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Abstract


Background: The shortage of organs has called for the use of two marginal adult kidneys (MAKs) with a low nephron mass as dual adult kidneys transplanted to a single recipient. The operative techniques of the transplantation of these kidneys are still debated. Since the horseshoe kidneys have been transplanted as early as 1975, it is theorized that the technique of the en bloc transplantation of the horseshoe kidney may be applied to the MAKs. Material and Methods: The world literature search during the period 1975–2021 on the use of deceased-donor horseshoe kidneys was reviewed. The selection of the donors, the anatomy of the kidneys, the principles of organ recovery, the transplantation procedure, and the results were discussed. Finally, this technique of en bloc transplantation was applied successfully to seven pairs of MAKs and is described herein. The dual adult kidneys were simultaneously vascularized by the donor aorta and vena cava, which were anastomosed, respectively, to the recipient iliac artery and vein. Results: A total of 131 case reports of deceased horseshoe kidney donors were reviewed, of which 53 en bloc kidneys were transplanted successfully to a single recipient, and the remaining 78 were divided and transplanted as single units to 131 recipients. Twenty-five single kidneys were discarded. At the time of publication, all horseshoe kidneys had a good renal function. In the series of seven pairs of MAKs transplanted en bloc, the operative time was 3 h. There were no primary nonfunctions, no vascular thromboses, no urinary leakages, and no wound infections. Only two patients required temporary dialysis despite an average of 28.4 h of cold ischemia time. No hydronephrosis and lymphocele was experienced. Both patient and graft survival were 100%. At the time of follow-up at 36 months, serum creatinine levels averaged 1.8 mg/dL (range 1.4–1.9). Conclusions: This technique of en bloc renal transplantation using the donor aorta and vena cava for revascularization can be applied to both the horseshoe kidneys and the MAK, and improve organ utilization.
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1. Introduction


Renal transplantation is considered the treatment of choice for patients with end-stage renal disease by providing improved quality and extended life expectancy, with 75% of deceased-donor kidney recipients surviving at 5 years compared to 40% of patients staying on dialysis. As of December, 2021, there were 61,277 patients active on the waiting list receiving only 26,670 transplanted kidneys, with 18,699 from deceased donors and 5971 from living donors [1]. As a result of the shortage of organs, the patients had to wait a median of 3.9 years to receive a kidney, by which time approximately 46% of transplant candidates had died or had been removed from the waiting list because of aging, which increases their comorbidities. Those of blood group B or O may experience a significantly longer waiting period [2]. To solve the organ shortage, the transplant community in 1996 introduced the concept of transplanting both kidneys from marginal donors with suboptimal functions to a single age-matched adult recipient, so-called dual transplants that would have been discarded as single units since “nobody wanted them“ [3]. However, the techniques for such transplants, described as sequential unilateral [4,5,6], sequential bilateral [7,8], and en bloc unilateral [9,10,11,12], are still controversial, hence the use of this dual-kidney transplant model was very restricted, and 6643 kidneys with a kidney donor profile index from 88% to 92% or with a donor age > 66 years of age recovered during the 2010–2015 period were discarded [13]. Since en bloc horseshoe kidneys have been transplanted since 1975 [14], it is theorized that this model can be applied to the transplantation of the MAK; hence, the global experience of horseshoe kidney transplantation is reviewed with particular attention to the donor selection [15,16,17,18,19,20,21,22,23,24,25,26], the anatomy of the kidneys [27,28,29,30,31,32,33,34,35,36,37,38], the technique of transplantation [25,26,27,28,39,40,41,42,43,44,45,46,47,48,49], and the results [22,23]. Since no review has been published since 2002, and the use of horseshoe kidneys is neither tracked by the United Network for Organ Sharing (UNOS) nor by the Scientific Registry of Transplant Recipients (SRTR) databases, it is hoped that this review can provide an analysis of all cases of horseshoe kidneys reported to date and derive a surgical approach that can be applied to both the horseshoe kidneys and the MAK.




