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Abstract
BACKGROUND
A transjugular intrahepatic portosystemic shunt (TIPS) is widely placed to treat portal hypertension. Because the Viatorr® stent (W. L. Gore and Associates, Flagstaff, AZ, United States) is not available in all hospitals in China, the bare metal stent (BMS)/stent-graft combination technique is still popular for TIPS construction. Stent fracture is a complication after TIPS placement using this technique, with limited available literature focusing on it.

AIM
To assess the incidence of stent fracture after TIPS placement using the BMS/stent-graft combination technique and to identify the risk factors for stent fracture. We proposed technique modifications to improve the clinical results of TIPS placement with the BMS/stent-graft combination technique.

METHODS
We retrospectively analyzed the computed tomography (CT) data of all patients with portal hypertension who underwent the TIPS procedure between June 2011 and December 2021 in a single center. Patients implanted with the BMS/stent graft and had follow-up imaging data available were included. We identified patients with stent fracture and analyzed their characteristics. Multivariable logistic regression was applied to identify the potential predictors of stent fracture.

RESULTS
Of the 68 included patients, stent fracture occurred in seven (10.3%) patients. Based on CT images, the stent fractures were categorized into three types. Our study consisted of four (57.1%) type I fractures, one (14.3%) type II fracture, one (14.3%) type IIIa fracture, and one (14.3%) type IIIb fracture. After adjusting for covariates, multivariable logistic regression revealed that the risk factors for stent fracture were the implantation of a greater number of stents [adjusted odds ratio (aOR) = 22.2, 95% confidence interval (CI) 1.2-415.4, P = 0.038] and a larger proximal sagittal stent bending angle (aOR = 1.1, 95% CI 1.0-1.3, P = 0.020).

CONCLUSION
Stent fracture occurred in approximately 10% of patients with portal hypertension who underwent TIPS with the BMS/stent-graft combination technique. The number of implanted stents and stent bending angle at the inferior vena cava end were predictors of stent fracture, which suggests that the incidence of stent fracture could potentially be reduced by procedural modifications.
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Core Tip: The bare metal stent (BMS)/stent-graft combination technique for transjugular intrahepatic portosystemic shunt construction has an incidence of stent fractures of around 10%, which all occurred at the junction of BMS and the proximal end of the stent-graft. Fractures may be associated with the number of stents implanted and stent excessive bending. Hence, we recommend a greater overlap of the stent-graft with the BMS at the inferior vena cava (IVC) end of the shunt, and the selection of a position closer to the opening of the hepatic vein into the IVC as the starting puncture site to establish a shunt.

INTRODUCTION
The transjugular intrahepatic portosystemic shunt (TIPS) effectively controls portal hypertension and is especially important in patients with gastrointestinal bleeding or refractory ascites[1]. In China, TIPSs are frequently constructed using the bare metal stent (BMS)/stent-graft combination technique, in which a BMS is used to establish access between the hepatic and portal veins (PVs), and a stent graft is used to cover the liver parenchyma[2,3]. A stent fracture is a rare complication after TIPS placement using the BMS/stent-graft combination technique[4-8]. In addition to TIPS dysfunction, stent fracture may cause severe consequences such as tricuspid regurgitation if the fractured stent is displaced into the heart chamber[8].
In the present study, we retrospectively examined the clinical data of patients who underwent TIPS placement with the BMS/stent-graft combination technique to assess the incidence and analyze the potential causes of stent fracture. Based on this information, we proposed technique modifications to improve the clinical results of TIPS placement with the BMS/stent-graft combination technique.

MATERIALS AND METHODS
Data sources and sample selection
The institutional review board of Peking University Third Hospital approved this retrospective study of data retrieved from electronic medical records. Ethical approval was granted by the Ethics Committee of Peking University Third Hospital, Beijing, China (No. M2022314). Patients who were admitted to Peking University Third Hospital between June 1, 2011 and December 31, 2021 and underwent TIPS placement with the BMS/stent-graft combination technique to treat complications of portal hypertension (e.g., gastrointestinal bleeding, refractory ascites) were included. Patients with no available follow-up computed tomography (CT) images were excluded.

Preoperative evaluation of liver function
The modified Child-Pugh classification was used to evaluate preoperative liver function. Liver function was categorized as Child-Pugh class A (Child-Pugh score 5-6, well-compensated disease), Child-Pugh class B (Child-Pugh score 7-9 points, significant functional compromise), or Child-Pugh class C (Child-Pugh score 10-15 points, decompensated disease)[9].

