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Pediatric nephrologists are familiar with the many ways in which renal-associated
diseases can cross the boundaries of traditional medical subspecialties, involving
the eyes, ears, heart, liver, pancreas, and intestines. In these cases, the kidney may
be part of the primary syndrome or a victim of another organ disorder via hypoper-
fusion or toxic substances. Despite this, multiorgan transplants are uncommon in
pediatrics, with 1677 reported cases in the United States since OPTN began collect-
ing data in 1988. Incidence of pediatric multiorgan transplants rose throughout the
1990s and 2000s, peaking at 116 procedures in 2007 before declining to the current
average of 55 per year [1] (Fig. 14.1).

Multiorgan transplantation can pose special challenges in pediatrics, especially
when one of those organs is a kidney. Pediatric renal transplantation in the United
States typically involves an adult- or near-adult-sized donor kidney to minimize the
risk of graft thrombosis; however, heart and liver transplants involve matching the
size of donor and recipient. Standard postoperative management of renal transplants
involves high rates of fluid administration to maintain renal blood flow and urine
output; standard management of lung and heart transplants involves limiting fluid
intake to avoid pulmonary edema and heart failure. Furthermore, small abdomens
may not have adequate domain to fit multiple allografts, especially if the native
organs are not being removed.

Related to the relative rarity of multiorgan transplantation in children, there is a
paucity of data on postoperative management and, in some cases, indications and
outcomes. Here we have collected and summarized the published literature on the
allocation, incidence, indications, perioperative management, and outcomes of
pediatric multiorgan transplants.
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Pediatric multiogan transplants
in the United States
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Fig. 14.1 Number of pediatric multiorgan transplants performed in the United States, by year.
(Source: OPTN data [1])

Multiorgan Allocation

While the number of pediatric multiorgan transplants has stabilized over the last
decade, the number among adults, excluding kidney-pancreas transplants, has more
than doubled from 560 transplants in 2010 to 1074 transplants in 2019; 67% of
these were combined liver-kidney transplants (CLKT) [1]. With this increase has
come rising interest in the impact of multiorgan transplants on access and outcomes
for single-organ recipients. The US kidney allocation system prioritizes multiorgan
recipients over kidney-alone recipients, and multiorgan transplant outcomes are not
included in center-specific reporting [2]. This has led to concerns about the objectiv-
ity, variability, and equitability of multiorgan allocation across the country, espe-
cially the potential impact on access to transplant for pediatric patients [2, 3].
Multiorgan transplant recipients can be listed for transplant with estimated glomer-
ular filtration rates that would not meet the criteria for receipt of a kidney alone [4].
At the same time, kidneys allocated as part of a multiorgan transplant are not avail-
able to candidates for a kidney alone, and in 2016, 6.6% of kidney allografts were
allocated with a liver or heart [2]. In the United States, the “Final Rule” governing
the development of organ allocation policies requires the creation of policies “spe-
cific for each organ type or combination of organ types” [5]; however prior to 2014,
there were no policies governing multiorgan transplants.

Organ allocation policies “seek to achieve the best use of donated organs” [5],
requiring a balance between equity and organ utility. A multiorgan transplant may
be lifesaving for one transplant candidate, but multiple single-organ transplants can
save multiple lives. For example, recipients of combined heart-kidney transplant
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Fig. 14.2 Distribution of kidney donor profile index (KDPI) scores among kidney-alone and
multi-organ transplant recipients. (Reprinted with permission from American Journal of
Transplantation [4])

have significantly lower mortality than heart transplant recipients who remain on
dialysis, but have high incidence of primary nonfunction and post-transplant dialy-
sis [2], despite generally receiving higher quality (low kidney donor profile index)
kidneys than kidney-alone recipients [3] (Fig. 14.2). Similarly, individual recipients
of pediatric liver-kidney transplants have similar graft survival and lower rejection
incidence compared to recipients of liver-alone transplants but worse outcomes than
kidney-alone transplants, despite 49% of kidneys allocated with a liver-kidney
transplant having a KDPI <35% (i.e., better quality organ) [6]. These situations
result in improved outcomes for the multiorgan recipients but decrease the avail-
ability of kidney allografts [7].

To address these concerns in the United States, the United Network for Organ
Sharing (UNOS) has begun developing policies to address multiorgan transplant
allocation. Kidney-pancreas allocation policies were added in 2014, establishing
listing criteria that included the requirement that patients meet criteria for kidney-
alone listing and specific pancreas-specific parameters including insulin use,
C-peptide level, and/or body mass index threshold [8]; however, pediatric candi-
dates are exempt from these requirements [9]. Kidney-pancreas candidates accumu-
late priority based on their kidney waiting time, but receive priority over kidney-alone
recipients for all available local kidney-pancreas organs [10]. A 6-month evaluation
of the new policy showed no change in pancreas utilization and increased regional
sharing [11]. Between 2015 and 2019 there were an average of 802 kidney-pancreas
transplants [1] with significant geographic variation in practice [12].
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In 2017, UNOS implemented a simultaneous liver-kidney policy that established
kidney eligibility criteria (either chronic kidney disease, prolonged acute kidney
injury, or metabolic disease) and created a safety net giving priority for kidneys with
a KDPI >20% to individuals who have continued dialysis dependency or an eGFR
<20 ml/min/1.73m? 2—12 months after liver transplant [2]. Over the following year,
the number of CLKT decreased from 740 to 676, while the number of kidney-after-
liver transplants increased from 44 to 87 [2], a net decrease of 21 kidney transplants,
although there may have been an initial “bolus” effect causing a transient increase
in kidney-after-liver transplants immediately after policy implementation [6].

In the United States, there are currently no established national criteria for simul-
taneous heart-kidney or multivisceral transplant allocation, although proposals sim-
ilar to the liver-kidney policy have been put forward [2].

