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Percutaneous transluminal angioplasty (PTRA) is a common treatment method for renal vascular disease (RVD). However, PTRA may not be effective in patients with abnormal vascular disease. Renal autotransplantation (RAT) has been used as an alternative therapy for these diseases. Restrictions due to intracorporeal kidney cold preservation and the renal function of intracorporeal RAT were not as well protected compared with open operation. We developed this technique of 3D-printed polylactide (PLA) cold jackets for laparoscopic complete intracorporeal RAT for the purpose of better protecting the renal function and determining the feasibility of this novel procedure. The procedure was successfully applied to a 51-year-old woman with bilateral renal artery stenosis. The operation time was 5 hours, and blood loss was 200 ml. The patient’s blood pressure remained constant throughout the operation, and the pressure was maintained at 120-140/70–90 mmHg without antihypertensive drugs 1 week after the operation. B-ultrasound showed that the blood flow signal of the transplanted kidney was normal and the boundary between the skin and medulla was clear. The patient was discharged 2 weeks after surgery. One year postoperatively, Doppler ultrasound of the autotransplant showed that the transplanted kidney was normal in size and shape. Radionuclide renal dynamic imaging revealed that the glomerular filtration rate (GFR) of the transplanted kidney was 36.9 ml/min. 3D-printed polylactide (PLA) cold jackets for laparoscopic complete intracorporeal RAT are a safe and effective method for the treatment of renal artery stenosis and represent a feasible method for preserving the renal function of severe renal artery stenosis patients; however, the technology is still at the exploratory stage and has room for further improvements.
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INTRODUCTION
3D printing technology is a new manufacturing process that gradually developed after the 1980s. 3D printing (rapid prototyping or additive manufacturing) is the process of creating solid 3D objects from a collection of images in the form of a digital file. The printer deposits layers of materials (such as plastic, resin, or metal) in a volumetric manner such that a replica of the object is obtained. This innovative technology will likely revolutionize our knowledge and understanding of the structure of human tissues and organs, and it also has therapeutic applications. In recent years, as biomedical polymer materials have been widely used in the field of medicine, the use of 3D printing technology to prepare biomedical polymer materials has attracted the attention of many researchers and achieved important results, such as bone repair projects in orthopedics and neurology, nerve tissue engineering scaffold material projects, and surgical planning projects. These projects have produced ideal repair effects and greatly reduced medical costs.
Renal vascular disease (RVD) is a rare but important cause of hypertension. Because essential hypertension is increasingly common and blood pressure is not commonly measured, RVD is not usually diagnosed at an early stage. Percutaneous transluminal angioplasty (PTRA) is a common treatment method for RVD (Buck et al., 2016), and this technology has improved over time and is now increasingly used, such as for placing vascular stents at the level of artery stenosis after forced dilation in a balloon (Kari et al., 2015; Chavent et al., 2017; Agrawal et al., 2018; Bacic et al., 2020; Raborn et al., 2020). This method may provide a minimally invasive alternative for certain patients who appear to be resistant to PTRA (Kim et al., 2017; Safdar et al., 2020).
However, PTRA may not be effective and could even be dangerous in patients with dysplasia or atherosclerotic lesions involving infrahilar branches or inflammatory lesions, such as those associated with Takayasu disease (TD). Therefore, the role of PTRA in the treatment of renovascular hypertension (RVH) is still controversial, especially in patients who present complicated renal vascular lesions or patients for whom antihypertensive drugs either are ineffective or carry a potential risk of acute renal failure.
At present, renal autotransplantation (RAT) has been used as an alternative therapy for renovascular hypertension. Traditional renal autotransplantation using an open technique with one or two incisions is required for nephrectomy or anastomosis of renal vessels. Currently, the benefits of laparoscopic surgery are well established and have led to its widespread adoption, including in the field of transplantation (Giacomoni et al., 2016; Cantrell and Oberholzer, 2018; Choi et al., 2018; Perkins et al., 2018; Spinoit et al., 2019). Some studies reported the use of laparoscopic and robot renal autotransplantation (RAT). In most studies, the use of laparoscopy is limited and mostly applied for nephrectomy (Hiess and Seitz, 2016; Siena et al., 2019; Kishore et al., 2020). After nephrectomy, renal vessels are extracted from the abdominal cavity and transferred to the bench table, and a separate incision is required to anastomose the renal vessels with the iliac vessels (Kubota et al., 2020; Pomy et al., 2020; Smith et al., 2020). Although some studies have reported intracorporeal robot-assisted renal autotransplantation and restrictions due to kidney cold preservation in vivo, the kidney is not cold preserved continuously during the operation after vessel dissociation (Breda et al., 2021). The results of these studies suggest that compared with intracorporeal renal autotransplantation, faster renal function recovery and shorter cold ischemia time occur with extracorporeal robot-assisted renal autotransplantation, suggesting that in intracorporeal renal autotransplantation, renal function was not best protected. At present, the use of continuous cold preservation in laparoscopic complete intracorporeal of human renal autotransplantation has not been reported.