Surgical procedures
TIPS procedures were usually performed under local anesthesia. General anesthesia was used for patients with heavy bleeding and unstable blood circulation. A transjugular approach was used for all TIPS procedures. The RUPS-100 puncture device (Cook, Bloomington, IN, United States) was used in all patients.
Indirect portography was achieved by superior mesenteric arteriography or splenography. An angiography catheter was then selectively inserted into the left hepatic artery and retained as an indirect indicator of the left PV, which was the target vessel for puncture. Once the PV was successfully punctured, a pigtail angiographic catheter was introduced into the superior mesenteric vein to obtain an outline of the PV anatomy. The pressures in the PV and inferior vena cava (IVC) were recorded.
A guidewire (0.035 inch, Amplatz Super Stiff, Cordis Corporation, Fremont, CA, United States) was introduced and retained in the superior mesenteric vein. A 5 mm × 6 cm balloon was placed in the shunt for dilation. The length of the parenchymal segment of the shunt was recorded.
A 10-F sheath was advanced into the main stem of the PV. A 4-F Cobra catheter was introduced into the gastric coronary vein to identify the variceal veins and embolize them with coils or tissue adhesive.
A BMS was positioned between the left PV and IVC. With the deployment of the BMS, the liver parenchymal segment of the shunt (the narrow segment of the stent) was clearly displayed for stent-graft deployment. The portosystemic gradient (PSG) was measured. If the PSG was higher than needed, the shunt was dilated with a larger diameter balloon (> 5 mm). A stent graft with a corresponding diameter (Fluency®, Bard International, Inc., NJ, United States) was then deployed to exactly cover the parenchymal section of the shunt. If the PSG was lower than needed, a smaller diameter stent graft (Fluency®) with the same length as the parenchymal section was deployed. The final PSG was then recorded.

Follow-up
After the TIPS procedure, patients were followed up in the outpatient department. The patients’ symptoms, liver function, and shunt function were recorded. Color Doppler ultrasound and contrast-enhanced abdominal CT were used to evaluate the shunt blood flow dynamics and the status of the stents, especially the stent integrity. If ultrasound or CT revealed shunt dysfunction, digital subtraction angiography was performed, and the dysfunctional stent was corrected by shunt angioplasty and the implantation of another stent.

Evaluation of the in vivo configuration of the stents
For construction of the TIPS, stents were placed between the IVC and the PV. The shunts were situated in a three-dimensional space within the liver, usually in an irregular three-dimensional configuration, rather than a simple two-dimensional orientation. CT images were analyzed to examine the proximal IVC segment of the shunt stents and to measure the bending angle of the stent axis of the end segment and the middle segment in both the coronal and sagittal planes, subsequently referred to as angle 1 and angle 2, respectively (Figure 1).

Statistical analysis
Patient characteristics, such as sex, age, Child-Pugh classification, number of deployed stents, stent bending angle of the proximal segment (angle 1 and angle 2), and revision operation details, were evaluated. Patients with stent fracture detected on follow-up CT were classified as the stent fracture group, while those without stent fracture were classified as the stent integrity group. Differences between the stent integrity group and stent fracture group were analyzed using Fisher’s exact test for categorical variables and the Mann-Whitney U test for continuous variables. Adjusted odds ratios (aORs) were computed by multivariable logistic regression to evaluate the associations between stent fracture and patient characteristics. The model was adjusted for covariates with clinical relevance and those found to be significant in univariate analyses. Two-sided P values of < 0.05 were considered statistically significant. Analyses were conducted using STATA/MP 14.0 software.

RESULTS
Patient characteristics
From June 1, 2011 to December 31, 2021, 137 patients underwent the TIPS procedure in the Department of Interventional Radiology and Vascular Surgery of Peking University Third Hospital. Among these 137 patients, 69 patients were excluded because of a lack of available postoperative CT images (63 patients) or TIPS placement with a single stent graft (six patients). Therefore, a final total of 68 patients were included in the analysis. The patient characteristics are summarized in Table 1. The median follow-up was 421 d (range: 1-2878 d), and the cohort included 38 (55.9%) men. The mean ± SD patient age was 60.7 ± 9.9 years (range: 33-82 years). A total of 151 stents were implanted, with an average of 2.2 stents implanted in each patient (range: 2-4). Eleven patients underwent revision surgery due to shunt dysfunction (stenosis/occlusion), including two in the stent fracture group and nine in the stent integrity group. All patients who underwent reoperation were implanted with a self-expanding BMS to restore shunt function.

