)
3(14)

4(1.8)
11.60
(9.33-13.42)
127.00
(110.00-139.00)
147.00
(120.00-184.00)
13.30
(12.20-14.60)
32.0
(28.90-36.60)
433
(2.36-11.59)
22.00
(14.00-39.50)
35.00
(22.00-76.00)
90.00
(69.00-124.00)
24.67
(2.88-445.87)
909.20
(520.70-1732.00)
10.00
(7.00-17.00)

Intervention time > 48 h

(n=278)

53.78 (11.83)
192 (69.1)
211 (75.9)
32(11.5)

8(2.9)
7 (2.52)
8(2.9)

18 (6.5)
3(1.1)
9(3.2)
3(1.1)
4(1.4)
7(2.5)

9(3.2)
10.11
(9.37-13.41)
121.00
(108.00-133.00)
158.00
(127.00-200.00)
13.00
(12.10-14.20)
29.70
(27.80-33.35)
1.56
(0.79-2.94)
17.00
(11.25-29.75)
21.00
(15.00-38.00)
80.00
(63.00-106.75)
10.24
(2.04-264.04)
1245.50
(482.13-2672.25)
24.00
(12.00-48.00)

P-value

0.098
0.417
0.263
0.371
0.664
0.068
0913

0.478
1.000
0.619
0.633
0.737
0.524

0.320
0.001

0.004
0.038
0.149
0.001
0.001
0.002
0.001
0.002
0.317
0.337

0.001
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Categories

Mortality at follow-up, n (%)
30-day

3 months

6 months

12 months

Reoperation at 12 months, n (%)
TEVAR

EVAR

Aortic root reoperation

Aortic arch reoperation

Aortic root events at 12 months 1 (%)
Aortic root dilation

Moderate or severe Al

Eversion technique (n = 64)

4(6.3)
6(9.4)
6(9.4)
6(9.4)

2(3.1)

1(1.6)

1(1.6)
0(0)

1(1.6)
0

Sandwich technique (n = 79)

5(6.3)
6(7.6)
7(89)
7(89)

3(3.8)
0(0)
1(13)
0(0)

1(13)

TEVAR, thoracic endovascular aortic repair; EVAR, endovascular abdominal aortic repair; A, aortic valvular insufficiency.

P-value

0.98
0.72
0.92
0.92

0.83
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Acute type A aortic dissection (n=561)

Excluded (n=62)

© Symptoms onset >7 days; (n=47)
»  Non-total arch replacement; (n=7)
* Intraoperative death; (n=3)

“ Older than 80 years; (n=95)

Enrolled patients (n=499)

A\

\4

A4

Weekdays (n=320)

Daytime (n=227)

Weekends (n=128)

Nighttime (n=272)

Intervention Time
<48 h (n=221)

v

Working hours (n=108)

Holidays (n=51)

Off-hours (n=391)

Intervention Time
>48 h (n=278)
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Categories Eversion technique (n = 64) Sandwich technique (n = 79) P-value

Operation time, min, M £ SD 466 £ 73 513 £ 81 < 0.001
CPB time, min, M £+ SD 195 £ 26 211+ 40 0.003
ACC time, min, M £+ SD 120 £23 134+ 27 0.002
PA time*, min, M £ SD 38+ 12 58 + 20 < 0.001
CAtime, min, M £+ SD 22+38 24+ 6 0.085
Temperature,”C, M &= SD 267 +1.1 26,5+ 1.1 0.33
FFP transfusion, n (%) 0.002
< 600 ml 57(89.1) 52 (65.8)

> 600 ml 7(10.9) 27 (34.2)

PRBC transfusion, u, median (IQR) 4(4) 4(4) 0.91

CPB, cardiopulmonary bypass; ACC, aortic cross-clamp; PA, proximal anastomosis; CA, circulatory arrest; FFP, fresh frozen plasma; PRBC, packed red blood cell; IQR, interquartile range.
*PA time was defined as the time interval from the beginnings of aortic cross-clamp to circulatory arrest of the lower part of the body.
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Categories

First day drainage, ml, median (IQR)
Reoperation for bleeding, n (%)
Ventilation, h, median (IQR)
Hospital stay time, d, median (IQR)
Paraplegia, n (%)

Stroke, n (%)

Gastrointestinal bleeding, 7 (%)
Renal failure, n (%)

Tracheotomy, 7 (%)

IQR, interquartile range.