Pediatric Heart-Kidney Transplantation

Pediatric simultaneous heart-kidney transplantation (sHKTx) is a rare procedure.
The International Thoracic Organ Transplant Registry of the International Society
for Heart and Lung Transplantation (ISHLT), which collects data on approximately
80% of thoracic transplants worldwide, recorded only 50 pediatric heart-kidney
transplants between January 1990 and June 2017 [13]. The majority of those trans-
plants are in North America; 38 pediatric sHKTxs were performed between 1988
and April 30, 2017, in the United States [14]. The number of sHKTx overall, pedi-
atric and adult, has risen significantly in the past ten years, likely for two main rea-
sons. In part, heart transplant candidates are waiting longer for a transplant,
developing more kidney disease related to their heart failure. Additionally, heart
transplant recipients are surviving longer; 32.7% of pediatric multiorgan-heart
recipients in the International Thoracic Organ Transplant Registry were re-
transplants [13].

Individuals considered for heart-kidney transplantation typically have a primary
cardiac disease that leads to renal failure due to multiple factors, including low car-
diac output, nephrotoxic medications, and concomitant renal anomalies such as
agenesis or dysplasia [14, 15]. In the ISHLT registry, 36% were repeat heart trans-
plants with the majority of the remaining having congenital heart disease or dilated
cardiomyopathy [13]. However, there is no consensus on the degree of renal dys-
function that indicates a need for renal transplantation in heart transplant candi-
dates; 61.8% of sHKTx recipients in the ISHLT registry received dialysis prior to
their transplant [13]. In a study linking Scientific Registry of Transplant Recipients
(SRTR) data to the US Renal Data System, pediatric heart transplant recipients who
required acute dialysis were significantly more likely to develop ESRD (14% versus
6.6%, HR 7.46 p = 0.0002) over the 25-year follow-up time, while an estimated
glomerular filtration rate <60 ml/min/1.73m? was less strongly associated with
ESRD (HR 2.58, p < 0.001). The average eGFRs at transplant of patients who did
and did not develop end-stage renal disease over the 25 years of the cohort were
similar [16]. Complicating matters, renal dysfunction due to hypoperfusion may
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resolve with improved hemodynamics. In infants with renal failure at the time of
cardiac surgery, mortality was high but none of the survivors required dialysis at the
time of discharge [15]. Multiple studies in adult liver-kidney transplant recipients
have shown that renal function, as measured by radionucleotide scans, demonstrates
some level of native kidney function recovery in up to 50% of recipients [2]. These
studies only included one heart-kidney recipient, whose results showed that the
native kidneys were contributing 26% of the renal function while the transplant was
contributing 74% [17].

Much of the discussion about pediatric SHKTx focuses on whether or not to
perform the procedure. Simultaneous heart-kidney transplantation offers certain
advantages to the recipient. Recipients of a sHKTx were less likely to have an epi-
sode of rejection within the first year post-transplant (10%) compared with recipi-
ents of a heart alone (25%) [13]. Animal models have shown that recipients of
multiorgan transplants seem to develop tolerance to the donor, perhaps in part due
to the increased total mass of allograft relative to body size [18]. Similarly, infant
recipients of adult-sized kidneys have longer allograft survival than older children
receiving similar-sized grafts [19]. Observational studies of adults have also shown
decreased mortality among sHKTx recipients compared to heart transplant alone,
although there is concern that these studies are subject to bias in that healthier
patients were more likely to be listed for sHKTx [2]. A similar improvement in
survival has not been reported in pediatric sHKTx recipients (Fig. 14.3). ISHLT
data showed no difference in survival or freedom from cardiac allograft vasculopa-
thy among recipients of a pediatric heart-kidney or heart-liver transplant [13]
(Fig. 14.4).
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Fig. 14.3 Kaplan-Meier curve comparing survival for pediatric heart-alone transplants to that of
pediatric multiorgan transplants that involved a heart, January 1990 to June 2016, 80% of which
are heart-kidney transplants. (With permission from The Journal of Heart and Lung
Transplantation [13])
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Fig. 14.4 Kaplan-Meier curve comparing time to development of cardiac allograft vasculopathy
for pediatric heart-alone transplants compared to that of pediatric multiorgan transplants that
involved a heart, January 1994 to June 2016, the majority of which are heart-kidney transplants.
(With permission from The Journal of Heart and Lung Transplantation [13])

A sHKTx also offers potential advantages over kidney-after-heart transplanta-
tion, in that it avoids the potential immunologic risk from two donors and the addi-
tional induction therapy and surgical recovery. Recipients of a heart-alone transplant
who develop ESRD often wait years to receive a kidney transplant and may have
developed HLA antibodies related to their heart transplant, decreasing the pool of
possible donors. The 25-year cohort studied by Choudhry et al. showed that 48% of
heart transplant recipients on chronic dialysis had not received a kidney transplant
at the time when the data were censored, and patients who remained on chronic
dialysis had a significantly higher risk of death (HR 31.4, 95%CI 21-48.4,
p < 0.0001) than those who received a kidney transplant [16].

However, sHKTx also has disadvantages for both the patient and the utility of the
kidney allograft. In sHKTxs, the heart transplant is generally performed first fol-
lowed by the kidney transplant [14, 20]. This results in increased cold ischemia time
for the renal allograft. Heart transplant recipients may also develop vasoplegic syn-
drome and require ionotropic drug support, both of which compromise renal perfu-
sion [20]. These factors likely contribute to the increased incidence of primary
allograft non-function and high incidence of post-transplant dialysis (14—42%) [13,
14, 20, 21]. In the ISHLT registry, 20% of survivors of a sHKTx had severe renal
dysfunction at 5 years, defined as a creatinine >2.5 g/dl or return to chronic dialysis
[13]. Young children are particularly poor candidates for a simultaneous heart-
kidney transplant. Heart allografts are matched to recipients based on size, but kid-
neys from donors less than 5 years of age have high rates of renal arterial thrombosis,
delayed graft function, and early renal allograft loss [15]. Therefore, sHKTx in the
smallest patients may result in worse outcomes than when kidney transplant is
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performed separately using an adult-sized allograft. Due to these concerns, some
favor a kidney-after-heart approach, ideally using a living donor kidney [13].

