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Objectives: This study aims to improve fenestrated/branched endovascular aortic repair (F/B EVAR) through fabricating physician-modified stent grafts (PMSG) with short bridging stent to treat complex aortic dissection.



Methods: From November 2018 to January 2024, a total of 82 aortic dissection patients were treated by F/B EVAR combined with short bridging stents, including 19 aortic arch dissection patients and 63 thoracoabdominal aortic dissection patients. Inner or outer short bridging stents were applied to fabricate PMSG with the help of 3D-printing models intraoperatively. All patients underwent postoperative evaluation by enhanced computed tomography in follow-up.



Results: All aortic dissections were successfully repaired. In aortic arch group, the average operative time was 289.2 ± 88.8 min. The perioperative mortality rate was 5.3%. The total reintervention rate was 5.3%. The average follow-up duration of 36.2 ± 9.5 months. The total incidence of endoleak after surgery was 15.8%. In thoracoabdominal aorta group, the average operative time was 345.5 ± 112.0 min. The perioperative mortality rate was 1.6%. The total reintervention rate was 1.6%. The average follow-up duration of 32.4 ± 19.2 months. The total incidence of endoleak after surgery was 11.1%.



Discussion: The application of short bridging stents has shown promising results in reducing endoleak rates after F/B EVAR. 3D-printing is a feasible way to assist the precise fenestration and design of short bridging stents. However, the safety and reliability of this method need to be further validated.
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1 Introduction

Aortic dissection (AD) is one of the most common life-threatening aortic diseases that often requires timely surgical intervention (1, 2). The complex aortic dissection, which involved major arterial branches, usually creates intricate anatomical challenges for surgeons. Currently, the main treatments for aortic dissection include open surgery and endovascular aortic repair (EVAR) (3). In contrast with open surgery, EVAR shows shorter hospital stays, lower complication rates, and reduced mortality (4). With the advancement of complex endovascular techniques, fenestrated/branched endovascular aortic repair (F/B EVAR) has been developed to address complex aortic dissection involving branch arteries (5). F/B EVAR can be applied in complex anatomical conditions, restoring blood flow in a manner consistent with normal physiology (6, 7). However, F/B EVAR also faces challenges, such as high incidences of type I and III endoleaks particularly in multiple fenestrations. Moreover, F/B EVAR is primarily used for the repair of aortic aneurysms (8, 9), with less practice and reporting in the repair of AD.

This study improved the traditional F/B-EVAR by combining short bridging stents with the main body stent graft to create physician-modified stent grafts (PMSG) with the help of 3D printed model. For complex aortic dissections involving multiple branch arteries, the PMSGs with short bridging stents has shown to effectively repair dissection and reduce the incidence of endoleaks after F/B-EVAR.



2 Materials and methods


2.1 General information of patients

From November 2018 to January 2024, a total of 82 AD patients were treated by F/B EVAR combined with short bridging stent. The inclusion criteria for patients were as follows: (1) Dissection involving the branches of the arch or abdominal aorta; (2) The entry tear of the dissection was less than 1 cm away from the involved branch artery; (3) Patients have no contraindications to F/B EVAR; (4) Patients did not undergo EVAR before. The exclusion criteria included: (1) The entry tear of the dissection was 1 cm or more away from the involved branch artery; (2) Patients who were pregnant; (3) Patients with other serious diseases (such as tumors or severe infections); (4) Patients who refused F/B EVAR. Finally, 19 patients (17 males and 2 females) with aortic arch dissections involving branches, were included in aortic arch group. 63 patients (58 males and 5 females) with thoracoabdominal aortic dissections involving the visceral branches, were included in thoracoabdominal aorta group.

The baseline characteristics of patients in aortic arch group and thoracoabdominal aorta group were depicted in Table 1 and Table 2. Surgical duration, intraoperative blood loss, contrast agent volume, post-operative intensive care duration, and hospital stay of all patients were recorded. Perioperative and follow-up mortality, the incidence of complications like endoleaks, and the rate of re interventions were retrospectively analyzed. This study was approved by the ethics committee of Nanjing Drum Tower Hospital, affiliated with Nanjing University Medical School. Informed consent was obtained from all participants.


