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Abstract

:

Background: It is well recognized that patient survival and quality of life are superior with renal transplantation than with dialysis. Organ availability is far outweighed by the large number of wait-listed patients. Additional stratagems are sought to expand the donor pool, and kidneys from anencephalic infants can be considered a source of organs, until now unexplored. We plan to assess the feasibility of using the kidneys from anencephalic infants for transplantation. Material and Methods: Information about anencephaly, the characteristics of the infant kidneys, the ethical, social and medico-legal aspects raised by the use of these kidneys, their procurement and their transplantation are reviewed. Conclusions: En bloc kidney transplants from infants can provide long-term normal renal function after an accelerated catch up growth. They are not subjected to hyperfiltration since they have a full complement of nephrons. They can be transplanted using the techniques currently available.
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1. Introduction


Kidney transplantation provides extended life expectancy, increased quality of life and is cost effective when compared to dialysis therapy for end stage renal disease. As of 1 January 2022 there were over 100,000 patients on the waiting list for a kidney transplant in the US. Unfortunately, only 6541 living donor kidneys and 13,861 deceased donor kidneys were transplanted last year [1]. As the recipients outstrip the organs by a ratio of 5:1, the median waiting time for a kidney is extended to 3–6 years. Patients with blood group B or O may experience a longer waiting period with up to 47% of patients dying annually. To face this enormous challenge, anencephalic donors can be a source of kidneys, unexplored for nearly fifty-three years since the first successful and long-term transplantation of anencephalic infant en-bloc kidneys [2]. The recipient, 33 years after the original transplantation, was reported to be alive and well with the original kidney transplants [3]. The purpose of this communication is to discuss the problems arising from the use of this infant population as organ donor such as the incidence of the congenital malformations, the characteristics of the kidneys, the ethical, social and medico-legal aspects of the organ donation and procurement, the transplantation techniques, and the long-term results.




2. Material and Methods


2.1. Background of Anencephaly


Anencephaly is the most severe lethal congenital malformation of the neural tube that occurs when the cephalic end of the neural tube fails to close at the base of the skull between the 23rd and the 26th day of pregnancy. The causes are multifactorial: iatrogenic, toxic (ingestion of Fenugreek, a culinary plant found in Morocco known to cause birth defects in humans and animals), metabolic (deficiency of folic acid and zinc during early gestation, high doses of Vit A in rats), nutritional, bacterial (Mycobacterium avium subspecies paratuberculosis in aerosolized manure in the rural community of Yakima, WA during a cluster of babies with anencephaly), and exceptionally chromosomal [4,5,6,7,8,9].



The condition is characterized by the absence of the cerebral hemispheres including the neocortex, the meninges, the skull, and the scalp. The exposed brain tissue ultimately transforms into a hemorrhagic and fibrotic mass of neurons and glia. Anencephalic infants are blind, deaf, unconscious, unable to perceive pain, and unable to move or cry. These conditions allow for breathing, cardiac function, and maintenance of body temperature control. Despite the severe brain abnormalities, the facial bones, the base of the skull and the facial aspect are nearly normal. Only 7% of fetuses die in utero. After delivery, infants may live a few hours to one week. One infant survived up to 28 months without life support such as intubation and tube-feeding [10].



Anencephaly accounts for approximately one-half of spinal cord defects. It has an incidence of 1/5000 live births in the United states, which translates to approximately 700 infants born each year with a female predominance ratio of 3:1 to 4:1 [11,12]. It can be recognized on the first prenatal screening ultrasound by a reduced crown-rump-length and the “Mickey Mouse” sign in the coronal view. Second trimester defects include absent calvarium above the level of the orbits in a view of the fetal face [13]. There may be association with Trisomies 13 and 18 and Triploidy [14]. In the 70’s, half of the infants were born alive at 35–36 weeks of pregnancy. By 1990, after the diagnosis was made with the combination of polyhydramnios, elevated serum alpha-fetoprotein levels and ultrasound findings, the majority of patients elected to terminate their pregnancy at an average of 19.6 weeks of gestation, although some parents may opt to wait until normal delivery. After delivery, physicians may provide ventilator assistance and other medical therapies that are necessary to sustain organ perfusion and viability until such time as a determination of death can be made [15,16,17,18,19].