Once a decision has been made to perform a sHKTX, there are several periopera-
tive considerations. Due to the heart’s relative intolerance to ischemia, the heart
transplant is performed first, followed by the kidney transplant. However, it is
debated whether the kidney transplant should be performed immediately, under the
same anesthetic, or whether the kidney transplant should be delayed for up to
24 hours, often called a staged procedure, to allow for recovery of the newly trans-
planted heart and optimization of hemodynamics and volume status [20, 22].
Immediate kidney transplant minimizes renal allograft cold ischemia time, which
decreases the risk of delayed graft function and worse long-term outcomes.
However, it is not clear if this benefit outweighs the risks of hypotension, post-
cardiopulmonary bypass inflammatory cascade, and high doses of vasoconstrictor
medications [20]. Staged sHKTx also allows for reallocation of the kidney if the
heart transplant procedure does not go well.

Fluid management in sHKTx is also complex. During cardiopulmonary bypass,
there is often significant ultrafiltration, causing fluid shifts that can take hours to
equilibrate and further impact renal allograft perfusion [20]. Renal allografts benefit
from high rates of intravenous fluids, high central venous pressures (often 10—15 mm
Hg), and higher mean arterial pressures. On the other hand, cardiopulmonary bypass
in heart transplant is associated with acute right ventricular failure when the donor
heart is unable to adapt to higher pulmonary arterial pressures in the recipient. In
this state, the heart is preload dependent but sensitive to distension; high central
venous pressure should be avoided [23]. Transesophageal echocardiography can be
used to closely monitor the fluid balance and ventricular function, allowing maximi-
zation of central venous pressure without overwhelming the heart [20, 23]. Several
measures have also been shown to improve right ventricular function including the
use of inotropes to increase contractility, provision of adequate oxygenation and
ventilation, and use of inhaled pulmonary vasodilators [23].

Immediately post-transplant heart recipients often have small left ventricles with
decreased compliance and increased filling pressures. The denervated heart allograft
also lacks the baroreceptor reflex that compensates for hypotension due to hypovo-
lemia or systemic vasodilation. Thus, they often require ionotropic support that can
decrease renal perfusion. At this time, there is no conclusive evidence to suggest
that any particular ionotrope is more protective of renal perfusion after sHKTx [20].

Post-transplant, long-term management of a SHKTx requires coordinated man-
agement by both nephrology and cardiology teams. Immunosuppression protocols
for both pediatric heart and kidney transplant are center-specific, and there are no
guidelines for induction or maintenance immunosuppression of a SHKTx; there is
also no evidence that sSHKTx recipients require more or less immunosuppression
than solitary organ recipients. A review of Organ Procurement and Transplant
Network data on sHKTx showed improved survival with rabbit anti-thymoglobulin
induction compared to no induction or interleukin-2 receptor antibody induction,
though this was no longer statistically significant in an adjusted model, and pediat-
ric patients were excluded [24]. Both organs must be monitored for rejection
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individually per local protocols as they can reject simultaneously or separately [25].
Blood pressure management must also be closely coordinated.

Pediatric Liver-Kidney Transplantation

Combined liver-kidney transplant (CLKT) is the most common pediatric multior-
gan transplant, with 372 performed in the United States to date [1]. Nearly half of
these are in children 11-17 years of age with another 30% in children 1-5 years of
age; there have been only 11 CLKTs in children less than 1 year of age and none
since 2015. Worldwide, only 10-30 CLKTx are performed annually [26]. Since
2000, the incidence of CLKTx in the United States has doubled from approximately
8 per year to approximately 17 per year [1]. While adult CLKT significantly
increased after the introduction of MELD score, a similar increase was not seen
after the introduction of the PELD score [27], possibly because the PELD score
does not give priority based on renal function.

The primary indications for CLKT in children are congenital conditions that
affect both the liver and kidney. A review of CLKTs between October 1987 and
February 2011 showed that 37% were performed for primary hyperoxaluria and
18% for congenital hepatic fibrosis/autosomal recessive polycystic kidney disease
(ARPKD) [7]. Methylmalonic acidemia, alpha-1-antitrypsin deficiency, Alagille
syndrome, atypical hemolytic uremic syndrome, and glycogen storage disease la
are other genetic diseases affecting both organ systems for which CLKT may offer
benefit. CLKT in atypical hemolytic syndrome caused by genetic mutations in liver-
synthesized complement factors (complement factor H, complement factor B, and
C3) is less clearly indicated in the era of terminal complement inhibition medica-
tions, but it has not been entirely excluded.

Such patients should be evaluated on a case-by-case basis, including assessment
of the risks of liver transplant and access to complement inhibition therapy [28].
Approximately 18% of pediatric CLKT recipients reported primary liver disease,
including TPN-induced liver disease, biliary atresia, and familial and neonatal cho-
lestasis with a second kidney disease [27]. Hepatorenal syndrome, which typically
resolves with liver transplantation, is not generally considered an indication for
CLKT. However, a subset of patients who require dialysis for greater than 6-8 weeks
prior to liver transplantation may not recover, and CLKT has been used for adults
with this indication [27].

Combined liver-kidney transplantation in children is a technically complex pro-
cedure that is mostly performed using deceased donor organs [29]. Living donation
of both organs from one donor is technically possible [30] but is riskier for the
donor; living donation is more commonly done as two sequential procedures. The
liver is transplanted first followed by the kidney using standard surgical technique.
In patients with anuric renal failure pre-transplant, such as ARPKD, fluid manage-
ment during the liver transplant phase can be difficult, and continuous renal replace-
ment therapy (CRRT) may be helpful [29]. Intraoperative CRRT can be safely
performed, but its use is complicated by the patient’s changing coagulation status;
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systemic heparin increases the risk of bleeding, citrate anticoagulation may result in
citrate excess toxicity due to impaired liver clearance, and anticoagulation-free dial-
ysis is associated with risk of clotting [31]. In one adult cohort that largely avoided
heparin or citrate anticoagulation, 40% of filters clotted during the procedure [32].
Patients with ARPKD may also require native nephrectomy to create sufficient
intrabdominal space for CLKT due to the large size of the native kidneys. In this
situation, the risk and benefits of performing a third procedure during the CLKT
should be weighed against those of performing nephrectomy prior to transplant
[26, 29].