TABLE 1 Baseline characteristics of aortic arch patients.
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TABLE 2 Baseline characteristics of thoracoabdominal aortic patients.
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2.2 Preparation of 3D printed models

All patients underwent aortic computed tomography angiography (CTA) to obtain original radiological data (Figures 1A, 2A, slice thickness 0.5 mm). 3D reconstructions of the aorta were performed by Mimics software version 21.0 (Materialise, Belgium). Subsequently, we conducted reverse simulation analysis of vascular deformation using Geomagic Design software (3D Systems, USA) to create digital 3D models. Combined with surgical plans, preprocedural fenestrations were designed and determined at the main body stent graft (Figures 1B, 2B). The model data were then exported to a 3D printer (Eden260VS, from Stratasys, USA) to fabricate the 3D printed models using biocompatibility material, which were sterilized with ethylene oxide.


[image: Figure 1]
FIGURE 1
3D-printing assists in fabrication of PMSG with short bridging stents to repair aortic arch dissection. (A) Preoperative 3D reconstruction of the aortic arch dissection based on CTA. (B) Design of 3D-printing model. (C) Preoperative DSA imaging of the aortic arch dissection. (D) Delivery sheath enter into the fenestration. (E) Postoperative DSA imaging of the aortic arch dissection. (F) 3D reconstruction of the aortic arch dissection at 3 months after surgery.
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FIGURE 2
3D-printing assists in fabrication of PMSG with short bridging stents to repair thoracoabdominal aortic dissection. (A) Preoperative 3D reconstruction of the thoracoabdominal aortic dissection based on CTA. (B) Design of 3D-printing model. (C) Preoperative DSA imaging of the thoracoabdominal aortic dissection. (D) Delivery sheath enter into the fenestration. (E) Postoperative DSA imaging of the thoracoabdominal aortic dissection. (F) 3D reconstruction of the thoracoabdominal aortic dissection at 3 months after surgery.




2.3 Intraoperative modification of PMSGs

We selected appropriate aortic covered stents (from Lifetech or Medtronic) and branch artery stents (Viabahn by W.L. Gore & Associates, Fluency by Bard Peripheral Vascular, Omnilink by Abbott and SilverFlow by Lifetech) based on the preoperative measurements. For aortic dissections, the oversizing of main body stent grafts should be 5% to 10% of the diameter of the aorta at the anchoring zone. The aortic main body stent graft is fully released inside the transparent 3D-printed model. Fenestration markings are made by marker pens and placed between metal edges to minimize the impact of expansion after branch stent implantation.

For dissection at aortic arch, we employed inner short bridging stents as short bridging stents due to the approach from the branch artery to the aorta. We trimmed the covered stents (Viabahn, Gore, USA) to a length of 3–5 mm, with the inner branch diameter being 1–2 mm smaller than the implanted branch stents. The inner short bridging stent was placed inside the fenestrated main body stent graft. Spring coils was sutured using vascular sutures as selection markers at the fenestrations (Figure 3). For dissection at thoracoabdominal aorta, we employed inner or outer short bridging stents as short bridging stents according to the anatomical condition. For anatomically straighter branches, we chose short outer bridging stents. We sutured the covered stents (Viabahn, Gore, USA) with the fenestrated main body stent graft at the external window using spring coils and vascular sutures. Then we trimmed the outer short bridging stents to 3–5 mm. For aortic lumen narrowing with twisting, we employed inner short bridging stents as short bridging stents. We trimmed the covered stents (Viabahn, Gore, USA) to a length of 10–15 mm, with the inner branch diameter being 1–2 mm smaller than the implanted branch stents. Then, we sutured spring coils at the internal entrance of inner short stents as intraoperative selection markers. Finally, we used non-absorbable sutures to reinforced the inner short bridging stent to prevent intraoperative displacement of the short bridging stent. To facilitate the selection of fenestration, we used vascular sutures and a 0.018-inch guidewire on one side of the main body stent graft to reduce the diameter of it by approximately 20%–30% (Figure 4).