Eversion technique (n = 64)

350 (350)
0(0)
37.1(45.9)
185 (8)
0(0)
4(6.3)
1(1.6)
4(6.3)
3(47)

Sandwich technique (n = 79)

300 (300)
0(0)
38.3(43.9)
19(8)
1(1.3)
7(8.9)
1(1.3)
5(6.3)
3(3.8)

0.79
0.88
0.98
0.79
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Risk factor

CPB time

PRBC transfusion

Acute kidney injury
Multisystem organ failure
Pneumonia
Weekday/Weekend/Holiday
Daytime/Nighttime
<48h/>48 h

Working hours/Off-hours

Deaths within 7 days Deaths within hospital stay
B HR 95% CI P-value B HR 95% CI P-value
0.010 1.010 1.006-1.014 0.001 0.007 1.007 1.004-1.011 0.001
0.190 1.210 1.094-1.338 0.001 0.115 1122 1.029-1.223 0.009
1.126 3.085 1.302-7.310 0.011 0.855 2423 1.214-4.834 0.012
1.799 6.041 2.400-15.206 0.001 2416 11.200 5.549-22.605 0.001
1.667 5.298 1.437-19.534 0.012 0.933 2542 1.186-5.450 0.016
0.301 1.352 0.791-2.309 0.270 0.136 1.146 0.766-1.716 0.508
0.430 1.538 0.657-3.597 0.321 -0.193 0.825 0.450-1.514 0.534
-0.572 0.564 0.256-1.242 0.155 -0333 0717 0.404-1.271 0.717
1.307 3.695 0.877-15.570 0.075 -0.58 0.944 0.493-1.807 0.861
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Variable

CPB time (min)
Operation time (min)

Autologous blood transfusion
(mL)
PRBC transfusion (U)

Plasma transfusion (mL)

Cryoprecipitate transfusion
)
Platelet transfusion (U)

Concomitant operation
Bentall

CABG

MVR

Pneumonia
Tracheotomy

Acute kidney injury
CRRT

Stroke

Hepatic hypofunction
Gastrointestinal bleeding
Multisystem organ failure
Clinical outcomes

Cure

Automatic discharge
Death

ICU stay (d)

Hospital stay (d)

7-day mortality
In-hospital mortality

Daytime
(n=227)

214.00
(188.00-257.00)

505.00
(445.00-570.00)

573.69
(400.00-573.69)

4.00
(2.00-4.20)

500.00
(400.00-600.00)

17.56
(16.00-17.56)

2.00
(1.96-2.00)

30 (13.2)
10 (4.4)
2(0.9)

35 (15.4)
14 (6.2)

70 (30.8)

30 (13.2)
9 (4.0)

51 (22.6)
7 (3.1)

25 (11.0)

179 (78.9)
27 (11.9)
21(9.2)
5.00 (4.00-7.00)

20.00
(15.00-25.00)

10 (4.4)
21(9.2)

Nighttime
(n=272)

230.00
(195.00-275.00)

502.50
(440.00-580.00)

573.69
(500.00-573.69)

4.00
(3.25-4.20)

500.00
(400.00-615.00)

17.56
(16.00-17.56)

1.98
(1.96-2.00)

34 (12.5)
12 (4.4)
2(0.7)

38 (14.0)
13 (4.8)

76 (28.0)

29 (10.7)
15 (5.0)

54 (19.9)
16(5.9)
17 (6.3)

203 (74.6)

40 (14.7)

29 (10.7)
4.00 (3.00-7.00)

18.00
(14.00-22.00)

18 (6.6)
29 (10.7)

P-value Intervention time <48h

0.007

0.680

0.932

0.041

0.288

0.966

0.008

0.893
1.000
1.000
0.703
0.554
0.553
0.406
0.530
0.508
0.198
0.074
0.531

0.010
0.007

0.332
0.601

(n=221)

226.00
(195.25-269.75)

505.00
(445.00-580.00)

573.69
(500.00-573.69)

4.00
(2.00-5.50)

500.00
(400.00-725.00)

17.56
(16.00-17.56)

2.00
(1.96-2.00)

29(13.1)
7(3.2)
2(0.9)

31 (14.0)
12 (5.4)

54 (24.4)

24 (10.9)
14 (6.3)

48 (21.7)
13 (5.9)
18 (8.1)

