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NO OTHER RELEVANT DISCLOSURES
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• Substrate reduction
• Alternative substrates
• Toxin removal
• Cofactor supplementation
• Alternative pathways for 

metabolism
• Replace product
• Replace enzyme 

– Transplant
– Gene therapy
– mRNA therapy
– Enzyme replacement

Strategies affecting protein level and function
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Metabolic disease: Connecting 
Surgeons/Physicians/Patients
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Stormie’s Story

• Combined heart liver transplant, February 14, 
1984 for familial hypercholesterolemia

• ” If the fundamental defect was exclusively or 
primarily in the liver, it was conceptually 
possible to correct the problem by replacing 
the liver” 

» – Thomas Starzl, The Puzzle People 

5



The intersection of transplant and genetics

• “ armed with information from these dual 
lines of inquiry (pathology and biochemical 
genetics), more than a half dozen such inborn 
errors were “cured” metabolically between 
1969 and 1983 by liver transplantation in 
Denver and Pittsburgh” – The Puzzle People
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The long journey of transplantation for 
metabolic disease

1969-
1981
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2001

2001-
2024
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How much of a cure is achieved with transplant?

MSUD –phenotypic cure on 
normal diet
MMA, PA- improved 
metabolic status with 
improved but not normal 
protein intake

No Disease recurrence

Outcomes most well 
documented for Wilson 
Disease and CF. Other 
therapies now utilized for 
many of these systemic 
conditions

Disease specific 
outcomes and therapies



Objectives
• Decision making in pediatric metabolic disease 

with focus on urea cycle disorders
• Perspectives on how we can improve in the long 

term
– Location, location, location
– Learning networks and working on long term care, 

transition, immunosuppression
• Supplementation after transplant  



LONG TERM OUTCOMES IN 
TRANSPLANTATION TODAY
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What is the projected liver transplant outcome for children transplanted 
today?

12

30 yr patient and graft survival 
projected at 80%/69.1%, 
respectively



Evolving indication for liver transplant for 
metabolic disease in US over 30 years

McKiernan et al Liver Transpl 2019



RISKS AND BENEFITS

Medical management
Natural history - phenotype
Frequency/severity of 

decompensations
Risks of end organ damage
Quality of life/adherence over time
Mortality

Liver transplant
Availability of expertise
Surgical complications
Early mortality
Degree of metabolic correction
Life long immunosupression
Adherence
Impact of gene therapy and future 

therapies?





Liver transplant for
 metabolic disease by era

Pittsburgh series (n=404)
Overall Patient Survival By Decade Liver Transplant for Metabolic 
Disease (N=404), 1981- 12/31/2023

Japanese Registry (n=194)



Selected results
AUTHOR/YR UCD CASES PT SURVIVAL

 (1/5 YR)
GRAFT SURVIVAL
(1/5 YR)

NOTES

Arnon, 2010 114 95.2/88.7% 91.8/83.7% Data from SPLIT

Kim et al , 2013 23 Mean 5 yr survival was 
100% 

5 yr graft survival was 
96%

Stanford data
Mean age 3.4 yr; 

Mazariegos et al, 
2014. 2024

14/ 45 80% 20 year patient 
survival

80% 20 year graft 
survival

UPMC Children’s Data

Kasahara et al, 2013 51 95.9/95.9 95.9% 15 yr patient 
survival

Japanese LTS Registry 
mandatory data 

Kido et al , 2021 78 98.7% 5 year survival* Survey questionnaire 

Ziogas et al, 2021 403 90.4%/85.5% Waitlist time 
associated with long 
term cognitive delay



Differences by sub groups of metabolic disease

Arnon et al, 2010



Differences by sub groups of metabolic disease: 
Living donor experience

Kasahara et al, 
2014





Metabolic and growth s/p LTx

Sustained metabolic stability Favorable growth outcome
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Genetics in Medicine (2024)



Motor and Cognitive Outcomes 
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Better to transplant early

Impact on cognitive delay
• 233 children with cognitive development 

data at initial and post transplant follow-up.
• Post LT cognitive status deteriorated over 

time in 60 (25.86%) and remained stable or 
improved in 74.2%

• In multivariable analysis, increasing waiting 
time and male sex associated with 
increased odds of having cognitive delay at 
last post tx follow-up

• Every month on waiting list increased odds 
of cognitive delay by 10%
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Ziogas et al Liver Transplantation, 31 May 2021, DOI: (10.1002/lt.26186)



Three additional perspectives to help

• Dynamic, life-cycle catalysts
• Outcome measures hierarchy
• Ideal outcome metrics





Outcome 
Measures 
Hierarchy 

Porter, What is value in 
Health Care? 