[image: Figure 3]
FIGURE 3
Modifying the fenestrated main body stent graft with short bridging stents for the repair of aortic arch dissection. (A,B) The inner short bridging stents (indicated by arrow) are sutured at the fenestration. (C) The inner short bridging stents are indicated by arrow (inside view).
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FIGURE 4
Modifying the fenestrated main body stent graft with short bridging stents for the repair of thoracoabdominal aortic dissection. (A) The fenestration (indicated by arrow) of main body stent graft based on the 3D-printed model. (B) Releasing the fenestrated main body stent graft in the lucid 3D-printed model. The outer short bridging stents are indicated by arrow. (C,D) The inner short bridging stents are indicated by arrow (inside view).




2.4 Surgical procedure

For patients with dissection at aortic arch, access was obtained through the femoral artery, left brachial artery, left common carotid artery, and right axillary artery (or right brachial artery). We delivered the PMSG to the preoperatively planned position in the aortic arch via the femoral artery approach. Then we slowly released the anterior segment of the main body stent graft. Through each branch artery approach, with the stent in its constricted state, catheters were inserted and selectively advanced into their respective fenestrations sequentially from the brachiocephalic artery, left common carotid artery, to the left subclavian artery. After inserting a long delivery sheath, we pulled out the constraining wire and fully released the main body stent graft. Then respective branch stents were placed according to different diameters of branch arteries. We dilated expansion balloons to prevent endoleak at the bridging sites. Finally, ascending aorta and aortic arch angiography are conducted to confirm the patency of each branch artery and to check for endoleaks (Figures 1C–F).

For patients with thoracoabdominal aortic dissection, access was typically obtained through the right femoral artery, left axillary artery, and left femoral artery. Based on preoperative assessment, one femoral artery served as the access for the PMSG. A 16–18F long delivery sheath (Gore Dryseal Flex) was inserted into the left axillary artery as the access for the visceral artery branch stent. In a partially released state of PMSG, each branch artery is sequentially selected through the preprocedural fenestrations. The guide wire and catheter were placed outside the external opening through the internal opening before selecting the visceral branch arteries. Then branch artery stents were implanted along the wire and released. Bridging sites were routinely dilated with an expansion balloon. Finally, additional aortic stents were implanted at the distal or proximal end of the fenestrated stent to completely repair the thoracoabdominal aortic dissection (Figures 2C–F).




3 Results

A total of 19 patients underwent aortic arch F/B EVAR using PMSGs. The average operative time was 289.2 ± 88.8 min. A total of 50 target branch arteries were reconstructed. Among these, 1, 5 and 13 patients respectively underwent single fenestration, double fenestrations and triple fenestrations. A total of 49 branch artery stents were implanted, including 27 Viabahn (W.L. Gore & Associates) and 22 Fluency (Bard Peripheral Vascular) stents. 48 short bridging stents were sutured at the fenestration sites, all of which were inner short bridging stents using Viabahn (W.L. Gore & Associates) stents.

In aortic arch group, the outcome measures were listed in Table 3. Intraoperative blood loss was 100 (IQR = 350) ml. Contrast medium use was 183.6 ± 47.3 ml. Postoperative ICU stay was 0.9 ± 1.4 days. Postoperative hospital stay was 7.7 ± 3.6 days. Postoperative contrast-enhanced CT scans showed patency in all branch arteries above the aortic arch. The perioperative mortality rate was 5.3%. The total reintervention rate was 5.3%. One patient suffered sudden postoperative death of unknown cause. Another patient developed retrograde dissection postoperatively and underwent open surgery. All patients in aortic arch group were followed up and had an average follow-up duration of 36.2 ± 9.5 months. During follow-up, no patient deaths occurred. One patient experienced retrograde dissection and was treated with open surgery. The incidence of endoleak during the perioperative period and follow-up was 15.8%. Two patients suffered endoleaks during the perioperative period, including one Type Ia and one Type Ic. During postoperative follow-up, one patient had a Type II endoleak from the bronchial artery, which was cured after treatment with coil embolization. No Type I or Type III endoleaks were observed during follow-up. No other serious complications occurred.