173 (78.3)
29 (13.1)
19 (8.6)
4.00 (3.00-7.00)

18.00
(14.00-22.00)

11 (5.0)
19 (8.6)

Intervention time > 48 h
(n=278)

216.00
(189.25-266.75)

500.00
(440.00-575.00)

573.69
(400.00-573.69)

4.00
(2.00-4.00)

500.00
(400.00-600.00)

17.56
(16.00-17.56)

2.00
(1.96-2.00)

35(12.6)
15 (5.4)
2(0.7)
42 (15.1)
15(5.4)
92 (33.1)
35 (12.6)
10 (3.6)
57 (20.6)
10 (3.6)
24 (8.6)

212 (76.3)

35 (12.6)

31 (11.1)
5.00 (4.00-7.00)

20.00
(15.00-24.25)

17(6.1)
31(11.1)

P-value

0.247

0.429

0.054

0.058

0.345

0.800

0.525

0.860
0.228
1.000
0.734
0.987
0.035
0.552
0.156
0.756
0.222
0.845
0.639

0.017
0.018

0.583
0.345
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Variable

CPB time (min)

Operation time (min)

Autologous blood transfusion (ml)

PRBC transfusion (U)

Plasma transfusion (mL)

Cryoprecipitate transfusion (U)

Platelet transfusion (U)
Concomitant operation
Bentall

CABG

MVR

Pneumonia
Tracheotomy

Acute kidney injury
CRRT

Stroke

Hepatic hypofunction
Gastrointestinal bleeding
Multisystem organ failure
Clinical outcomes

Cure

Automatic discharge
Death

ICU stay (d)

Hospital stay (d)

7-day mortality
In-hospital mortality

Working
hours(n = 108)

215.00 (187.75-262.25)
520.00 (460.00-578.75)
573.69 (500.00-573.69)
4.00 (2.00-4.20)
534,10 (400.00-650.00)
17.56 (16.00-17.56)
2.00 (1.96-2.00)

12 (11.1)
7(6.5)
0(0.0)

16 (14.8)
8(7.4)

39(36.1)

18 (16.7)
3(2.8)

23(21.3)
1(0.9)
10(9.3)

84 (77.8)
12(1L.1)
12(11.1)

5,00 (4.00-8.00)
21.00 (15.00-25.00)
2(1.9)
12(1L.1)

Off-hours
(n=391)

225.00 (193.75-270.25)
500.00 (440.00-575.00)
573.69 (500.00-573.69)
4.00 (2.00-4.20)
500.00 (400.00-600.00)
17.56 (16.00-17.56)
2.00 (1.96-2.00)

52 (13.3)
15 (3.8)
4(1.0)

57 (14.6)
19 (4.9)

107 (27.4)

41 (10.5)
21 (5.4)

82(21.0)
22(5.9)
32(8.2)

296 (75.7)
57 (14.6)
38(9.7)

5.00 (3.00-7.00)
18.00 (14.00-23.00)
26 (6.6)
38(9.7)

P-value

0.107
0.125
0.381
0.171
0.761
0.834
0.017

0.547
0.286
0.582
0.951
0.300
0.080
0.080
0.265
0.951
0.038
0.722
0.623

0.011
0.059
0.059
0.670
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Variable 2015.01-2016.12 2017.01-2018.12 2019.01-2020.12 2021.01-2022.03 P-value
(n=134) (n=163) (n=107) (n=95)

7-day mortality 13 (9.7) 6(3.7) 4(3.7) 5(5.3) 0.106
In-hospital mortality 16 (11.9) 13 (8.0) 12 (11.2) 9(9.5) 0.681
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CSB (n=41) CG (n=29) SBSG (n=21) PMF (n=14)

Variable
General anesthesia [1, (%)] 41 (100%) 28 (96.6%) 21 (100%) 14 (100%) 0610°
time (min) 4662272 5520+242 7093 %317 5955339 0001°
Amount of contrast (ml) 14976 £ 7.33 200.52 + 649 25059775 21512723 <0.001"
EBL (ml) 2200 (2100-232.5) 90.0 (85.0-102.5) 130.0 (1200-135.0) 120 (100.0-132.5) <0.001°
Operation time (min) 3417:78.7 179.7+53.9 213681 250.7 +88.7 <0001
Endoleak [, (%)] 0 (0%) 2 (69%) 0 (0%) 1(7.1%) 0119
SGRC [n, (%)] 0 (0%) 0 (0%) 0 (0%) 0 (0%) -
Surgical success 41 (100%) 29 (100%) 21 (100%) 14 (100%) =

Continuous data are shown as means (standard deviations) or medians (interquartile ranges), and categorical data are shown as numbers (%). EBL, estimated blood loss;
SGRC, stent-graft related complication including fold, twist, and narrow; Tukey's test and Games-Howell test in footnotes b and d only represent the homogeneity of
variance test among the four groups, and P-value only represents the results of one-way analysis of variance; P<0.05 was considered statistically significant.