Hypothermic perfusion and preservation technology are necessary conditions for renal autotransplantation. Cold perfusion can provide sufficient time and an appropriate operating environment for autologous kidney transplantation. Hypothermic perfusion fluid can protect renal function during renal ischemia (Lin et al., 2020), but one disadvantage of this method of continuous perfusion is that the effect is not accurate, and cell necrosis, apoptosis, and acute tubular necrosis are caused by blood supply recovery, especially when blood vessel anastomosis cannot be carried out (Urbanellis et al., 2020). The common method is adding ice water during suture, but continuous insertion of ice slush in the abdominal cavity not only distracts the surgeon and increases operative time but also is a rudimental method that does not guarantee a homogeneous parenchymal cooling effect with the possibility of compromising graft function. Cold ischemia preservation is the best preservation method (Kaths et al., 2017). A device covering the whole renal surface isolates the kidneys from surrounding tissue and maintains a constant low temperature, potentially preserving the renal function for a longer time, and by an insulation layer, it avoids cooling-related complications to the surrounding abdominal organs; this may be a perfect way to preserve the kidney. 3D solid models according to the shape of the kidney, and the greatest advantage of 3D printing is that artificial implants can be customized accurately and effectively. So we use 3D printing technology to develop a cooling jacket that consists of two sealed films that completely cover the kidney to form a channel for the cooling solution from one end to the other, and apply cold ischemia preservation continuously for the kidney.
This 3D-printed cold jacket can completely cover the graft, avoid the gradual melting of ice in the abdominal cavity, control the kidney temperature, and reduce the potential graft impairment, and it can be continued during the process of suturing. Its effect may be equivalent to that of cold preservation in vitro. Currently, some studies reported the use of cold preservation devices for pig intraperitoneal kidney transplantation (Menon et al., 2014; Meier et al., 2018; Samuels et al., 2019). However, they are all in the exploratory stage. There were no reports on the use of this 3D printing device in completely minimally invasive human kidney transplantation.
Polylactide (PLA), a kind of linear thermoplastic aliphatic polyester, is mainly prepared from starch raw materials through saccharification, fermentation, and certain chemical reactions. PLA has good biocompatibility and biodegradability and can be completely degraded under specific conditions, and the final products are carbon dioxide and water (Madhavan Nampoothiri et al., 2010; Tyler et al., 2016). In addition, PLA also has good thermal stability, solvent resistance, excellent gloss, transparency, resistance to certain bacteria, and flame retardancy (Farah et al., 2016). Based on the advantage of its unique plasticity and transparency, 3D-printed polylactide (PLA) cold jackets can be used completely intracorporeally. We can clearly observe the kidney condition and the color of the kidney during the whole process of vascular anastomosis, and it is convenient for operation and can apply cold ischemia preservation continuously during the operation after vessel dissociation; thus, the kidney function can be protected to the maximum extent. This technology may make complete intracorporeal renal autotransplantation convenient, effective, and safe. Such surgery may be unique with no incision to extract or introduce kidneys, and cold ischemia preservation can be applied as same as the in vitro approach. Currently, there have been no reports on the use of this continuous cold ischemia preservation technology in laparoscopic complete intracorporeal of human renal autotransplantation. We developed this 3D-printed polylactide (PLA) cold jacket technique for completely intracorporeal laparoscopic RAT for the purpose to investigate the feasibility of this novel procedure and describe the first successful application of this concept in the treatment of renal artery stenosis.