TABLE 3 Outcome measures of the modified F/B EVAR.

[image: Table 3]

A total of 63 patients in thoracoabdominal aorta group underwent F/B EVAR using PMSGs. Among them, 2, 21 and 40 patients respectively underwent double fenestration, triple fenestration and quadruple fenestration. The average operative time was 345.5 ± 112.0 min, with no cases converting to open surgery. A total of 227 branch arteries were reconstructed. A total of 225 branch stents were implanted, including 163 Viabahn (W.L. Gore & Associates), 26 Fluency (Bard Peripheral Vascular), 28 Omnilink (Abbot), and 8 SilverFlow (Lifetech). 174 short bridging stents were sutured at fenestrations, including 16 inner short bridging stents and 158 outer short bridging stents. All short bridging stents were Viabahn (W.L. Gore & Associates).

In thoracoabdominal aorta group, the outcome measures were listed in Table 3. Intraoperative blood loss was 300 (IQR = 450) ml. Contrast agent use was 185.2 ± 44.5 ml. Postoperative ICU stay was 1.0 ± 0.8 days. Postoperative hospital stay was 8.4 ± 4.6 days. Postoperative contrast-enhanced CT scans showed patency in all visceral branch arteries, with a significant increase in true lumen diameter and a decrease or disappearance of the false lumen compared to preoperative measurements. The perioperative mortality rate was 1.6%. The reintervention rate was 1.6%. One patient died due to liver failure 3 days postoperatively. One patient developed paraplegia, which cured after conservative treatment. One patient experienced acute renal failure postoperatively, considered to be drug-induced. All patients were followed up. The average follow-up duration was 32.4 ± 19.2 months. No postoperative complications related to spinal cord ischemia, intestinal ischemia, or renal and other visceral artery ischemia were observed. One patient developed a subcapsular renal hematoma during follow-up, which improved after conservative treatment. One patient experienced renal artery occlusion one year postoperatively. One patient suffered acute renal failure caused by acute thrombosis of both renal arteries one year postoperatively and cured after emergency surgery. No other serious complications occurred. The incidence of endoleak during the perioperative period and follow-up was 11.1%. During the perioperative period, one case of Type IIIb endoleak occurred due to the proximal barbs of the main body stent graft puncturing the fenestrated main body stent graft, which was cured after coil embolization. Endoleaks in six patients were observed during follow-up. Two cases suffered Type Ib endoleak from the distal tear of the aortic dissection, which were repaired with reintervention on the distal abdominal aorta and iliac arteries. One case was Type Ic endoleak. Two cases were Type IV endoleak. One patient experienced a Type IIIc endoleak due to branch stent dislodgment two years postoperatively, which was repaired after endovascular reintervention.



4 Discussion

F/B EVAR allows for the reconstruction of branch arteries according to the specific anatomical features of the aortic dissection, effectively maintaining the patency of these branches. Compared to open surgery, F/B EVAR is associated with lower perioperative morbidity and mortality rates (10–12). Although open surgery was an option especially in the aortic arch group, endovascular repair was more suitable for the patients because the ascending aortae were not involved. However, traditional F/B EVAR is more likely to occur endoleaks at the fenestration bridging sites, leading to reintervention (13, 14). Recently, PMSG has been widely applied in F/B EVAR and achieves favorable outcomes (12, 15–18). However, there are more challenges on stent modification and placement in aortic dissections due to the smaller luminal space compared with aortic aneurysms. Moreover, repair of aortic dissections using PMSGs may lead to endoleaks due to misalignment. Therefore, accurate fenestration alignment to reduce the occurrence of endoleaks has become a crucial issue.