Immediately after transplant, CLKT recipients require close monitoring for
bleeding and vascular complications. Liver transplant recipients can have signifi-
cant blood loss and disturbances of coagulation during transplantation, especially if
intra-abdominal varices or hypersplenism was present. Overcorrection with exces-
sive fresh frozen plasma, platelets, cryoprecipitate, and/or fibrinogen can result in
vascular thrombosis after organ reperfusion. Management is therefore a matter of
maintaining balance [26]. In one single-center cohort, 8 out of 18 pediatric CLKT
recipients had bleeding complications [33], while another cohort reported bleeding
in 6 of 12 children, half of whom required operative revision and vascular complica-
tions in two children [34]. For comparison, among pediatric liver-alone transplants,
the incidence of bleeding is 5% and the incidence of vascular complications is 18%
[26]. Frequent Doppler ultrasound examinations are necessary to monitor for
complications.

The need for postoperative hemodialysis is also high among pediatric CLKT
recipients, although these numbers are somewhat confounded by the routine use of
hemodialysis after transplant in recipients with primary hyperoxaluria type 1. Harps
et al. reported a cohort of 16 pediatric CLKT recipients, of whom 9 required con-
tinuous renal replacement therapy post-transplant; 8 of these had primary hyperox-
aluria type 1 [35]. Similarly, Biischer et al. reported a need for dialysis in 5 of 11
children with primary hyperoxaluria type 1 and 1 of 10 patients with other indica-
tions for transplant [36]. In a review of SRTR data, Calinescu et al. reported an
overall incidence of delayed graft function of only 22.4% [7], underscoring the idea
that the need for dialysis is not likely related to kidney function.

Combined liver-kidney transplant may be particularly challenging in younger
children due to their size. Harps et al. reported that increasing donor to recipient
weight ratio and donor to recipient age ratio were strongly associated with lon-
ger intensive care unit (ICU) stay, with a receiver operating curve suggesting an
age ratio of 5.34 and weight ratio of 3.4 as cutoffs for a good ICU outcome [35].
However, the use of kidneys from donors less than 5 years of age is associated
with worse renal allograft outcomes due to increased vascular complications
[15]. Therefore, the kidneys of young liver donors may have worse outcomes.
There are reports of successful CLKTs in children under 10 kg [35, 37], but a
staged procedure, with isolated liver transplant followed by kidney transplant
once the patient has grown, may be necessary [36, 37]. Smaller patients also
typically require split-liver transplants, which have higher rates of bleeding and
thrombosis [36].
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There are no guidelines regarding immunosuppression management for CLKT
recipients, and induction and maintenance immunosuppression protocols are gener-
ally center-specific [29]. There are data suggesting that transplantation of a liver and
kidney from the same donor is associated with a lower incidence of acute rejection
and improved renal graft survival [29], and there are cases of a pre-transplant-
positive lymphocytotoxic crossmatch becoming negative after liver transplant [27].
Multiple reasons for this have been theorized, including neutralization of circulating
alloantibodies by soluble class I HLA antigens produced by the liver allograft, inhi-
bition of natural killer and cytotoxic T cells by liver-produced HLA-G antigen, and
liver clearance of circulating class 1 HLA antibodies [27, 29]. Adult observational
studies have shown decreased kidney graft loss to chronic rejection among CLKT
recipients (2%) compared to kidney-alone recipients (8%) [38]. However, a similar
benefit was not seen among pediatric CLKT recipients in the European Society for
Pediatric Nephrology/European Renal Association-European Dialysis and
Transplant Registry [39]. In this cohort of 202 pediatric patients with ARPKD, there
was no difference in 5-year death-censored kidney allograft survival between recip-
ients of a CLKT and recipients of a kidney alone (92.1% vs 85.9%, p = 0.4), though
age- and sex-adjusted risk for death was 6.7 times higher among the CLKT recipi-
ents [39]. Three of the four deaths within 1 month post-transplant were among the
CLKT recipients; causes of death included cardiovascular disease, infection, and
“other/unknown” factors [39].

A 2014 study evaluated outcomes for 152 children in the United States who had
received CLKT. Patient survival for CLKT was 86.8% at 1 year, 82.1% at 5 years,
and 78.9% at 10 years. A total of 12 of the 32 deaths occurred within 30 days post-
operation and 17 had primary hyperoxaluria. The primary causes of death were
infectious and cardiovascular complications. In comparison, patient survival after
isolated liver transplant over a comparable period was 86.7% at 1 year, 81.2% at
5 years, and 77.4% at 10 years. Patient survival after isolated kidney transplant was
98.2% at 1 year, 95.4% at 5 years, and 90% at 10 years [7] (Fig. 14.5).

Liver graft survival was 81.9% at 1 year, 76.5% at 5 years, and 72.6% at 10 years.
Liver graft survival was significantly worse among those with primary hyperoxal-
uria (p = 0.01), possibly due to the complications of systemic oxalosis, and the most
common causes of liver graft failure were venous thrombosis (37.5%) and infection
(25%). Kidney graft survival was 83.4% at 1 year, 76.5% at 5 years, and 66.8% at
10 years. Primary hyperoxaluria was significantly associated with reduced renal
allograft survival (p = 0.01), and the most common causes of renal graft loss were
chronic rejection (24%), infection (24%), and venous thrombosis (12%). Fourteen
children (9.2%) had failure of both the liver and kidney, with kidney allograft failure
preceding liver allograft failure in 57.1%. The time between failure of the two
allografts was less than 40 days in 64.2% of children [7].

Primary Hyperoxaluria

Special consideration must be given to the question of CLKT in patients with pri-
mary hyperoxaluria. Primary hyperoxaluria type 1 is a defect in the AXGT gene,
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Fig. 14.5 Patient survival following pediatric combined liver-kidney transplantation (CLKT)
compared to patient survival in isolated kidney transplantation (KT) and isolated liver transplanta-
tion (LT). (Reprinted with permission from American Journal of Transplantation [7])

resulting in defective production or trafficking of alanine-glyoxylate aminotransfer-
ase in the liver [27]. This deficiency leads to overproduction of oxalate and exces-
sive urinary excretion of calcium oxalate that causes a decline in renal function. As
the estimated glomerular filtration rate falls below 30—50 ml/min/1.73 m, renal oxa-
late excretion can no longer keep pace with production, and oxalate accumulates in
the bones, vessels, heart, joints, and retina. Oxalate is poorly cleared by hemodialy-
sis, with levels only decreasing by about 40% and returning to 95% of pre-dialysis
levels within 48 hours; peritoneal dialysis clearance is worse. Children with primary
hyperoxaluria often require daily hemodialysis with or without nightly peritoneal
dialysis in order to keep pace with the continuous excess production of oxalate by
the liver [40]. End-stage renal disease develops in 50% of children with primary
hyperoxaluria type 1 by 15 years of age and 80% by age 30 years [27], though the
course can be highly variable, even in siblings with the same genetic mutation [41].