*Fisher's exact test.
“Tukey's test.
“Kruskal-Wallis H test.
dc:ames—Howell test
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Variable CSB vs. CG | CSB vs. SBSG | CSBvs.PMF | CG vs. SBSG | CG vs. PMF | SBSG vs. PMF

Emergency Adjusted P 0.430 0.007 0297 0061 1.000 0129
EBL Adjusted P <0.001 <0.001 <0.001 0007 0033 0277
Symptoms of limb ischemia | Adjusted P 1.000 0545 0031 0503 0077 0.008
Follow-up time Adjusted P 0.121 <0.001 0003 0008 0248 0.001
Fluoroscopic time P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Amount of contrast P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Operation time P <0.001 <0.001 0004 0241 0082 0417

EBL, estimated blood loss. Adjusted P < 0.0083 was considered statistically significant: P< 0.05 was considered statistically significant.
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Variable CSB (n=41) CG (n=29) SBSG (n=21) PMF (n = 14)

Chest or back pain 32 (78.0%) 22 (75.9%) 17 (81.0%) 11 (78.6%) 0.986"
NYHA class
1 | 28 (68.3%) [ 18 (62.1%) | 18 (85.7%) | 9 (643%) | 0.320°
>0 | 13 GL7%) [ 11(37.9%) | 3 (143%) | 5 (35.7%) [
Preoperative echocardiography
Aortic regurgitation 13 (31.7%) 8 (27.6%) 4 (19.0%) 4 (28.6%) 0.784"
Mitral regurgitation 12 (29.3%) 6 (207%) 4 (19.0%) 5 (35.7%) 0618
Pulmonary 4(98%) 2 (69%) 2 (9.5%) 2 (15.4%) 0847
LVEF (%) 60.0 (58.4-65.0) 61.0 (60.0-63.0) 63.0 (58.5-66.0) 60.5 (58.5-64.5) 0.892¢
Preoperative CTA
Aortic diameter (mm) 29.0 (27.0-31.0) 28.0 (26.0-30.0) 29.0 (27.0-30.0) 28.5 (26.8-30.3) 0.255¢
LSA diameter (mm) 95 (9.0-10.0) 9.5 (9.0-10.5) 100 (9.0-11.0) 9.0 (85-10.0) 0.176°
LSA-LCCA distance (mm) 10.0 (9.5-11.0) 105 (10.0-11.5) 11.0 (10.0-12.0) 10.5 (10-11.3) 0.149°
Urgency
Emergency 15 (36.6%) [ 8 (27.6%) [ 1(48%) | 3 (214%) | 002"
Elective [ 26 (63.4%) | 21 (72.4%) [ 20 (95.2%) | 11 (78.6%) [
Continuous data are shoy d data are shown as numbers (%). CTA, computed tomography angiography; LVEF, left ventricle

eection fracto; LSA, left subclavian artery; LCCA, left common caratid artery: P<0.05 was considered statitically sgnificant.
*Fisher's Exact test.

“Pearson Chi-Square test

“Kruckal - Wallis H test
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Variables CSB (n=41) CG (n=29) SBSG (n=21) PMF (n=14) P-value

Male sex 31 (75.6%) 21 (72.4%) 18 (85.7%) 12 (85.7%) 0675
Age (years) 540 (47.5-63.5) 57.0 (515-66.55) 510 (47-55.5) 49.0 (448-66.0) 0187
Weight (kg) 68.85+939 67.85+ 1144 72.79+9.48 7079 +9.89 0338°
@ T