2.2. Characteristics of the Anencephalic Kidneys


The kidneys develop as early as the third week of gestation from the ureteric bud and ascend from a pelvic to the lumbar position, from the pronephros to the mesonephros at 4 weeks, and to the metanephros at 5 weeks, building up the number of nephrons along with its development. Glomeruli formation begins at the 5th week of gestation and urine is produced by the 9th week. Nephrogenesis is completed by 34 weeks [20] although there is evidence of post-natal nephrogenesis at 36 weeks of corrected gestational age [21]. However, postnatal nephrons exhibits abnormal nephron morphology and function [22]. Acceleration of renal maturation may lead to glomerulomegaly. The functional maturity of the kidneys increases rapidly in the first weeks of life due to a combination of increased renal perfusion and glomerular filtration and decreased renal vascular resistance.



The glomerular filtration starts at the rate of 5 mL/min/1.73 m2, increases from 10–20 mL/min/1.73 m2 during the first day of life to 30–40 mL/min/1.73 m2 at the first 2 weeks of life, and slowly reaches 65 mL/min/1.73 m2 by 2 months. It ultimately reaches adult levels of 120 mL/min/1.73 m2 at 2 years of age [23]. In the same time renal blood flow increases from 3–7% of the cardiac output during pregnancy to 10% at the first week and 25% of the cardiac output at 2 years [24]. Low renal blood volume and glomerular function cause neonates to have difficulty with increased fluid volume, so intravenous fluid administration should be based on body weight and frequent clinical assessments [25]. Due to their large body surface area, neonates are subjected to greater insensible fluid losses. A transient tubulopathy at birth has also been identified with decreased response to aldosterone, inability to handle free water, electrolytes, small proteins and bicarbonate, resulting in multiple electrolyte imbalance and poor growth [26].



Glomerular counting techniques are performed only on autopsy specimen, and to date there is still no technique allowing in vivo determination of Nglom. Using the most accurate and reproducible stereological disector method applied to 11 normal spontaneous second trimester abortions and stillbirths from 15 to 40 weeks gestation, Hinchliffe et al. found that the mean glomerular number at 40 weeks is 740,000 [27]. In 78 kidneys from newborn to 84 years, Hoy et al. recorded 210,332 to 1,825,380 glomeruli with a mean of 784,909 ± 314,686 glomeruli, with a slightly higher number in male adults, with 846,386 compared to 720,335 in female patients [28]. Nglom is inversely proportional to Vglom, with larger glomeruli reflecting compensatory hypertrophy. The terms nephron endowment, nephron number, glomerular number, nephron mass are used interchangeably in the literature. The term nephron mass is used as a clinical term meaning nephron number, kidney weight, kidney size and kidney volume [26]. In a recent study of twenty human fetal kidneys (5 male and 5 female anencephalic fetuses, and 5 male and 5 female normal fetuses at gestational ages 30 to 36 weeks), Kalaycioglu et al. did not find any significant differences between the two groups in terms of kidney volumes, number and height of the glomeruli, and suggested that kidneys from anencephalic infants may be suitable for transplantation [29].



The total kidney volume determined by ultrasound correlates significantly with Nglom in infants younger than 3 months [30] and has been used as an in vivo surrogate for Nglom. A study of 203 pediatric patients with sonograms yielded one regression equation to determine the renal length in infants under one year as equal to 4.98 cm + 0.155 × age in months [31]. In 307 other children the left kidney measured 50 mm ± 5.8 mm in length, usually longer than the right [32]. Magnetic resonance imaging data on renal size is available in adults only [33].




2.3. Pediatric Organ Donation


Pediatric organ transplantation confers significant benefits to life extending and quality of life for the young recipients. In the United States between 1988 and 2013 there were 130 organ donors under one year of age, annually. In 2020, 1900 children are on the waiting list in the US and 1700 children received transplants from over 850 pediatric donors, of which 121 were babies under one year of age [32].