2. Material and Methods


Electronic databases were searched for case reports of transplantation of the horseshoe kidneys from 1975 to April 2022. There were 131 pairs of horseshoe kidneys, which were procured worldwide [15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,44,45,46,47,48,49]. Fifty-three pairs of horseshoe kidneys were transplanted en bloc to a single recipient, and 78 pairs were divided at the isthmus with their blood supply separated and transplanted as single units to 131 recipients. Twenty-five kidneys were discarded because of complex vascular anatomy, vascular injuries, and injuries to the collecting system nonamenable to repair. For instance, one kidney was not used after thrombosis of the contralateral half after graft reperfusion [22]. In most cases, at the time of transplantation of the en bloc horseshoe kidneys, the distal donor aorta and the distal vena cava were anastomosed to the external iliac artery and vein, respectively. In one instance where the renal vessels arise behind the isthmus, the donor common iliac artery was used as inflow instead. In another case where the low-sitting isthmus hid the aortic bifurcation, the donor common iliac arteries were spatulated medially and sutured together to lengthen the donor aorta [16]. In three patients, the “huge kidneys” required an intra-abdominal approach with vascular anastomoses to the recipient’s distal aorta and vena cava using the donor’s proximal aorta and vena cava [17]. In general, a right iliac extraperitoneal approach was performed in a standard transplant procedure, and the kidneys were vascularized through the distal aortic inflow and the distal caval outflow [20,21,22,23,24,25,26,27]. The ureters were reimplanted into the bladder using the Gregoire–Lich extravesical approach in the majority of cases.



Based on this model of en bloc transplantation of the horseshoe kidneys, a series of seven en bloc dual marginal adult kidney transplants were performed in our transplant center. In four instances, the kidneys were already separated at the donor procurement site and sent to us packed separately. They were reconstructed to make an en bloc graft by capping the proximal aspect of the aorta with an aortic patch bearing the renal artery/or arteries, and the proximal vena cava was closed with a patch carrying the left renal veins. The back table surgery was performed in a 4 °C ice bath. In 3 other cases, the kidneys were shipped to us en bloc with the proximal aorta and vena cava stapled and did not require any further bench surgery. Thus, the seven en bloc kidneys had the donor aorta as a common arterial inflow and the vena cava as a common venous outflow, which were then anastomosed, respectively, to the recipient iliac artery and vein, similar to the horseshoe kidneys transplant model. The similarity between the horseshoe kidneys and the en bloc dual kidneys is shown in Figure 1.



The transplantation was performed via a right Gibson iliac incision, with dissection of both external iliac artery and vein as in a standard transplant procedure. The right iliac quadrant was chosen because there is more room and the vessels are more superficial than the contralateral side. The en bloc kidneys were inverted 180 degrees to position the vena cava on the medial site, concordant with the right iliac vein of the patient, thus preventing scissoring leading to venous thrombosis. The position of the en bloc adult kidneys prior to the vascular anastomosis is shown in Figure 2A. If the right iliac quadrant was excluded due to a preexisting transplant or the presence of very severe arteriosclerotic iliac vessels, the left side could be used, but the anatomic inversion of the kidneys was not required since there was already concordance of the donor vena cava and the recipient’s left iliac vein (Figure 2B). Once the donor distal aorta and vena cava have been anastomosed end-to-side to the external iliac artery and vein, respectively, with the venous anastomosis positioned more distally, and after thorough hemostasis had been completed, the medial kidney was flipped for the second time laterally and stacked in front of the lateral kidney. This maneuver wedged the kidney between the lateral kidney and the iliac wing without vascular kinking and stabilized it. The ureters were connected then to the bladder through a common tunnel in the extravesical fashion over a small 22 cm-long double-J ureteral stent folded at the middle [25]. The incision was closed in layers in the regular fashion. There has not been any problem with lack of space after the kidneys had been folded as a “close book”, or compartment syndrome following the closure. The lateral kidney was “pexed” in place when the peritoneum fell back, preventing postoperative shifting and venous thrombosis.




3. Results


In the horseshoe kidneys en bloc group versus the split group, the median cold ischemia time was 24 h (range from 9 to 48) versus 22 h (range from 2 to 61), the median recipient age was 29 years (range 1 to 65) versus 30 years, and the median donor age was 29 (range from 1 to 65) versus 30, with a range of 12 to 59 [23,24]. There was a 13% complication rate in the en bloc recipients, including ureteral necrosis in two and ureteral lithiasis in one. In the split organs group, an 11.3% complications rate occurred from urinary leaks with sepsis in two patients and ureteral stenoses in two others. A delayed graft function occurred in 43% of all cases. Primary nonfunction was recorded as 4.3% in the en bloc group and 13.4% in the other. Although the operative times were not recorded, it is assumed that the split group technique required a much longer rewarming time necessary to perform multiple vascular anastomoses, to which was added the presence of ischemic areas from overlooked severed small-end arteries, hence the higher rate of primary nonfunction. Post-operative hemorrhage from the symphysiotomy was recorded as 5%. The median follow-up time for the en bloc group was 14 months (range from 1 to 26) versus 24 months (range from 0 to 166) for the split group. Graft function was similar in both groups, with a serum creatinine of 90 micromoles/L (range from 53 to 256) and 150 micromoles/L (range from 65 to 400), respectively. The overall graft survival for both groups was 87% after a mean follow-up of 22 months, equivalent to that of a control group of kidney transplants [24]. The transplant characteristics are summarized in Table A1.