Univariate analysis of risk factors for stent fracture
The univariate Fisher’s exact test showed no significant differences between the stent fracture group and the stent integrity group in sex, age (> 60 years or ≤ 60 years), Child-Pugh classification, number of stents deployed, reoperation, or PSG (all P > 0.05). There was a tendency for angle 1 to be larger in the stent fracture group than in the stent integrity group, but this difference was not statistically significant (1.0 vs. 20.0, P = 0.151). Angle 2 was significantly larger in the stent fracture group than in the stent integrity group (15.5 vs. 39.5, P = 0.009, Table 1).

Incidence, structural type, and location of stent fracture
Follow-up CT revealed stent fractures in seven of 68 (10.3%) patients. The characteristics and outcomes of patients with stent fracture are summarized in Table 2. All stent fractures were located on the IVC side of the BMS. The median interval from TIPS construction to the detection of stent fracture was 512 d (range: 141-1, 406 d).
Based on follow-up CT images, the stent fractures were categorized into three types (Figure 2). Type I was defined as a partial fracture of the stent struts. Type II was defined as an annular fracture of the stent struts, resulting in stent transection without structural displacement of the stent. Type III was defined as stent transection with displacement of the fractured stent. Type III stent fractures were further categorized as type IIIa fractures with a small amount of displacement so that the fractured stent was still located in the original vascular structure (i.e., the hepatic vein or IVC) or type IIIb fractures with the fractured stent displaced out of the original vessel into adjacent structures (i.e., the superior vena cava or cardiac chamber). In the present study cohort, there were four (57.1%) type I fractures, one (14.3%) type II fracture, one (14.3%) type IIIa fracture, and one (14.3%) type IIIb fracture. All stent fractures were located at the junction of the BMS and the stent graft in the direction of the IVC (Figure 3).

Multivariable analysis of risk factors for stent fracture
After adjusting for relevant covariates (i.e., stent number, reoperation, and stent angle) in a multivariable logistic regression model, stent fractures were associated with the number of deployed stents [aOR = 22.2, 95% confidence interval (CI) 1.2-415.4, P = 0.038] and the size of angle 2 (aOR = 1.1, 95% CI 1.0-1.3, P = 0.020) (Table 3).

DISCUSSION
The goal of TIPS placement is to relieve portal hypertension by establishing an artificial shunt between the PV and the systemic circulation. Because the Viatorr® stent (W. L. Gore and Associates, Flagstaff, AZ, United States) is not available in all hospitals in China, the BMS/stent-graft combination technique is still popular for TIPS construction. The BMS/stent-graft combination technique was designed to preserve the shunted portal branch blood flow and hepatic venous flow by using a BMS; this combination technique results in a lower risk of venous thrombosis compared with the single stent-graft technique. The BMS/stent-graft combination technique also enables the shunt flow and portal pressure to be adjusted precisely owing to the variation in the caliber of the stents. Compared with the single stent-graft procedure, the BMS/stent-graft combination technique is advantageous in that it protects liver function and has similar stent patency and hepatic encephalopathy rates[2]. However, although rare, stent fractures after TIPS placement can occur, which could decrease the stent patency rate or even cause severe consequences due to displacement of the fractured stent.

Main findings and interpretation
To the best of our knowledge, this is the first study to investigate the potential reasons for stent fracture after the TIPS procedure. The incidence of stent fracture was 10.3% during a median follow-up of 421 d. Based on the imaging features, we proposed a classification system and categorized stent fractures into three types. In our case series, type I fractures (57.1%) were the most common, followed by type III fractures (14.3% type IIIa and 14.3% type IIIb) and type II fractures (14.3%). This suggests that stent fracture occurred abruptly rather than progressively. That is, partial or complete circular fracture of the stent struts may decrease the local stress on the stent, which may relieve the external force that promotes the further development of stent fracture.
The predictive factors of stent fracture were the number of implanted stents and the stent bending angle at the IVC end. For every additional stent placed, the risk of stent fracture increased by 740%; for every additional angle of 2, the risk of stent fracture increased by 10%.

Literature review and discussion
All stent fractures occurred at the IVC end at the junction of the stent graft and the BMS, and all fractured stents were BMSs. These findings are consistent with previously reported cases of stent fracture. The cause of stent fracture after the TIPS procedure was first reported in 2014 by Zabicki et al[4], who proposed that the main reason for stent fracture is an abnormal shunt shape caused by unique liver anatomy. Ding et al[5] reported that the fractured stents in their study did not have an excessive bending angle and speculated that stent fracture is caused by continuous tension generated at the proximal end of the overlapping part as a result of the motion at the junction of the trailing end of the stents. Komaki et al[6] suggested that stent fracture is related to the stent material and design. All the fractured stents reported in previous studies are open-loop self-expanding nickel-titanium alloy bare stents, which are the same as the fractured stents in our case series. We also found that the number of implanted stents and stent bending angle at the proximal end were predictors of stent fracture.