Pediatric organ donation, faces unique issues compared to adult donation. For instance, even with the best medical, professional and ethical environment it is still very difficult for the bereaved parents and siblings stricken with grief, ethical dilemmas, compassion fatigue, social, cultural and religious issues to understand the concept of brain death when they see their own children resting comfortably under assisted ventilation, with a heart beating on the cardiac monitor [33]. In a survey of 425 parents, of which 65% are willing to donate their children organs, 45% of parents are still believing that children declared brain dead may wake up. Participants in another randomized series of 1072 people from 30 countries are more likely to be certain that the patient was truly dead from “circulatory arrest” with 87.9% ± 19.7% compared to participants exposed to “brain death” with 84.1% ± 22.7% with p = 0.0004 [33]. In another study of 131 children eligible for organ donation with 57% of families authorizing donations, multivariate analysis shows that family language, conversation-based characteristic of organ donation and time of referral to Organ Procurement Organization are important aspects in increasing pediatric organ donation [1]. Despite the public support and willingness to donate their child’s organs, there is still distrust of health providers regarding the motives of organ donation, especially among minorities and lower social ethnic groups [34].



Because of the cephalic anatomic consideration and the precarity of survival, death by circulatory arrest declared by medical and legal standpoint is the most likely event, and organs can be recovered for transplantation afterwards. This is known as Donation after Circulatory Determination of Death, or simply Donation after Cardiac Death (DCD) or Non-Heart Beating Donation [35,36]. Discussions regarding DCD can occur only after the family and the medical team have made the decision to withdraw support or terminate care. There should also be no conflict of interest between a dying child and a potential organ recipient, and the transplant team should not be involved until after the death declaration. In the U.S., pediatric donation has increased from <5% in 2004 to nearly 20% in 2014 [37,38,39,40,41,42]. Concerns regarding prolonged warm ischemia and ensuing pediatric organ dysfunction have been raised, studied and found of no significance in 1–5 year graft survival using general data available [41,42].



The first use of anencephalic kidneys was reported by Martin et al. who transplanted successfully the kidneys from an anencephalic baby to a 17-pound boy in 1969 [2] and subsequently in 1978 with 7 en bloc kidneys [43]. Since then, there have been multiple reports on the subject with a few cases each [41,42,43,44,45,46,47,48,49,50,51,52].



The use of anencephalic organs for transplantation gained widespread publicity in the late 1980’s with the successful newborn cardiac transplant from a Canadian anencephalic infant by Bailey et al. [53] Subsequently Loma Linda Medical Center reported a study of 12 anencephalic infants who were supported with intensive care measures to allow the declaration of brain death. None of the infant became organ donor [51].



Recently, there is renewed interest in the use of neonatal organs to close the gap in organ shortage with the report on the use of kidneys from a 7-week old DCD donor weighing 5 kg to a 22-year old woman with 1-year follow-up [54], another from 3 organ procurement organizations with 2 kidneys transplanted [55] and a larger series of 10 en bloc neonatal kidneys including 2 with anencephaly accepted for donation while still in utero. Of these, 2 pairs of en bloc kidney thrombosed and 2 single kidneys clotted off, with the remaining kidneys providing one year eGFRs of 48.1 and 81.1 mL/min/1.73 m2 [56].




2.4. Procurement and Transplantation


The organ procurement and transplantation are the most important technical steps to be undertaken with utmost care to avoid post operative thrombosis, the “bête noire” of the transplant surgeon [56,57].



At the time of recovery, cold perfusion was administered via the distal right iliac artery through a 1 mm cannula and the kidneys were removed en bloc, with proximal transection of the aorta and the vena cava below the level of the celiac trunk which supplies the liver, and the common iliac arteries bifurcation. The hilum was not dissected to avoid injuries to the renal vessels, the excretory system and post operative torsion. The ureters were removed with a bladder segment to provide maximal ureteral length. At the recipient center, on the back table and under 2.5 magnification loupes, the proximal aortic and cava end were closed transversally. All non-renal vessels were suture-ligated with very fine suture material [56]. No attempt was made to reconstruct the missing cuffs of the renal arteries or the renal veins to avoid postoperative thrombosis encountered in the early experience of en bloc pediatric kidney transplants in adult recipients [57]. When injuries to the kidneys were suspected, the aorta was injected, at very low pressure, with 10 cc of fresh preservative solution stained with 1/3 ampule of indigo carmine. Failure to stain blue immediately on any part of the kidneys and the ureters denoted the presence of ischemic damage and led to organ discard. Delayed staining is secondary to diffusion of the dye and gave false information. The dye was then flushed out with fresh perfusate to avoid particulate embolization [58]. The adrenal glands were dissected partially and tied together with 3-0 silk sutures left long to serve as handles of the en bloc kidneys and facilitate their orientation and manipulation.