NEJM 12-23-2010, 2477-2481

Cycle of care in children is much longer than 
for adults with resultant period of potential 
impact of care being measured in decades.



Toward a more wholistic view: the “Ideal 
outcome” metric 

Vicky Ng et al : Health Status of Children Alive 10 years after 
Pediatric Liver Transplant J Pediatrics 2012: 160-820-6
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HOW DOES USE OF 
TECHNICAL VARIANT 
LIVERS AFFECT 
OUTCOMES?
• WIDE VARIATION IN PRACTICE
• NOT DEPENDENT ON CENTER 

SIZE
• DID NOT SIGNIFICANTLY 

CHANGE OVER TIME
• TECHNICAL VARIANT 

DECEASED DONOR AND LIVING 
DONOR INDEPENDENTLY AND 
IN COMBINATION WERE 
ASSOCIATED WITH BETTER 
OUTCOMES
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Liver Transplantation
Mazariegos et al, 2023



IMPACT OF LDLT
• Recipients of Living 

Donor transplants had 
significantly increased 
survival from transplant 
compared to other graft 
types (HR 0.611, CI (.40.92))

• DD TV grafts had 
equivalent outcomes to 
whole liver recipients (HR 
1.066, CI (.93-1.22)) 
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How do learning systems 
meet the current health 

care system needs?



Learning Health Systems: Learning Faster

Peng, D, Rosenthal, D, Zafar F, et al. Collaboration and new data in 
ACTION: a learning health care system to improve pediatric heart failure 
and ventricular assist device outcomes. Translational Pediatrics, 2019 
Oct; 8(4): 349–355.





•How do we 
measure?

•Pediatric Liver 
Transplant QoL 
– can it be 
disseminated?

•Key Events•Practice and 
Prospective 
trial design 

Immune Surgical

TransitionQuality of 
Life

Prospective Priority Projects 
Starzl Network 
www.starzlnetwork.org



What do we need to 
truly optimize 

immunosuppression 
for pediatric liver 

transplant 
recipients? 

• Strategies for “ensuring that the right 
care is provided to the right child at the 
right time, every time.” 
– Evidence-based – or expert 

consensus
– Feasible/achievable for the 

transplant center 
– Tailored to the child – pre-existing 

conditions, transplant, family 
priorities and preferences

– Patient-centered – which outcomes 
are most important to patients and 
families? How do we balance 
protection of the graft and the 
child? 

Forrest CB, Margolis P, Seid M, Colletti RB. PEDSnet: how a prototype pediatric 
learning health system is being expanded into a national network. 
Health Aff (Millwood). 2014 Jul;33(7):1171-7.
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Consensus Protocol Development: reducing variability 
– so that we’re all ordering off the same menu

Courtesy, Emily Perito and Immunosuppression team 



Patient-centered outcomes research projects are usually 
comparative effectiveness studies.  

• Comparative effectiveness studies compare 
the outcomes (benefits + harms) of 2 or 
more approaches to healthcare.

• These are often trials that compare 2 or 
more treatments that we already use in 
practice.

• PCOR focuses on trial outcomes that really 
matter to patients, family caregivers, 
clinicians, or other healthcare stakeholders.



Objectives
• Decision making in pediatric metabolic disease 

with focus on urea cycle disorders
• Perspectives on how we can improve in the long 

term
– Location, location, location
– Learning networks and working on long term care, 

transition, immunosuppression
• Supplementation after transplant  



Do we need to keep giving citrulline and 
arginine?



Hearing from the Experts

Expert #1
• “You need Arginine or Citrulline for OTC, CPS1 

and NAGS”
• You need Arginine for citrullilinemia and ASL
• Cirulline is better tolerated orally

Expert # 2
• In general, 100 mg/kg/day L-Citrulline divided 

BID is recommended post transplant for 
proximal disorders and arginine for distal 
disorders.
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Synopsis
• Worldwide, transplantation for UCDs has increased and 

long term (>10yr) outcomes are >90% patient and 
transplant graft survival

• Optimal timing for neuro and motor development 
being studied but earlier transplant is favored

• Long term morbidities in both transplant and medical 
management need to be openly discussed

• Variability in surgical outcomes exist and should be 
reviewed with families and managing physicians 
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SOLVING PROBLEMS AND GIVING HOPE





Thomas E. 
Starzl, MD, PhD 

1926-2017



Thank you!!