MATERIALS AND METHODS
Patient
The patient is a 51-year-old woman who was admitted to the urology department of our hospital on February 21, 2017. The blood pressure of the patient was elevated and fluctuated in the range of 160-200/90–100 mmHg. Nifedipine and indapamide were used, which provided poor blood pressure control. Thyroid functions and blood biochemical examination showed no extensive abnormalities. The plasma renin activity, angiotensin, and aldosterone were normal. Ultrasonic examination showed that the inner diameter at the beginning of the left and right renal arteries was 2.2 and 1.5 mm, respectively. Renal artery CTA showed 80% stenosis in the proximal segment of the left renal artery and 90% stenosis in the initial segment of the right renal artery (Figures 1A,B). The CT examination of the adrenal glands showed no significant abnormalities in either adrenal glands. Bilateral radionuclide renal dynamic imaging showed that the glomerular filtration rate (GFR) of the left and right kidneys was 56.0 ml/min and 21.5 ml/min, respectively. Complete intracorporeal laparoscopic right kidney renal autotransplantation was proposed. After the operation, the operation time, bleeding loss, hot ischemia time (from ligation of the right renal artery to initiation of renal cold perfusion), cold ischemia time (from initiation of renal cold perfusion and preservation to completion of venous anastomosis), time of venous and arterial anastomosis, postoperative blood pressures, and GFR were recorded.
[image: Figure 1]FIGURE 1 | Preoperative images of the renal artery. (A): CT renal angiography; (B): CT 3D reconstruction of renal vessels.
3D Printing
Thin-layer CT scan images of the patients’ kidneys were extracted, DICOM format files were extracted from the CT scans, and images were processed with Mimics 17.0 software (Materialise Inc., Leuven, Belgium). After using threshold selection, region growth, multilayer editing, and modification techniques, three-dimensional reconstruction images of different parts of the kidney were obtained and then combined into a complete kidney. Using Mimics 17.0 software (Materialise Inc., Leuven, Belgium) cold jackets were designed.
The cool jacket is 2 mm larger than the real kidney, which is convenient for operation. The cooling jacket consists of two sealed films that completely cover the kidney to form a channel for the cooling solution from one end to the other. The equipment connects inflow and outflow to form a circuit, and the cooling solution operates at a constant volume and temperature, isolating the kidneys from surrounding tissue, which avoids the injury of adjacent abdominal organs and the heat and excessive cold injury of the kidney. The transparent and elastic PLA material is used for 3D rinting, suitably maintains the temperature of the kidney, and allows easy extraction of the device. A window was designed to access the renal hilum for vascular anastomosis, while the kidney is still in the cold jacket. Finally, a standardized STL file of the cool jacket for 3D printing was output.
The STL files were formatted to meet printing parameters of the 3D printer (Shanghai liantai Technology Co., Ltd. rs4500 China). A PLA filament (Nature Work Inc., USA) is extruded from a 0.3-mm nozzle at the optimum temperature of 210°C. The external thickness of the cool jacket was 1.5 mm, the internal thickness was 1 mm, the distance between the two layers is 2 mm, and the diameter of inflow and outflow pipes is 3 mm. The printing time is 8 hours; after the printing, the cold jacket is rinsed in 70% ethanol overnight and sterilized for 90 min using the low-temperature plasma hydrogen peroxide sterilizer (Shandong Xinhua Medical Instrument Co., LTD., SQ-D, China) (Figure 2).
[image: Figure 2]FIGURE 2 | 3D printing cold jacket of the kidney.
Surgical Technique
Complete intracorporeal laparoscopic right renal autotransplantation was performed. General anesthesia and indwelling catheter: a 10-mm trocar was inserted at the outer edge of the rectus abdominis parallel to the umbilicus as the laparoscopic lens hole. Approximately 6 cm from the laparoscopic lens hole, two 10-mm trocars were inserted at the hypogastrium and medial side of the anterior superior iliac spine (as an isosceles triangle). The right external iliac artery and vein, proximal to the bifurcation of the iliac vessels, distal to the abdominal wall, were carefully dissociated. Approximately 4 cm from the umbilicus at the edge of the rectus abdominis, a 10-mm trocar was inserted as the laparoscopic lens hole, and approximately 3 cm from the costal margin, a 10-mm trocar was inserted in the midclavicular line.
After the colon was dissociated, the renal vessels were completely dissociated to the maximum extent and completely dissociated from the right kidney. The excess perirenal fat was removed, and the fat that maintained the blood supply of the ureter between the lower pole of the kidney and the ureter was retained, and the adipose tissue around the ureter was properly retained. The ureter was distally dissociated as far as possible, and the upper and lower poles of the right kidney were bound with yarn strips as the extraction points of the kidney. From the root of the renal arteriovenous artery, the renal artery was ligated using laparoscopic clips close to the aorta, and the renal vein was then ligated in a similar manner. The renal artery and vein were then transected above the clips, and arteriovenous dissociation was carefully performed.