The first step in considering CLKT for primary hyperoxaluria is genetic testing
or liver biopsy to confirm alanine-glyoxylate aminotransferase deficiency [33].
Outcomes for kidney-alone transplant in primary hyperoxaluria type 1 are dismal,
with a 5-year graft survival of 14% in children, primarily due to ongoing overpro-
duction of oxalate in the liver that damages the allograft. However, the indications
for liver transplantation in primary hyperoxaluria secondary to causes other than
AXGT mutation remain unclear, with sources reporting both good outcomes and
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graft losses due to oxalate deposition among recipients of kidney-alone transplant in
primary hyperoxaluria type 2, a milder form of the disease associated with muta-
tions in glyoxylate reductase/hydroxypyruvate reductase and decreased risk of pro-
gression to ESRD. Another important step is determining if the patient is pyridoxine
sensitive, as approximately 25-30% of patients with primary hyperoxaluria type 1
will have reduced oxalate excretion with pharmacologic doses of pyridoxine
(5—10 mg/kg/dose twice a day). Soliman et al. reported that 8 of 26 patients on pyri-
doxine therapy were able to maintain normal renal function after 2 years of follow-
up [42]. There are case reports suggesting that pyridoxine-responsive patients may
have successful kidney-alone transplants, but the overall results of this practice
remain unclear [33]. Similarly, there are multiple case reports of primary hyperox-
aluria diagnosed only after kidney-alone transplantation; most cases resulted in
early graft dysfunction (often within days to months of transplant) and early graft
loss, but there also are reports of renal function stabilizing with aggressive fluid
intake [43].

Among patients with confirmed primary hyperoxaluria type 1, there remains
great debate about the appropriate timing of kidney transplantation [44]. After liver
transplantation corrects the underlying genetic defect, systemically deposited oxa-
late is progressively mobilized into the blood to be filtered by, and damage, the
kidneys. One management option is sequential liver and kidney transplant. The liver
transplant occurs first, allowing for immediate correction of the oxalate overproduc-
tion, followed by a period of intensive dialysis to clear the mobilized systemic oxa-
late. Once plasma oxalate levels are lowered or normalized, the kidney transplant
occurs, typically in a range of 51 days to 9 months post-liver transplant [45].
Advantages of the sequential strategy include protection of the renal allograft from
systemic oxalosis and stabilization of liver function and coagulation prior to pro-
ceeding to kidney transplantation. Sequential transplant may also be more appropri-
ate for children with the infantile form of primary hyperoxaluria type 1, for whom
it is difficult to find appropriately size-matched liver and kidney allografts from the
same donor. There are also multiple reports of successful sequential liver and kid-
ney transplants using the same living donor [44, 46, 47]. However, if a patient
requires a deceased donor for both organs, the wait time between liver and kidney
transplants on intensive dialysis can be long [48].

In combined liver-kidney transplant, the metabolic defect and renal failure are
corrected immediately, allowing earlier discontinuation of dialysis. Plasma oxalate
levels drop significantly after CLKT, from >60-100 pmol/L to <20 pmol/L, but they
can remain elevated for months or years as systemically deposited oxalate is mobi-
lized [45, 49] (Fig. 14.6). Post-transplant management with high fluid intake, urine
crystallization inhibitors, such as citrate, and pyridoxine (if patient is pyridoxine-
responsive) is necessary to protect the renal allograft until oxalate levels are normal
[33, 45]. The value of dialysis immediately after CLKT, to clear oxalate and prevent
early oxalate deposition in the new renal allograft, remains unclear [33], as the anti-
coagulation needed for dialysis increases the risk of bleeding in a patient whose
synthetic liver function is still recovering. CLKT also allows the patient to benefit
from the lower rejection rates seen in CLKT [45]. In a recent case series reported by
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Fig. 14.6 Plasma oxalate levels declined rapidly following successful combined kidney-liver
transplantation but remained above normal in most patients during the first year after transplant.
The normal range for plasma oxalate levels is <1.8 pmol/L, shown in the gray-shaded area.
(Reprinted with permission from American Journal of Transplantation [49])

Horoub et al., 24 patients with primary hyperoxaluria type 1 underwent transplanta-
tion between 2011 and 2018, 13 of whom were less than 18 years of age. Thirteen
patients received sequential liver and kidney transplant and eight patients received
CLKT. The authors reported no differences in mortality at 3 years, need for hemo-
dialysis after transplant, acute cellular rejection, or estimated glomerular filtration
rate between the sequential and combined transplant strategies [50].

Pre-emptive liver transplant for patients with primary hyperoxaluria type 1
remains controversial. It may be an option for patients who are diagnosed prior to
significant decline in renal function, correcting the metabolic defect before systemic
oxalosis develops and preventing the need for a renal transplant. “Late” pre-emptive
liver transplant, in patients with a glomerular filtration rate <30 mL/min/1.73m?,
may also delay the need for kidney transplant [48]. In young children, preemptive
liver transplant avoids the technical and anatomic issues of CLKT in a small abdo-
men [48]. However, primary hyperoxaluria has a heterogeneous course; it can pres-
ent clinically in infancy with rapid progression, in adolescence with recurrent
nephrolithiasis, or even in adulthood [51]. Factors predicting the onset of renal fail-
ure are unclear but may include a higher urinary oxalate level and nephrocalcinosis
[52, 53]. Family history or genetic mutation is not necessarily predictive [41].

Given this uncertainty, and liver transplant graft survival outcomes of 85% at 5 years,
70% at 10 years, and 50% at 20 years [51], and the risks of immunosuppression, the
difference between “preemptive” and “premature” liver transplant remains debated.
There have been 24 published cases of preemptive liver transplantation for pediatric
primary hyperoxaluria type 1, of which 20 patients were free of end-stage renal disease
at follow-up of 0.7-16 years [48]. Ongoing research in hepatocyte transplantation [48]
and the recent US Food and Drug Administration approval of lumasiran, an RNA inter-
ference-based treatment that decreases oxalate production by reducing levels of
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glycolate oxidase, [29] may change management of primary hyperoxaluria type 1, fur-
ther complicating considerations for preemptive liver transplantation.