Suggested technical modifications to reduce the risk of stent fracture
Our results showed that the risk of stent fracture significantly increased as the number of implanted stents increased. This may be related to the impacts of respiratory and cardiac motions on the tension of the stent at the IVC end. When using the BMS/stent-graft combination technique, as the number of implanted stents increases, the stress distributed on the stent becomes much more uneven, and the junction of the combined stents is more likely to become a fulcrum. The resultant increased tension on the overlapping part may result in stent fracture. The Viatorr® stent graft was approved for use in China in 2015. However, as Viatorr® stent-grafts are not yet available in all hospitals in China, the BMS/stent-graft combination technique is still used in many Chinese medical centers. Compared with TIPS placement using the Viatorr® stent-graft, the greater number of implanted stents in TIPS placement using the BMS/stent-graft combination technique might result in an increased incidence of stent fractures because of the uneven distribution of stent stress. To reduce the risk of stent fracture, we proposed the following technical modifications for the BMS/stent-graft combination technique.
First, surgeons should adjust the overlapping strategy of the BMS/stent-graft combination technique. To avoid excessive local tension on the BMS, it should be fully covered by the stent graft at the IVC end of the shunt to ensure that stress is uniformly distributed on the stents. In addition, the overlapping stents can increase the longitudinal supporting force, which can decrease the bending angle of the IVC end of the stent and reduce its risk of fracture. If possible, the shunt should be established using a closed-loop stent, which may relieve the uneven stress distribution.
Second, TIPS construction should be performed using a more precise positioning approach, such as anterior-posterior and lateral angiography. This may help prevent the proximal end of the stent from protruding excessively into the IVC, thereby reducing the stress on the stent caused by respiratory and cardiac motions.
Third, as excessive bending of the proximal end of the stent may result in stent fracture, the starting puncture point in the hepatic vein should be as close as possible to the IVC. Finally, the development of stents with better conformability and appropriate structure may help to avoid stent fractures.

Limitations
This was a retrospective study of the clinical data of small sample of patients treated in one medical center. Large-scale prospective studies are needed to explore the exact mechanism and risk factors for stent fracture after TIPS placement using the BMS/stent-graft combination technique.

CONCLUSION
The widely used BMS/stent-graft combination technique for TIPS construction in China has an incidence of stent fractures of approximately 10%. All the stent fractures occurred at the junction of the BMS and the proximal end of the stent graft. Stent fractures may be associated with the number of stents implanted and excessive bending of the stent. To avoid stent fracture, we recommend a greater overlap of the stent graft with the BMS at the IVC end of the shunt and the selection of a position closer to the opening of the hepatic vein into the IVC as the starting puncture site to establish a shunt.

ARTICLE HIGHLIGHTS
Research background
Transjugular intrahepatic portosystemic shunt (TIPS) placement is widely used to treat portal hypertension. In China, TIPSs are frequently constructed using the bare metal stent (BMS)/stent-graft combination technique.

Research motivation
Stent fracture is a rare complication after TIPS placement using the BMS/stent-graft combination technique and stent fracture may cause severe consequences.

Research objectives
To assess the incidence of stent fracture after TIPS placement using the BMS/stent-graft combination technique and identify the risk factors for stent fracture.

Research methods
Retrospective cohort study.

Research results
Of the 68 included patients, stent fracture occurred in seven (10.3%) patients. The risk factors for stent fracture were the implantation of a greater number of stents [adjusted odds ratio (aOR) = 22.2, 95% confidence interval (CI) 1.2-415.4, P = 0.038] and a larger proximal sagittal stent bending angle (aOR = 1.1, 95% CI 1.0-1.3, P = 0.020).

Research conclusions
We found three types of stent fracture occurred in 10.3% of the sample patients. The number of implanted stents and the stent bending angle at the inferior vena cava end were the independent risk factor of stent fracture.

Research perspectives
Our results suggested that the incidence of stent fracture could potentially be reduced by procedural modifications.
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Figure Legends
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Figure 1 Computed tomography images showing angle 1 and angle 2. A: The angle between the proximal end of the bare metal stent and the stent-graft is measured angle 1 in the coronal plane; B: Angle 2 in the sagittal plane.
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Figure 2 Types of stent fracture after the transjugular intrahepatic portosystemic shunt procedure. A: Type I partial fractures of the stent struts; B: Type II annular fractures of the stent struts, but without displacement; C and D: Type III stent transection with fractured stent displacement (C, IIIa: Small displacement; D, IIIb: Displacement of the stents from the original vessels into adjacent structures).
[image: ]
Figure 3 Representative computed tomography images of the types of stent fracture after transjugular intrahepatic portosystemic shunt placement. The green arrows show the position and displacement of stent fractures. A: Type I partial fracture of the stent struts; B: Type II annular fracture of the stent struts; C: Type IIIa fractured stent with minimal displacement and D: Type IIIb fractured stent displaced into the heart chamber.