Immediately after dividing the vessels, the perfusion cannula was inserted in the transected artery lumen, which was continuously flushed with ice-cold perfusion liquid (hypertonic purine citrate fluid) solution under gravity until the clear effluent was seen from the renal vein and the color of the right kidney was pale (Figure 3A). The 3D-printed cold jacket completely covered the surface of the free kidney, and ice-cold saline water was continuously infused through the infusion pipeline. The kidney was carefully placed in the pelvis, and the opening of the renal artery and vein were placed close to the external iliac vessels (Figure 3B; Figure 4).
[image: Figure 3]FIGURE 3 | (A) Intracorporeal cold perfusion of the kidney using a cannula and tubing passed through the assistant port to allow renal artery perfusion until clear effluent was seen from the renal vein and the color of the right kidney was pale; (B) 3D-printed cold jacket was completely covered on the surface of the free kidney.
[image: Figure 4]FIGURE 4 | 3D-printed model of the cold jacket covered on the surface of free kidney.
The external iliac vein was clamped with laparoscopic bulldog clamps, and a venotomy incision was made. A running end-to-side anastomosis was created between the renal vein and the external iliac vein using a 5-0 Prolene line. Before the last suture was placed, the lumen was irrigated with heparinized saline through a 5-Fr ureteral catheter to remove intraluminal air. After completing the venous anastomosis, a bulldog clamp was placed on the renal vein, and the clamps were released from the external iliac vein. End-to-side arterial anastomosis was performed, similar to that for the vein. The 3D-printed cold jacket was then removed from the surface of the kidney. Upon completion, the clamps were removed, beginning with the distal external iliac artery, followed by the renal vein and then the proximal external iliac artery.
RESULTS
The operation time was 5 hours, and the hot ischemia time (from ligation of the right renal artery to initiation of renal cold perfusion) was 2 min. The cold ischemia time (from initiation of renal cold perfusion and preservation to the completion of venous anastomosis) was 76 min. The time for venous and arterial anastomosis was 23 and 27 min, respectively. In addition, the estimated blood loss was 200 ml (Table 1). The blood pressure remained constant throughout the operation. Postoperative rehydration and infection prevention were administered. Blood pressure monitoring was maintained at 120-140/70–90 mmHg without antihypertensive drugs. The patient was discharged 2 weeks after surgery. One 1 year postoperatively, Doppler ultrasound of the autotransplant showed that the transplanted kidney was normal in size and shape, and the boundary between the skin and medulla was clear (Figure 5A). The blood flow signal of the transplanted kidney was not abnormal, the transplanted kidney was supplied by the right external iliac artery, and the vein returned to the right external iliac vein (Figure 5B). The arteriovenous phase and excretory phase were well developed. Radionuclide renal dynamic imaging revealed that the GFR of the transplanted kidney was 36.9 ml/min.
TABLE 1 | Outcomes of operation.
[image: Table 1][image: Figure 5]FIGURE 5 | Postoperative imaging confirmed autotransplantation success. (A) Doppler ultrasound of autotransplant showing that the transplanted kidney was of normal size and shape; (B) the transplanted kidney was supplied by the right external iliac artery, and the vein returned to the right external iliac vein.
DISCUSSION
Currently, renal autotransplantation (RAT) has been reported as an effective treatment model for managing complex renal/ureteral lesions. The first RAT in humans was performed by Hardy in 1963 to address an extensive ureteral lesion. Over the past 30 years, RAT has been used in the surgical management of complex ureteral lesions, renal artery aneurysms, RVH, renal tumors, low back pain syndrome, and hematuria (Gwon et al., 2017; Ruiz et al., 2017; Doumerc et al., 2018; Haberal et al., 2018; Chen et al., 2020). RVH caused by renal artery stenosis presents as refractory hypertension and with poor drug treatment effect. It generally consists of percutaneous transluminal renal angioplasty (PTRA), in situ vascular reconstruction, or renal autotransplantation (RAT). These procedures aim to normalize the blood flow to the affected kidney with the fewest possible surgical complications. However, PTRA may be unsuccessful and even hazardous in patients with dysplastic or atherosclerotic lesions involving infrahilar branches or with inflammatory lesions, such as those associated with TD. RAT has been used as an alternative treatment for the aneurysmal or complex occlusive disease of the renal artery. In the studied case of bilateral renal artery severe stenosis, stenosis of the right renal artery was more severe than that on the left, with the right renal artery accounting for approximately 90% of the stenosis. Narrowing was observed in the proximal renal artery, and because of the poor right kidney function, interventional therapy was difficult. Therefore, we selected RAT as an alternative treatment for this patient to obtain the best long-term results, improve the right kidney blood supply, and obtain compensatory right-side functions. If poor postoperative blood pressure control is achieved, then further treatment of left renal artery stenosis can be administered.