4. Discussion


The horseshoe kidney was described first by the Italian physician Jacopo Berengario da Carpi from the University of Bologna in 1552 in the book “Isagoge Breves” or “A Short Introduction to Anatomy”. The credit for its use in transplantation went to Politano who, in 1963, successfully transplanted the right half of a horseshoe kidney to a monozygotic twin (personal communication). Nelson first officially reported the successful use of split horseshoe kidneys in two recipients in 1975 [15].



The horseshoe kidney is the most common congenital fusion abnormality of the kidneys, with an estimated incidence of 1/400 to 1/800 from childhood autopsy series, with a male preponderance of 2:1. It can be associated with other chromosome disorders such as Edward syndrome (67%), Turner syndrome (14–20%), and Down syndrome (1%). It occurs during the 4th to 8th week of gestation from the fusion of the metanephrogenic caps across the midline, usually at the lower poles (15%) and rarely in the upper poles (5%), through the low-seated isthmus crossing the midline, which is more lateralized toward the dominant left side, hence the U shape of the en bloc kidneys and the name of horseshoe kidney given to the partially fused kidneys. Since the fusion occurs before the rotation, the urinary collecting system is anterior and prominent and can be often mistaken for hydronephrosis. The short ureters cross the anterior aspect of the isthmus, with duplication present in 10% of the cases. These ureteral anomalies may explain the multiple episodes of urinary tract infection during childhood. From the lack of developmental ascension due to the presence of the inferior mesenteric artery, the isthmus becomes “stuck” at the level of L1–L4, and the true renal arteries, instead of numbering one or two as in normal kidneys, become multiple, “anomalous”, and segmental, and can take their “aberrant” origins from the aorta and the anterior aspect of the distal aorta and/or the common iliac arteries. Thus, 70% of horseshoe kidneys have multiple anomalous renal arteries to each kidney [27]. The same holds true for the renal veins, which can drain separately into the inferior vena cava or the iliac veins. The fleshy isthmus may contain some excretory systems and receive aberrant vessels from the common iliac arteries, but may be replaced by fibrous tissue in 15%. The horseshoe kidneys have an increased incidence of stone disease, squamous cells, and transitional cell carcinoma [27]. For these reasons, the horseshoe kidney donors, which are not different from any other deceased kidney donors, should be scrutinized during screening for past histories of obscure abdominal pain, recurrent urinary tract infection episodes, and a history of lithiasis. These findings should lead to further radiologic workup, such as a plain abdominal X-ray showing renal stones, a low-seating kidney shadow, or a sonogram showing the isthmus crossing the midline, with or without the excretory system. Computed abdominal tomograms with contrasting materials and 3D reconstructions, used frequently in living donors, give the best evaluation of the renal arteries, as well as the blood supply to the isthmus [17,18]. Despite a completely normal workup, the kidneys should still be thoroughly examined for tumors during the organ procurement exploratory laparotomy. Normal renal function stratified for age and a calculated eGFR exceeding or equal to 40 mL/min, not mentioned in the horseshoe literature, should make the horseshoe kidneys transplantable to age-matched recipients, since a calculated creatinine clearance over 90 mL/min is an accepted criterion for living donor kidney donation and dual-kidney allocation [18,19]. Such kidneys should be doing as well as, if not better than, any other MAKs described herein.