Hypertension 33 (80.5%) 26 (89.7%) 17 (81.0%) 11 (78.6%) 0694
Hyperlipidemia 15 (36.6%) 8 (27.6%) 6 (28.6%) 5 (35.7%) 0835¢
Diabetes mellitus 10 (244%) 6(20.7%) 4(19.0%) 3 (21.4%) 0972
CAD 6 (14.6%) 5(17.2%) 3(143%) 2 (14.3%) 0987
CoPD 3 (73%) 1(3.4%) 1 (48%) 0 (0%) 0855°
CKD 1(2.4%) 1 (3.4%) 0 (0%) 0 (0%) 0.648"
CVA 2 (49%) 2 (6.9%) 1 (4.8%) 1(7.1%) 0967"
Arthythmia 11 (268%) 4(138%) 4(19.0%) 3 (21.4%) 0633
Myocardial infarction 1(2.4%) 1 (3.4%) 0 (0%) 1(7.1%) 0.645"
PAD 4(98%) 1 (3.4%) 0 (0%) 0 (0%) 0379*
Previous heart surgery 1(24%) 2 (6.9%) 1 (48%) 0 (0%) 0896"
Smoking 21 (51.2%) 18 (62.1%) 12 (57.1%) 8 (57.1%) 0654"
Drinking 12 (293%) 10 (34.5%) 9 (42.9%) 7 (50.0%) 0.498°

Continuous data are shown as means (standard deviations) or medians (interquartile ranges), and categorical data are shown as numbers (). CAD, coronary heart disease;
COPD, chronic obstructive pulmonary disease chronic; CKD, chronic kidney disease; CVA, cerebrovascular accident; PAD, peripheral vascular disease. P<0.05 was
considered statistically significant

*Fisher's exact test.

Kruskal-Wallis H test.

“Tukey's test.

Pearson’s chi-square test.
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Cases Branches with SGs DA 1A RSA RCCA LCCA/(LSA-LCCA)* RCCA+LCCA/(RCCA +LSA)*

Casel  TA&LCCA t 4 t i t 4
(833~86.4%)  (9.9~8.9%) (11.6~9.0%)
Case2  IA&LSA 4 1 1 4 1 1
(75.5~70.6%) (15.7~19.5%) (5.5~6.8%)"
Case3  TA&LCCA - i i = t t
(69.6~70.0%)  (17.9~16.8%) (13.4~22.1%)
Cased  TAKLCCA 1 t 4 t t t
(83.8~85.4%)  (8.2~9.8%) (5.8~9.9%)
Case5  TA&KLSA t 4 4 4 I 1
(77.2~85.6%)  (12:8~9.2%) (8.2~8.9%)"
Case6  IAKLCCA + 4 4 4 4 1 (13.9~9.4%)
(70.7~84.7%)  (159~9.7%)
Case7  TA&LCCA t i 4 4 - &
(77.0~862%)  (11.4~7.6%) (14.0~11.2%)
Case8  TA&LSA 1 + 4 4 NA 4
(622~795%)  (198~9.4%) (21.9~16.6%)*

cases with LSA-LCCA bypass; *, perfusion of RCCA + LSA; 1, increa
ominate artery; LCCA, left common carotid artery;

4, decreaseds -, unchanged; NA, ot avalable (occluded Ieft internal carotd arery preoperatively): DA,
CCA, right common carotid arter ubclavian artery; RSA, right subclavian artery

nt-grafts.
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Variable CSB (n=41) SBSG (n=21) PMF (n=14) P-value

Mortality 0 (0%) 0 (0%) 0 (0%) 0 (0%) -
Symptoms of limb ischemia 0 (0%) 0 (0%) 0 (0%) 0 (0%) "
Stroke 0 (0%) 1 (3.4%) 0 (0%) 1(7.1%) 0.258"
Hematoma 5 (12.2%) 1 (3.4%) 0 (0%) 1(7.1%) 0317
Paraplegia 0.(0%) 0.(0%) 0 (0%) 0 (O%) -
Pneumonia [n, (%)] 5 (12.2%) 2 (6.9%) 2 (9.5%) 1(7.1%) 0.958"
LSA steal syndrome [n, (%)] 1(24%) 1 (3.4%) 0 (0%) 0 (0%) 1.000"
Lymphatic leakage [, (%)] 0 (0%) 0.(0%) 0.(0%) 0 (0%) -
Neurologic injury (1, (%)] 12a%) 0 0%) 0(0%) 0 (O%) 1000
Blood transfusion [n, (%)] 6 (14.6%) 3 (10.3%) 1 (4.8%) 1(7.1%) 0.647"
Stent-associated infection 0.0%) 0 (0%) 0 (0%) 0 (0%) -
Reintervention [, (%)] 0 (0%) 0 (0%) 0 (0%) 0 (0%) -
Length of ICU (h) 3638 +19.17 31.10 +20.05 26.55 +13.76 29.79 +19.31 0.198°
Length of hospital stay (days) 9.63 %346 872+3.76 7.71£3.20 9.21+2.49 0.204°