Classic transplantation using living donor kidney can be accomplished in infants weighing at least 15 pounds to allow technically sound anastomosis of the renal vessels to the recipient’s aorta and vena cava [59]. Conversely, transplantation of the pediatric kidneys into pediatric recipients has always been poor due to technical difficulties [60,61]. Pelletier et al. using the data from the Scientific Registry of Transplant Recipients reported that of the 1287 en bloc kidneys, 4.3% were transplanted into pediatric recipients and 90.2% transplanted into adults, whereas among 1162 single kidneys, 9.3% of kidneys were transplanted into pediatric recipients and 85.3% transplanted into adult recipients [62]. Hence, the transplantation technique in adult recipients is described. At the time of transplantation, an extraperitoneal approach to the right iliac fossa was used because more room is available compared to the opposite iliac quadrant, allowing the kidneys to catch-up grow without vascular kinking. The en bloc kidneys were inverted 180 degrees to allow donor cava-recipient iliac vein concordance at the pelvic level to avoid venous thrombosis from vascular scissoring. The distal aorta and vena cava were copiously spatulated posteriorly to maximize the size of the vascular anastomosis to accommodate the high flow of the full-grown kidneys. A small aortic punch was used to enlarge the arteriotomy. The anastomoses were performed end to side to the external iliac artery and vein, respectively. The ureters were anastomosed directly to the bladder over small 2 F stents using a no-touch technique [63,64]. The use of the bladder segment described originally by Carrel in 1908 in a canine model [65] and used by Gutierrez-Caldaza et al. in humans [46] is not necessary and may lead to urinary leakage from ischemic necrosis [66]. Anticoagulation was not used after the operation. Triple immunosuppression with low dose tacrolimus trough levels, mycophenolate mofetil and 4 days of methylprednisolone was used. Anti-thymocyte globulin was given for 5 days to mitigate dreadful rejection with ensuing tissue loss of the tiny kidneys. Clinical rejection episodes were treated with 5 days of 250 mg of intravenous methylprednisolone. No needle biopsies were performed to avoid injuries to the hilar structures of the very small kidneys during the first 3 months. Regardless of urine output, a technetium diethylene-triamine-penta-acetic scan was performed on day 1, and every 6 months as indicated. Ultrasound examination was performed at bedside to assess complete bladder emptying before discharge and repeated every six months as necessary. The patient was instructed to void every hour and the stents were removed by flexible cystoscopy during a clinic visit at 6 weeks.