Pediatric Kidney-Pancreas Transplantation

Pediatric kidney-pancreas transplantation is a rare procedure, with only 69 reported
cases in the US Organ Procurement and Transplantation Network [1]. The number
of kidney-pancreas transplants in children has been declining in recent years, from
a median of 4 per year 2006-2010 to a median of 2 per year 2016-2020. Pancreas-
alone transplant is more common in children, with 703 performed since 1988. Of all
pediatric kidney-pancreas transplants performed in the United States, 8 (11.5%)
were in children less than 1 year old, 22 (31.9%) were in children 1-5 years old, 15
(21.7%) were in children 6-10 years old, and 22 (31.9%) were in children
11-17 years old [1].

Nearly 50 (72.4%) of the 69 pediatric kidney-pancreas recipients did not have
diabetes [1]; their indications for transplant are not clearly documented in published
OPTN data but may include cystic fibrosis and chronic pancreatitis [1]. Seven
(10.1%) pediatric kidney-pancreas recipients reported type I diabetes, while the
remainder are “unknown.” Forty-three (62.3%) recipients reported “other” as their
indication for renal transplant. As of writing, there were three pediatric patients
waitlisted for kidney-pancreas transplant, two of whom had congenital/metabolic
disorders [1].

In 1996, Bendel-Stenzel et al. published two cases of children who received
simultaneous pancreas-kidney transplants. Both patients had a history of diarrhea-
associated hemolytic uremic syndrome that resulted in pancreatic insufficiency
requiring insulin and renal failure. One patient received a deceased donor transplant
and one received a living-related simultaneous kidney and segmental pancreas
transplant. Induction was with antithymocyte globulin in both patients. Both patients
received tacrolimus and prednisone maintenance immunosuppression; in addition,
one patient received azathioprine and one patient received mycophenolate mofetil.
The need for insulin in both patients resolved within 6 hours of post-transplant; one
patient continued to require pancreatic enzyme supplements. One patient had mul-
tiple episodes of rejection, while the other had none. Both patients had functioning
allografts at 1-year follow-up. The authors further reported on a total of eight pedi-
atric simultaneous kidney-pancreas transplants in the International Pancreas
Transplant Registry, six of whom had function of both grafts at follow-up [54].

Due to the rarity of the procedure, published data on simultaneous kidney-
pancreas transplant are largely limited to the adult population, where the primary
indication is type 1 diabetes with concurrent diabetic nephropathy and patient
comorbidities may be substantially different. The pancreas transplant is com-
pleted first to limit ischemic time [55]. The pancreas is transplanted heterotopi-
cally, but the exact location is a matter of surgeon and center preference. Common
anastomosis sites include the pelvis, with anastomoses to the common or exter-
nal iliac artery and vein, or the small bowel mesentery, with anastomoses to the
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iliac artery or aorta and the portal vein or superior mesenteric vein. Venous anas-
tomosis to the systemic circulation is technically easier but carriers a higher risk
of hyperinsulinemia; venous anastomosis to the portal circulation is theoretically
more physiologic but has not been shown to improve graft survival [55]. The
pancreas is a technically challenging organ on which to operate. Technical com-
plications are common and include pancreatic pseudocyst and thrombosis
(5-10%) [55, 56]. Abdominal infections are responsible for 9.2-15% of techni-
cal failures and remain a major cause of mortality in pancreatic transplanta-
tion [57].

As most adult simultaneous kidney-pancreas transplants are for type 1 diabetes,
the patient has intact exocrine function of their native pancreas; therefore, the exo-
crine duct of the pancreatic allograft is typically diverted to either the bladder or
jejunum. Anastomosis with the bladder was more common historically, but this can
result in chronic metabolic acidosis due to loss of bicarbonate-rich fluid in the urine,
infections, and damage to the urethra by pancreatic enzymes [58]. A duodenal or
jejunal anastomosis of the exocrine duct is now more commonly used [55, 56],
though this may result in malabsorption and diarrhea [58]. In pediatric patients with
exocrine dysfunction, the location of the duct anastomosis may affect their need for
pancreatic enzyme supplementation.

Post-transplant, close monitoring of blood glucose level is critical as it reflects
graft function; failure to achieve normoglycemia quickly after transplant is a sign of
graft dysfunction, rejection, pancreatitis, and/or an allograft that is too small for the
patient [56]. Pancreatic allograft rejection in adult simultaneous kidney-pancreas
recipients is concordant with kidney graft rejection in 60% of cases [55]. Elevated
C-peptide and lipase are suggestive of dysfunction. Biopsy of the pancreatic graft is
technically challenging and may be nondiagnostic in 12% of cases due to sampling
error [55].

Data in adults suggest that simultaneous kidney-pancreas transplant has increased
graft survival (>90% at 1 year) compared to isolated pancreas (80%) or pancreas-
after-kidney (82%) transplantation [56]. Simultaneous kidney-pancreas recipients
also have longer graft survival (72% at 8 years) than deceased donor kidney-alone
recipients (55% at 8 years) [55]. However, wait times for simultaneous kidney-
pancreas transplant are substantially longer than for kidney or pancreas alone. For
example, between 2011 and 2014, the median wait time to receive a simultaneous
kidney-pancreas transplant in the United States for an 11- to 17-year-old was
1033 days, compared to 680 days for a kidney alone and 758 days for a pancreas
alone [1]. Therefore, the improved graft survival must be balanced with the longer
wait time.

Liver-Kidney-Pancreas Transplant

There have been two pediatric liver-kidney-pancreas multiorgan transplants per-
formed in the United States [1], which correspond to two case reports of such trans-
plants for Wolcott-Rallison syndrome. Wolcott-Rallison syndrome is a rare genetic
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disorder that causes neonatal-onset insulin-dependent diabetes, skeletal dysplasia
(mostly spondyloepiphyseal dysplasia), short stature, and hepatic dysfunction with
recurrent acute liver failure [59]. The disease is autosomal recessive and is caused
by mutations in E/F2AK3, which encodes pancreatic endoplasmic reticulum kinase
(PERK). In the absence of PERK, the endoplasmic reticulum cannot respond to
stress from accumulated unfolded proteins [60]. Infection, medications, or anesthe-
sia can trigger episodic acute liver failure, often accompanied by acute renal failure
[61]; the first “aggravation” is fatal in approximately 50% of cases [60].