Continuous data are shown as means (standard deviations), and categorical data are shown as numbers (%). LSA, left subclavian artery; ICU, intensive care unit; Footrote b
only represents the homogeneity of variance test among the four groups, and P-value only represents the results of one-way analysis of variance; P < 0.05 was considered
statistically significant

*Fisher’s exact test.

Tukey's test.
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Categories

Age,y, M = SD

Male, 1 (%)

BW, kg, M + SD

Drinking, n (%)

Smoking, 1 (%)
Hypertension, 1 (%)

Cerebral disease history, 1 (%)
Diabetes mellitus, n (%)

LVEF < 0.45

Albumin, g/L, M £ SD
Hyperlipidemia, 1 (%)
Hepatic dysfunction, 1 (%)
1IA occlusion, 1 (%)

TIA, n (%)

SCr, pmol/L, median (IQR)
Cys-C, mg/L, median (IQR)
D-Dimer, jLg/ml, median (IQR)

Eversion technique (n = 64)

513+11.7
50 (78.1)
76.1 £13.1
22 (34.4)
30 (46.9)
48 (75.0)
6(9.4)
2(3.1)
2(3.1)
367 £42
8 (12.5)
10 (15.6)
1(1.6)
2(3.1)
77 (34.5)
0.885 (0.36)
2.02 (3.00)

Sandwich technique (n = 79)

50.0 9.0
59 (74.7)
784+ 141
24 (30.4)
31(392)
64 (81.0)
6(7.6)
2(2.5)
3(3.8)
358+ 46
9(11.4)
22 (27.8)
1(13)
3(3.8)
91 (68.0)
0.94 (0.52)
261 (3.77)

P-value

0.48
0.63
0.33
0.61
0.36
0.39
0.70
1.00
1.00
0.22
0.84
0.081
1.00
1.00
0.060
0.15
0.52

BW, body weight; ITA, internal iliac artery; TIA, transient ischemic attack; SCr, serum creatinine; Cys-C, cystatin C; IQR, interquartile range.
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Cases

43

13

2
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2

13

31
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Types of arch
anomalies

ARSA (5), bovine (32), right
arch (3), ILVA (3)

ARSA, bovine, right arch,
ILVA

ARSA

ARSA

ARSA

ARSA

Bovine;
ILVA

ILVA
ILVA

Stanford

Non-A, Non-B
A(15)

Non-A Non-B (7)
B

A

B
A(20),B(1)

Operative procedure

Opening graft replacement
Not mentioned

Total Endovascular
Treatment
TEVAR and extra anatomic

bypass hybrid procedure
TAR + SET

Endovascular repair
Opening graft replacement
(22); TEVAR (2)

ILVA-LCCA bypass + TAR +
SET

TEVAR

TAR
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l AAAD surgery (n=435) ]

Inclusion
- aortic root involved

- TAT+FET
- cannulation: RAXA and FA
- cerebral perfusion: b-ACP

Exclusion
- congenital connective tissue discase

- concomitant CABG or valve replacement

- concomitant root replacement

1

4

[ patients included (n=143) ]

Techniques for proximal anastomosis
- adventitial eversion and prosthesis eversion technique

- double patch sandwich technique with Teflon felt

!

The eversion technique group (n=64) I

}

I The sandwich technique group (n=79) I
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TAR Right hemi-arch replacement Hybrid technique

TAR with four-branched graft En bloc
ARSA, =23 2 (2-A)+ 5(2-B)+ 3 (2-C) +2 (2-D) 4(2-E) 7(2-F)
Bovine, n = 35 10(3-A) +8 (3-B) 14 2 1
ILVA, n =22 7 (4-A)+10 (4-B) 4 1
Rightarch, =1 1(5-B)

s of the corresponding method. For
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Bovine arch (n = 35) ARSA (n=23) ILVA (n =22) Right Arch (n=1) All (n =81)