Since injuries occurring during organ procurement were common due to the presence of multiple anomalous arteries and veins, it was concluded that the kidneys should be procured en bloc, and the decision to divide the kidneys was best left to the receiving transplant center during bench surgery [23,24]. They should be explanted en bloc with as much aorta and vena cava with distal common iliac arteries and distal vena cava as possible, and the ureters should be divided at the bladder junction to provide maximal length. Extra vessels such as carotid and iliac arteries, jugular veins, and saphenous veins should be procured and packed with the kidneys in anticipation of isthmus and vascular splitting, with reconstruction at the recipient center. In all instances, the cannula used for cold visceral perfusion during organ procurement should be inserted in the external iliac artery instead of the standard distal aorta. All dissection should be performed carefully at the receiving transplant center in a 4 °C ice bath, during which time the anatomy of the kidney can be thoroughly reassessed. If the uretero–pelvic junction is too prominent, suggesting uretero–pelvic junction obstruction, one can flush the ureters retrogradely with University of Wisconsin renal perfusate and observe their emptying instead of using the cumbersome retrograde injection with a radiopaque contrast. The visualization and the control of the bleeders from the kidneys can be facilitated by flushing the distal aorta with renal perfusate stained in blue with indigo–carmine dye, using a low-pressure bulb syringe. The use of methylene blue is not advised because of the risk of post-transplant methemoglobinuria. This simple “indigo–carmine angiogram” is more practical to use than the pulsatile perfusion advocated [29,30]. It also helps delineate the size, the location, and the number of the ischemic areas, which may lead to an organ discard because of the risk of pyelo-calyceal necrosis. It may finally identify the severed vessels and prevent the large eventual intraoperative blood loss amounting to 1100 mL from overlooked bleeders, as in a case report [46]. Since the operative procedure is already complicated, it does not seem that further pyelo-ureteral reconstruction for uretero–pelvic junction obstruction is warranted due to potential dreadful complications. The splitting of the kidneys depends on the size of the isthmus and the number of arteries and veins. When the isthmus is fibrotic or small, there is a low risk of damage to the urinary collecting system or of post-transplant hemorrhage despite the precautions taken at the time of the division of the isthmus. Safer division can be performed using the harmonic scalpel or the stapler, as reported by the living donor experience [31,32]. Division of the aorta and the vena cava was very controversial due to the complexity of the vascular system, both arterial and venous, and required challenging and extensive vascular reconstruction. All of these decisions were summarized by Uzzo, who put into account the number of anomalous arteries and veins, the size of the isthmus, the length of the ureters, the results of renal biopsy, and the characteristics of the pulsatile perfusion, although the latter two criteria were not confirmed by additional literature [21,22,23,24,26,27,28,29,30,31,32,33]. However, bearing in mind the very complex vascular anatomy of the horseshoe kidney, it seems advisable to transplant the horseshoe kidneys en bloc, instead of transplanting them as single units. The discard of 25 kidneys (18% of the collected series) lost after renal splitting because of the injuries to the complex vascular and excretory systems nonamenable to repair seems to further support this concept of the en bloc transplantation of the horseshoe kidneys, whereby the proximal aorta and vena cava ends are oversewn and the kidneys are vascularized through the distal aorta and the vena cava [20,21,24,25,27,28,29,30,31,32,33,34,35,36,37,38].



During the transplantation of the horseshoe kidneys, the anastomoses of the distal aorta and vena cava to the recipient iliac artery and vein have never been reported to be of a technical problem, even with the elderly donor aorta [24]. Their use in the dual adult kidney transplant reduces the warm ischemia time and shortens the operative time by half, since they required only two anastomoses between the aorta and the vena cava to the respective iliac artery and vein, instead of the four arterial and venous anastomoses required by the sequential transplantation of two kidneys with a single artery and vein. Gaber took 297 +/− 32 min to perform a dual transplantation, while single-kidney transplantation took significantly less time at 219 +/− 26 min p < 0.001 [5]. Ekser reported a significantly longer operative time of 260 +/− 36 min for a dual transplant compared to 157 +/− 25 min for a single-kidney transplant, with p < 0.001 [6]. De Serres recorded 275 +/− 80 min vs. 167 +/− 47 min for the two groups, respectively [39]. Stratta recorded 1.4 h of cold ischemia time difference between the two transplants [13]. On the contrary, Salehipour reported 180 min (range from 185 to 210 min) for the en bloc procedure [38], while Tran et al., reported an operative time of 206 +/− 57 min [11]. Our operative time averaged only 180 min, independently of the number of renal arteries and veins [9,22]. The use of the aorta and vena cava is universally accepted for the transplantation of en bloc pediatric kidneys because of their small size [43].



The use of a small folded single long ureteral stent left in for a short time had been shown to sufficiently protect our seven cases of dual-kidney transplantation from urinary complications and reduce leakage rates in multiple series [42,43]. Larger 6F stents fitting the ureters snuggly were avoided, since there have been reports on the disruption of the uretero–ureteral anastomosis at the time of their removal. The use of a single stent also facilitates its removal by requiring only one cystoscopy pass [26].