Rivera et al. reported an 8-year-old girl with genetic-confirmed Wolcott-Rallison
syndrome who presented with a dry cough, low-grade fever, and abdominal pain.
She quickly developed multisystem organ failure, including a need for continuous
renal replacement therapy. Nine days later, she underwent en bloc liver, pancreas,
and kidney transplant from an 8-year-old ABO-compatible donor with thymoglobu-
lin induction. Abdominal wall closure was completed on postoperative day 2; she
was extubated and began eating on postoperative day 4. Post-transplant course was
complicated by acute rejection of the liver and pancreas on day 45 and Enterococcus
urosepsis at 6 months. She was in good health with good graft function at 18 months
of follow-up [62].

Tzakis et al. reported a 6-year-old girl who presented with acute hepatic failure
and was confirmed to have Wolcott-Rallison syndrome by genetic testing. She
required mechanical ventilation, dialysis, and plasmapheresis for 6 weeks before
recovering. Once she had been discharged, she was evaluated and listed for liver,
pancreas, and kidney transplant. She received en bloc transplant with both kidneys;
the native kidneys were not removed. The abdominal wall was closed on postopera-
tive day 6. Post-transplant course was complicated by severe rejection of all three
organs with acute respiratory distress syndrome, from which she recovered after
2 months of hospitalization. She was in good health with good graft function at
18 months of follow-up [60].

Kidney-Intestinal and Multivisceral Transplants

Composite visceral transplants are any transplant including the intestine and at
least one other abdominal organ; multivisceral transplants are intestinal trans-
plants that also include the stomach, duodenum, and pancreas with or without the
liver and kidney [63]. Per OPTN data, 55 pediatric composite visceral transplants
that include a kidney have been performed in the United States to date; 50 of these
are liver-kidney-intestinal-pancreas transplants. Of the remainder, two were
kidney-intestinal transplants, two were kidney-intestinal-pancreas transplants,
and one was a liver-kidney- intestinal transplant. A total of 21 (42%) of the 50
transplants were performed in children aged 6—10 years. The incidence of multiv-
isceral transplantation peaked in 2008-2010 before declining. In the past 5 years,
multivisceral transplantation has been limited exclusively to liver-kidney-intesti-
nal-pancreas transplants performed in children of ages 1-10 years at a rate of 1-3
transplants per year [1].
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Intestinal and multivisceral transplant is the standard of care for patients with
irreversible intestinal failure who can no longer be maintained on parental nutrition
[63]. The primary causes of intestinal failure are short bowel syndrome, congenital
enteropathies, and intestinal motility disorders. Primary treatment for intestinal fail-
ure is parental nutrition, with a goal of intestinal rehabilitation and return to full
enteral nutrition, but maintenance of parental nutrition may be limited by severe
cholestatic liver disease, recurrent catheter-related infections, and/or loss of vascu-
lar access [64]. Intestinal failure-associated liver disease (IFALD) occurs in 40—-60%
of children, and as many as 85% of neonates, who depend on parenteral nutrition for
prolonged periods; approximately 15% of these will progress to end-stage liver dis-
ease [65]. IFALD is multifactorial and related to prematurity, recurrent infections,
and parenteral lipid intake, especially the soybean oil routinely used in the United
States [64, 65]. In infants with IFALD who are considered to have a high likelihood
of intestinal adaptation and return to enteral nutrition, liver transplant alone may be
considered, as liver disease has been shown to interfere with intestinal adaptation
[65]. However, this can be difficult to predict. IFALD often recurs in the liver
allograft, and the immunosuppressive medications may increase the risks of sepsis
in children who still require parenteral nutrition [65]. Intestinal failure is less com-
monly associated with kidney disease; in the OPTN/SRTR 2016 Annual Data
Report, only 3.7% of intestinal recipients required simultaneous kidney transplant
[66]. Of note, many multivisceral transplant recipients do not require a pancreas
transplant, but the pancreas is often included for technical reasons, as it eliminates
the need for biliary reconstruction (and associated risk of bile leaks), simplifies
backtable preparation, and allows for procurement of longer superior mesenteric
artery and vein vessels [67].

The intestinal transplant procedure is complex and individualized to the patient,
depending on the organs being transplanted and the abdominal anatomy of the
patient. In the pre-transplant phase, a full assessment of upper and lower vascular
patency is key as many patients will have vascular thrombosis related to their paren-
tal nutrition dependence that can complicate or even preclude the procedure. The
kidney may be transplanted en bloc with the intestine or separately [63]. A recent
case series by Kunzler de Oliveira Maia et al. reported using infant en bloc kidneys
with a bladder segment, using the bladder patch technique in three children receiv-
ing multivisceral transplants [68]. All three patients had good vascular flow; one
developed ureteral stenosis. One patient died of sepsis, while the other two were
alive with graft function at 2 and 5 years of post-transplant [68]. Small patients may
not have adequate abdominal domain to place an en bloc multivisceral transplant
with abdominal wall closure, but abdominal wall closure at the time of surgery is
preferred to decrease the risk of infection. There are several reports of using the
abdominal rectus as fascia to allow tension-free abdominal closure with good results
[69, 70]. Postoperatively, multivisceral transplant recipients typically continue
parental nutrition with gradual, stepwise introduction of enteral feeds [63]. Acute
kidney injury is common (25% incidence in adults), and is likely related to erratic
intestinal absorption of tacrolimus, which can lead to markedly elevated tacrolimus
levels and calcineurin inhibitor-related renal artery vasoconstriction [71].
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Compared to other organs, the intestinal allograft includes significantly more
lymphoid tissue and is highly antigenic; both rejection and graft versus host disease
can and do occur. Acute cellular rejection has been reported in 30-60% of intestinal
transplant recipients by 3 months of post-transplant [69, 71]. The rejection is typi-
cally isolated to the intestine with other transplanted organs relatively spared [71].
Intestinal rejection can present with fever, diarrhea, abdominal pain, dissension, and
bacteremia due to translocation of bacteria. Tacrolimus levels may appear elevated
during rejection due to impaired enterocyte tacrolimus metabolism [71]. To monitor
for rejection, an ileostomy is commonly created to allow for surveillance biopsies
[63] as often as twice a week immediately after transplant [71]. Depending on
which other organs are transplanted, routine monitoring of hepatic enzymes, pan-
creatic enzymes, and serum creatinine is also necessary. Immunomodulatory strate-
gies, including allograft radiation and bone marrow augmentation, have also been
explored with some improvement in outcomes [63, 72].