To solve the existing shortages of PMSGs, we improved F/B EVAR. We sutured inner/outer short bridging stents on the main body stent graft, effectively preventing endoleaks at the fenestration. This approach is suitable for dissections due to little space requirement. Given the access from branch arteries above the arch, branch stents can be delivered from the branch arteries to the aorta. We adopted inner short bridging stents in all aortic arch dissection patients. For thoracoabdominal aortic dissections, we adopted inner and outer short bridging stents because branch arteries were selected from within the PMSG outward. If the true lumen was slightly large, we utilized the outer short bridging stent, which were not only simple to fabricate but also capable of sealing the false lumen. If the true lumen was severely compressed or twisted, we utilized inner short bridging stents. Inner short bridging stents did not occupy external space and were easy for selection and alignment. In addition, the inner short bridging stent could support the delivery sheath of branch stents, facilitating entry into branch arteries. To reduce the effect of modification on physical property of PMSGs, we made fenestrations on the covered membrane and avoided the metallic framework. Besides, we reinforced the bridging stents using spring coils. Up to now, no fracture of bridging stents has been observed during the follow-up. The durability of the PMSGs needs to be assessed in a longer follow-up period.

The technique of short bridging stents requires precise preoperative planning and intraoperative fenestration. To overcome the challenges of precise positioning of short bridging stents, we have utilized 3D-printed models to assist in modifying PMSGs. Previously, we have applied 3D-printing technology in the fabrication of PMSGs with favorable outcomes (19, 20). The approach can significantly reduce alignment time and speed up the release procedure of PMSG. Moreover, various commercial aortic stent grafts can be applied to fabricate PMSGs incorporating short bridging stents with the help of 3D printing. The modified procedure required additional materials and extended operative time, likely bringing extra costs. However, F/B EVAR commonly cost less compared to open surgery due to the less surgery cost and lower complication rate. According to our experience, the total cost of F/B EVAR is approximately one-third of that of open surgery in our center.

Endoleak is one of the most common complications following EVAR and significantly impacts prognosis of patients. It is reported that the incidence is approximately 8.2% for Type Ia endoleaks (21), 0 to 8% for Type Ib (22), and around 3.7% for Type III endoleaks (23) after EVAR. Compared to EVAR, F/B EVAR is more likely to occur endoleaks. One study reported that 37.3% of patients experienced endoleaks after F/B EVAR (24). Type I and Type III endoleaks, particularly those occurring at the stent-graft fenestration bridging sites, are more common after F/B EVAR and are challenging to manage (25). About 14% (14.1% (26) and 13.6% (27)) of patients developed Type Ic and Type IIIc endoleaks after F/B EVAR. In our study, the total endoleak incidence was 12.2% after undergoing F/B EVAR with the short branch technique. The incidence of endoleak in aortic arch group is 15.8% and that in thoracoabdominal aorta group is 11.1%. Among these, the incidence is 6.1% for Type I endoleaks and 2.4% for Type III. The combined incidence of Type I and Type III endoleaks is 8.5%. Compared to traditional F/B EVAR, modified F/B EVAR with short bridging stents demonstrates a lower incidence of postoperative endoleaks.

The modified F/B EVAR with short bridging stents has several limitations. Firstly, short bridging stents require surgeons to suture intraoperatively, which extends anesthesia and surgery duration. Second, the trimming and suturing of short bridging stents demand surgical experience, which depends on the skill of surgeons. Thirdly, due to the modification of the covered stent grafts, the durability of the PMSGs and late complications needs to be observed and assessed in a longer follow-up period. Lastly, the generalizability of the results was restricted due to the sample size of the study. The safety and reliability of this method need to be validated in multicenter, large-sample cohorts.



5 Conclusion

We have modified traditional F/B EVAR by integrating short bridging stents with 3D-priting technology. By fabricating PMSGs with short bridging stents, we transform line-to-surface contact between stents to surface-to-surface contact, offering an effective approach to reduce endoleaks after F/B EVAR.
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