Table 1 Patient characteristics (%)
	Characteristics
	All
	Integrity group
	Fracture group
	P valuea

	
	No. patient
	
	No. patient
	
	No. patient
	
	

	Total
	68
	100.0
	61
	89.7
	7
	10.3
	

	Sex
	
	
	
	
	
	
	

	Male
	38
	55.9
	34
	89.5
	4
	10.5
	0.633

	Female
	30
	44.1
	27
	90.0
	3
	10.0
	

	Age (yr)
	
	
	
	
	
	
	

	≤ 60
	32
	47.1
	29
	90.6
	3
	9.4
	0.567

	> 60
	36
	52.9
	32
	88.9
	4
	11.1
	

	Child-Pugh classification
	
	
	
	
	
	

	A
	22
	32.4
	18
	32.4
	4
	20.0
	0.444

	B
	34
	50.0
	32
	50.0
	2
	5.9
	

	C
	12
	17.6
	11
	17.6
	1
	8.3
	

	Stent number
	
	
	
	
	
	
	

	2
	55
	80.9
	51
	92.7
	4
	7.3
	0.095

	3
	11
	16.2
	9
	81.8
	2
	18.2
	

	4
	2
	2.9
	1
	50.0
	1
	50.0
	

	Reoperation
	
	
	
	
	
	
	

	No
	59
	86.8
	54
	91.5
	5
	8.5
	0.230

	Yes
	9
	13.2
	7
	77.8
	2
	22.2
	

	Gradient
	
	
	
	
	
	
	

	Portosystemic Gradient (median, IQR)
	15.0 mmH2O (12.0-16.0)
	14.0 mmH2O (13.5-15.0)
	0.745

	Stent angle
	
	
	
	
	
	
	

	Angle 1 (median, IQR)
	
	1.0 (0-22.0)
	20.0 (3.5-35.0)
	0.151

	Angle 2 (median, IQR)
	
	15.5 (0-33.8)
	39.5 (30.5-60.5)
	0.009


aDifferences between the stent integrity group and the stent fracture group were analyzed using the Fisher’s exact test for categorical variables and the Mann-Whitney U test for continuous variables. IQR: Interquartile range.
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Table 2 Characteristics and clinical outcomes of patients with stent fracture after transjugular intrahepatic portosystemic shunt placement
	Case
	Age (yr)
	Sex
	Child-Pugh classification
	Number of procedures
	Fracture time (days after procedure)
	Fracture type
	Symptoms
	Clinical outcome

	1
	60
	Male
	B
	1
	159
	IIIb
	None
	Re-operation to implant a bare metal stent to connect the fractured stent

	2
	63
	Female
	A
	1
	512
	I
	Bleeding recurrence CT revealed shunt stenosis
	Endoscopic hemostasis

	3
	49
	Male
	C
	2
	675
	I
	Bleeding recurrence CT revealed shunt stenosis
	Re-operation using a bare metal stent to reconstruct the shunt

	4
	70
	Female
	A
	1
	175
	I
	None
	Observation

	5
	79
	Female
	B
	1
	141
	III a
	None
CT revealed shunt stenosis
	Observation

	6
	51
	Male
	A
	1
	1752
	I
	None CT revealed shunt stenosis
	Observation

	7
	62
	Male
	A
	2
	1406
	II
	None
	Observation


CT: Computed tomography.
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Table 3 Multivariable logistic regression of the risk factors for stent fracture
	Characteristic
	Adjusted odds ratioa
	P value
	95% CI

	Stent number
	22.2
	0.038
	1.2-415.4

	Reoperation
	
	
	

	No
	Reference
	
	

	Yes
	0.3
	0.562
	0.0-13.8

	Stent Angle
	
	
	

	Angle 1
	0.9
	0.191
	0.8-1.3

	Angle 2b
	1.1
	0.020
	1.0-1.3


aModels were adjusted for covariates with clinical relevance (i.e., stent number, reoperation and Angle 1) and those found to be significant in univariate analyses (i.e., Angle 2); bBending angle of the axis of the end segment and the mid-segment of the stent in the sagittal plane. CI: Confidence interval.
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