Simultaneously, the patient must be monitored for graft versus host disease
(GvHD), which occurs in 4-30% of recipients [71, 73]. The risk is highest in
patients with an immunodeficiency (such as in familial multiple intestinal atresia or
trichoheptoenteric syndrome) or who are under the age of 5 years [73, 74]. Unlike
GvVHD of after hematopoietic stem cell transplant, GVHD after multivisceral trans-
plant nearly always involves the skin (often a maculopapular rash that starts on the
palms and soles) [73], though intestine, lungs, and bone marrow involvement may
occur concurrently [75]. The diagnosis is confirmed by the presence of donor leuko-
cytes in the recipient’s peripheral blood or organs [63]; management involves ste-
roids and reduction in other immunosuppression. Mortality among multivisceral
transplant recipients has been reported to be as high as 60-70% in one small case
series [75, 76].

Intestinal transplant recipients have the highest rates of Epstein-Barr virus (EBV)
infection and post-transplant lymphoproliferative disease (PTLD), with an inci-
dence ranging from 13 to 33%, likely related to the comparatively younger age of
recipients, more frequent use of T-cell depleting induction therapy, and larger
amount of donor lymphoid tissue present in the intestine [77, 78]. One case series
also reported two cases of intra-abdominal EBV-associated smooth muscle tumor,
an overall incidence of 14% in the pediatric multivisceral population [78]. Both
PTLD- and EBV-associated smooth muscle tumors are treated with reduction in
immunosuppression, but case reports suggest that resection of smooth muscle
tumors may improve survival [79].

Related to these complications, outcomes for multivisceral transplants remain
significantly worse than other solid organ transplants. They are also worse than
outcomes for individuals with intestinal failure who can be maintained on chronic
parenteral nutrition [80]. Data on kidney-inclusive multivisceral transplants are not
available, but current 5-year patient survival among all pediatric multivisceral trans-
plant recipients is approximately 50-60% [69, 80, 81]. Younger age at transplant,
receipt of a liver transplant from the same donor, and use of rapamycin as mainte-
nance immunosuppression have all been associated with improved graft and patient
outcomes [81]. However, Ramisch et al. reported that 93% of graft recipients were
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taking full enteral nutrition within 1 month of post-transplant [69], and quality of
life is reportedly good after intestinal transplantation, though lower than the general
population, especially in areas of school functioning [82, 83]. With improvements
in intestinal rehabilitation and prevention of IFALD, the role of multivisceral trans-
plant may be limited to that of a “final option” therapy until outcomes improve.

Future Directions

Despite growth in multiorgan transplantation over the last two decades, current
information on management and outcomes, especially among pediatric patients,
remains limited. Existing data supporting or refuting the role of multiorgan trans-
plantation versus single-organ or sequential transplantation are often subject to con-
founding by indication and is difficult to interpret. National and international
consensus on indications for multiorgan transplant is lacking. Peri- and post-
operative management remains largely center-specific, driven by expert opinion
rather than data. National and international registries often combine pediatric and
adult data in their reporting, making it challenging to apply the results to children.
Centers that frequently perform multiorgan transplants should be encouraged to
publish their experience (especially in the field of pediatric kidney-pancreas trans-
plantation), and existing registries should be encouraged to publish pediatric-
specific outcomes from their databases to continue to improve the care we provide
to this small but vulnerable population.

Questions

1. Which of the following statements is true regarding multiorgan allocation?
A. Incidence of multiorgan allocation to pediatric patients has risen over the last

5 years.

B. There are no policies surrounding allocation of organs for multiorgan
transplantation.

C. Current allocation policies result in multiorgan transplant recipients receiv-
ing kidneys with a lower KDPI than kidney-alone transplant recipients.

D. There are simple and straightforward ways to balance equity and utility in
multiorgan transplant allocation.

C. Because multiorgan transplant takes priority over solo pediatric kidney,
recipients of multiorgan transplants often receive better quality kidneys (lower
KDPI) than recipients of kidney alone.

2. Outcomes among pediatric simultaneous heart-kidney transplant recipients:
A. Show increased rejection within the first-year post-transplant compared to
heart-alone transplantation
B. Show increased rates of primary allograft nonfunction compared to kidney-
alone transplantation
C. Are likely to be better for infants <10 kg than for larger children
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D. Show increased mortality compared to heart-alone transplantation
B. Recipients of combined heart-kidney transplant have significantly lower

mortality than heart transplant recipients who remain on dialysis but have high
incidence of primary nonfunction and post-transplant dialysis, despite generally
receiving higher quality (low KDPI) kidneys than kidney-alone recipients.

3. Perioperative management of combined liver-kidney transplant recipients
involves:
A. Transplanting the kidney first, followed by the liver
B. Routine use of CRRT with heparin anticoagulation in all patients
C. Careful balancing of bleeding and thrombosis risks
D. Rare use of postoperative dialysis

C. Immediately after transplant, CLKT recipients require close monitoring

for bleeding and vascular complications. Liver transplant recipients can have
significant blood loss and disturbances of coagulation during transplantation,
especially if intra-abdominal varices or hypersplenism was present.
Overcorrection with excessive fresh frozen plasma, platelets, cryoprecipitate,
and/or fibrinogen can result in vascular thrombosis after organ reperfusion.

4. Compared to other solid-organ transplant recipients, multivisceral transplant
recipients are at higher risk for:

Graft versus host disease

Rejection

Post-transplant lymphoproliferative disease

All of the above

D. Multivisceral transplant recipients are at higher risk of all of the listed

complications and have to be monitored carefully.

oaw>
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