It is worth mentioning a major difference in the anatomy and the techniques of transplantation that makes both models free of vascular thrombosis. In the horseshoe kidney model, the isthmus prevents the rotation of the kidneys and stabilizes the vessels; therefore, thrombosis of the en bloc horseshoe kidney had not been reported in the literature. On the contrary, the medial kidney of the MAKs model, lying on the pelvic floor, is more susceptible to renal vein shifting, twisting, stretching, and hence thrombosis of the medial vein than the contralateral kidney sitting on the psoas muscle. Thus, the final maneuver of flipping the medial kidney 180 degrees and stacking it between the iliac wing and the lateral kidney stabilized the medial kidney and prevented venous thrombosis.



The only limitation of this study is the small number of the MAKs available. This results from the implementation of the Kidney Donor Profile Index in 2013, which unintentionally increased the discard rate from 10% in 1998 to 18.7% in 2015. Particularly for kidneys from donors > 66 years old who suit the MAKs criteria, the discard rate exceeds 60% of all kidneys, with a KDPI between 88% and 92% recovered during the period 2010–2015 [13]. The allocation for dual adult kidneys in the US is still subject to conjecture.




5. Conclusions


It is hoped that: (1) this study will lead to fostering the use of horseshoe kidneys. Considering the unfortunate death of 100,000 people from the opioid epidemic, reported as of 25 October 2021 [50], one may theoretically expect 100,000: 800 = 125 (incidence of 1/800 peoples) to 250 potential donors (incidence of 1/400 peoples) with horseshoe kidneys that can be made available for transplantation after fulfilling the guidelines for donor risk identification, the use of the nucleic acid testing, the implementation of recipient informed consent, and in some cases, after the treatment of the donor infections with antiviral or antibiotic therapy; (2) the donor aorta and vena cava will be used universally as a single vascular inflow and outflow for all adult en bloc kidneys, irrespective of the number of vessels, as practiced in the transplantation of en bloc pediatric kidneys; and (3) the strategies reviewed herein will help maximize the use of both the horseshoe kidneys and the MAKs, and expand the marginal adult kidney donor pool.
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Table A1. Results of horseshoe kidney transplants. En bloc vs. split [23,24].






Table A1. Results of horseshoe kidney transplants. En bloc vs. split [23,24].










	
	En Bloc Group (n = 53)
	Split Group (n = 131)





	Donor age (years)
	29 (1–65)
	30 (12–59)



	Recipient age (years)
	44 (3–59)
	44 (7–69)



	Cold ischemia time (h)
	24 (9–48)
	22 (2–61)



	Primary nonfunction (%)
	4.3
	13.4



	Delayed graft function (%)
	43
	43



	Follow-up (months)
	14 (1–26)
	24 (0–166)



	Complications rate (%)
	13
	11.3



	Serum creatinine (millimole/L)
	90 (53–256)
	150 (65–400)



	Graft survival at 22 months (%)
	87
	87
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Figure 1. Schematic drawing showing the similarity of (A) the horseshoe kidneys with the transverse isthmus slightly above the level of the aortic bifurcation, and (B) the en bloc dual adult kidneys. The horseshoe kidneys are located 1–2 vertebras below the regular kidneys. Note the multiple segmental renal arteries and the arteries to the isthmus arising from the iliac arteries. In both drawings, the vena cava is on the left side of the aorta. R = right kidney, L = left kidney. 
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Figure 2. (A) The inverted reconstructed dual kidneys ready to be transplanted to the right iliac fossa showing the backwall of the aorta with the spinal arteries suture ligated. The vena is on the right side of the aorta. The left kidney is figured with the aortic cap bearing the 2 renal arteries and a cava patch carrying the left renal vein hidden by the artery. The kidneys represented herein would require 3 separate arterial anastomoses and 5 venous anastomoses had the aorta and the vena cava not been used as a single arterial inflow and venous inflow, respectively. (B) The pelvic vascular anatomy is shown. Taking consideration of Figure 2A, one can note the concordance of the donor vena cava with the recipient’s right iliac vein, facilitating the venous anastomosis (single arrow) and avoiding the arterio–venous scissoring leading to renal vein thrombosis. Taking consideration of Figure 1B when the left iliac quadrant is used, the anatomic inversion of the en bloc kidneys is not required, since there is already anatomic concordance of the donor vena cava and the left iliac vein. The double arrow shows the site of the left iliac anastomosis. 
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