Laparoscopy and robot surgery have been used for donor nephrectomy and renal autotransplantation. Restrictions due to kidney cold preservation in vivo, most studies take the kidney extracted from the abdominal cavity and transfer to the bench table, and a separate incision is required to anastomose the renal vessels with the iliac vessels; the kidney is not cold preserved continuously during the operation (Ju et al., 2016; Kumar et al., 2018; Tiong et al., 2018; Ölçücüoğlu, 2020).Currently, some studies reported the use of cold preservation devices for pig intraperitoneal kidney transplantation (Menon et al., 2014; Meier et al., 2018; Samuels et al., 2019). However, they are all in the exploratory stage. In addition, some researchers reported using cold preserve in living donor’s kidney transplants (Territo et al., 2021), but this method requires an additional incision to insert the cold preserve device and donor’s kidney. There were no reports on the use of this device to human completely minimally invasive renal autotransplantation.
In this study, the patient underwent laparoscopic complete intracorporeal renal autotransplantation, the blood pressure was maintained at a normal level, the blood supply of the transplanted kidney recovered to normal levels, and the GFR was significantly recovered. Therefore, we believe that laparoscopic complete intracorporeal renal autotransplantation may be the preferred treatment for severe renal artery stenosis for which interventional therapy is not appropriate.
3D printing technology converts two-dimensional images into specified materials for printing through computer design software (Atalay et al., 2017; Ghazi et al., 2017; Bai et al., 2020). With the concept of biological manufacturing, the application of 3D printing technology in medicine has received increasing attention from researchers worldwide. At present, great progress has been made in reflecting the anatomical details of human organs by 3D printing, which was first used in preoperative planning and surgical simulation of complex operations (Ali et al., 2020; Xu et al., 2020). It has been more commonly used in orthopedics, stomatology, and cranial maxillofacial surgery. Giovinco (Giovinco et al., 2012) applied 3D printing technology in preoperative training for Charcot’s foot orthopedic surgery and achieved good results. In the operation to repair an acetabular fracture, a simulated pelvis model of the patient was printed with 3D technology, and plate pre-bending, screw length measurement, and screw entry direction design were carried out on the model, which greatly reduced the operation time and surgical complications; moreover, the fracture model can be used to train new doctors. 3D printing technology has been applied in urology to print individual 3D solid models according to the shape of the kidney, and the greatest advantage of 3D printing is that artificial implants can be customized accurately and effectively. In this study, we used 3D printing technology to produce a temporary “cold jacket” for the kidney, and its effect was the same as that of in vitro cold preservation. This new method of 3D printing technology combined with cold preservation was first successfully applied in the treatment of renal artery stenosis, and this technology has not been previously reported.
PLA, a kind of linear thermoplastic aliphatic polyester, is mainly prepared from starch raw materials through saccharification, fermentation, and certain chemical reactions (Madhavan Nampoothiri et al., 2010; Tyler et al., 2016). It has good thermal stability, solvent resistance, excellent gloss, transparency, resistance to certain bacteria, and flame retardancy (Farah et al., 2016). Because of its unique performance, PLA is widely used in medical tissue engineering research, and it is feasible to make a cold storage device with this material. In this study, our novel cold storage devices overcome the restriction of kidney preservation in the process of complete intracorporeal renal autotransplantation. The kidney was preserved continuously, and the kidney function was protected to the maximum extent; this technology is safe and feasible for use in the process of human autologous kidney transplantation.
However, there are some limitations. First, this study applied 3D printing cold jackets for renal autotransplantation, and the proposed method was only applied to one patient. Additionally, although this new method is very promising, random comparisons with traditional renal autotransplantation were not performed, and the long-term effects and large sample outcomes have not been determined. Finally, whether the technique is suitable for different types of renal transplantation patients requires further clarification; thus, this cold jacket should be optimized in future research.
CONCLUSION
A 3D-printed polylactide (PLA) cold jacket for laparoscopic completely intracorporeal renal autotransplantation is a safe, effective, and less complicated method for the treatment of renal artery stenosis; however, the technology is at the exploratory stage and, thus, still has room for improvement. Every step still needs further research and elaboration, the cases need to be carefully selected, and the surgeon must be skilled in laparoscopic techniques, especially laparoscopy vascular sutures.
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