Age 4954109 74£117 526497 48 497108
Male gender 28 (80%) 17 (74%) 20(91%) 1(100%) 66(31%)
BMI 26440 26047 245£30 246 248441
Malperfusion syndrome

Cardiac ischemia 6(17%) 0 1(5%) 0 7(9%)
Neurological deficit 6(17%) 3(13%) 2(9%) 0 11(14%)
Upper extremities ischemia 1(3%) 2(8%) 1(5%) 0 4(5%)
Spinal ischemia 1(3%) 0 1(5%) 0 2(2%)
Mesenteric ischemia 8(23%) 3(13%) 5(23%) 0 16 (20%)
Renal ischemia 8 (23%) 5(22%) 6(27%) 0 19(23%)
Lower extremities ischemia 7(20%) 0 1(5%) 0 8(10%)
Dissection type

Debakey 1 28 (80%) 13 (57%) 16 (73%) 0 57 (70%)
Debakey IT 4(11%) 0 2(9%) o 6(7%)
None - A None - B 3(9%) 10(43%) 4(18%) 1(100%) 18(22%)
Al (more than moderate) 14 (40%) 5(22%) 8(36%) 0 27 (33%)
Hypertension 23 (66%) 18 (78%) 17 (77%) 1(100%) 59 (73%)
Diabetes mellitus 0 1(4%) 1(5%) 0 2(2%)
Hyperlipidemia 21 (60%) 14(61%) 10 (46%) 0 45 (56%)
CAD 11 (31%) 7 (30%) 5(23%) 0 23(28%)
Marfan 0 2(9%) 0 0 2(2%)
BAV 1(3%) 0 0 0 1(1%)
History of cardiac surgery 163%) 1(4%) 1(5%) 0 3(4%)
History of TEVAR/EVAR 0 2(9%) 1(5%) 0 3(4%)

Corresponding percentages are given within pai
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Bovine arch (n = 35) ARSA (n=23) ILVA (n =22) Rightarch (n=1) All (n =81)

Site of PIT

Root/Ascending 20/(58%) 10 (43%) 9 (41%) 0 39 (48%)
Aortic arch 11 (31%) 8(35%) 10 (46%) 1(100%) 30 (37%)
Descending 14(11%) 407%) 2(9%) 0 10 (12%)
None 0 1(4%) 1(5%) 0 2(2%)
Cases with CPB 34(97%) 16 (70%) 21 (95%) 1(100%) 72.(89%)
Arterial bypass cannulation

Axillary* 16 (46%) 4(17%) 12 (55%) 0 32 (40%)
Femoral 3(9%) 9(39%) 5(23%) 0 17 21%)
Axillary+Femoral 9(26%) 0 2(9%) 0 11(14%)
Innominate-+Femoral 5(14%) 2(9%) 2(9%) 1(100%) ** 10 (12%)
Aorticarch 1(3%) 1(4%) 0 0 2(2%)
Cases with HCA and SCP 34(97%) 16 (70%) 21 (95%) 1(100%) 72(89%)
RUACP 19 (54%) 5(22%) 10 (46%) 1(100%) 35 (43%)
LUACP 2(6%) 6 (26%) 5(23%) o 12 (15%)
BiACP 13 (38%) 5(22%) 627%) 0 24(30%)
CA time 219492 253492 255489 26 238491
Nadir temperature 232£39 224+£39 218£23 198 225+35
Hybrid procedure 1(3%) 7 (30%) 1(5%) 0 9(11%)
* Axillary or innominate, "RCCA + femoral. Corresponding percentages are given within parentheses. PIT, primary intimal tear; RUACP, right unilateral antegrade cerebral perfusion;

BIAC

LUACP, left unilateral antegrade cerebral perfusior

bilateral antegrade cerebral perfusion.
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Early mortality
Re-exploration
ECMO
Neurologic*
Tracheotomy
Paraplegia

Dialysis

*Stroke, delirium, pa

Bovine arch ARSA
5 (14%) 1.(4%)
3(9%) 0
1(3%) 0
9 (26%) 3(13%)
2(6%) 0
4(11%) 0
8(23%) 3(13%)

nd paraplegia. Corresponding percentages are given within parenthese:

ILVA

1(5%)
2(9%)
1(5%)
1(5%)
0
0
3(14%)

Rightarch

o o oo oo o

All

7(9%)
5 (6%)
2.(2%)

13 (16%)
2.(2%)
4(5%)

14(17%)
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