2.5. Long Term Function and Growth of the En Bloc Kidneys


After a follow up period of 25.6 ± 14.2 months of 78 infant kidneys from donors weighing 10.8 ± 3.6 kg Nghiem et al. reported a graft survival of 79% with serum creatinine of 0.8 mg/dL, creatinine clearance of 88 mL/min/1.73 m2 (34–188) and 24 h-proteinuria of 146 mg (normal range 1–150 mg) [67]. The total volume of both kidneys during the 3 study periods 1–3 months, 3–6 months and over 6 months rose significantly from 132 ± 69 cc to 209 ± 69 cc and to 325 ± 106 cc, respectively with p < 0.001. For comparison, the volume of 12 single standard criteria adult donors kidneys was 260 ± 110 cc and the GFR was 67 ± 25 mL/Mn/1.73m2. The total glomerular filtration rates of the en bloc kidneys during the same periods rose from 22.5 ± 14.2 mL to 85.4 ± 52.3 mL and to 120 ± 45 mL, significantly with p < 0.001, translating into a 4–6 fold increase of initial glomerular filtration rate with time. The intra renal hemodynamics in both kidneys remained normal with resistive indices between 0.60 to 0.93. These findings reflected in the normalcy of the recipient’s blood pressure. Growth and function of these pediatric en bloc kidneys are summarized in Table 1. These findings persisted at a 12–24 months follow-up [68]. Sureshkumar et al. comparing all en bloc kidneys to living donor kidney transplants performed at a single center between 1990 and 2010 reported earlier detection of proteinuria in living donor kidneys recipient compared to en bloc recipients. Modifications of Diet in Renal Disease Glomerular Function Rates are higher than in living donor kidneys with 70.7 ± 27.1 mL/min/1.73/m2 vs. 43.3 ± 16.9 mL/min/1.73 m2, p < 0.001 [69]. Hirukawa et al. in the follow-up biopsies at 1-hr post-reperfusion, 6 months and at 3.5 years post transplant in a pair of en bloc kidneys from a 9 months old child, demonstrated a growth in glomerular area and volume, respectively, from 5.9 × 103 micron2 and 0.34 × 106 micron3 at 1-hr post- reperfusion to 14.9 × 103 micron2 and 1.27 × 106 micron3 at 3.5 years post transplant. On 1-hr post-reperfusion, the podocytes were structurally immature. At 6 months, podocyte immaturity was still present, but at 3.5 years podocytes were mature [70]. Taken all together, these data demonstrate that renal hyperfiltration seen in a model of 5/6 nephrectomized rats [71] has not been observed during the long term experience because the infant kidneys were able to adapt rapidly well to the high metabolic demand of their large hosts [72].




2.6. Donor Selection, Organ Procurement and Allocation


Donors older than 36 weeks of gestation with evidence of urine production after birth, a normalizing serum creatinine [23,24], a kidney length of 4.5–5.0 cm on ultrasonic view with absence of renal anomaly [29,31,32], absence of congenital metabolic and genetic diseases, normal levels of AFP in addition to regular criteria of a kidney donor are candidates for organ donation. For donors considered in utero, normal fetal growth, absence of oligohydramnios, presence of urine in the bladder, and absence of congenital anomaly of the kidneys should be confirmed [13,27,29,54,56,63].



During procurement, surgical teams should be working together with collegiality and professionalism to assure the maximum number of organ transplants. The kidneys should be removed en bloc with a bladder segment, with as much aorta and vena cava as possible, and packed en bloc with extra carotid arteries for future reconstruction, to be assessed only by the few recipient transplant centers [57,62,68]. A list of such centers performing the infant kidneys transplantation should be drafted in advance to speed up the organ allocation and to avoid a long cold ischemia time. Efforts to develop surgical training and exchange among transplant centers should be promoted to optimize the use of such scarce resources.





3. Conclusions


The severe organ shortage can be improved with the use of kidneys from anencephalic donors. There is ample evidence that these kidneys have a rapid catchup growth, provide long term excellent results and can be transplanted safely with currently available techniques. Policies should be developed to promote and implement the use of this special donor by early referral by the medical and nursing teams.
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Table 1. Growth and function of en bloc infant kidney transplants.
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	1–3 Months
	3–6 Months
	>6 Months
	2-Tailed Measures





	Volume (cc)
	132 ± 69
	209 ± 69
	325 ± 106
	p < 0.001



	S.Creatinine (mg/dL)
	1.76 ± 0.13
	1.50 ± 0.33
	1.25 ± 0.26
	p < 0.001



	GFR (mL/Mn/1.73 m2)
	22.5 ± 14.2
	85 ± 52.3
	120.7 ± 45.1
	p < 0.001







All values are Mean ± SD. RI = Resistive index = peak systolic velocity- min end diastolic velocity/peak systolic velocity is 0.60–0.93 (normal range). For comparison, the mean volume and mean GFR determined in 12 standard criteria adult kidneys were 260 ± 110 cc and 67 ± 25 mL/Mn/1.73 m2, respectively. 24 h proteinuria was 146 mg (normal 1–150 mg).
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