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Abstract

Background—oOrganic acidemias, especially propionic acidemia (PA) and methylmalonic
acidemia (MMA), may manifest clinically within the first few hours to days of life. The classic
presentation in the newborn period includes metabolic acidosis, hyperlactatemia, and
hyperammonemia that is precipitated by unrestricted protein intake. Implementation of newborn
screening to diagnose and initiate early treatment has facilitated a reduction in neonatal mortality
and improved survival. Despite early diagnosis and appropriate management, these individuals are
prone to have recurrent episodes of metabolic acidosis and hyperammonemia resulting in frequent
hospitalizations. Liver transplantation (LT) has been proposed as a treatment modality to reduce
metabolic decompensations which are not controlled by medical management. Published reports
on the outcome of LT show heterogeneous results regarding clinical and biochemical features in
the post transplantation period. As a result, we evaluated the outcomes of LT in our institution and
compared it to the previously published data.
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Study design/Methods—We performed a retrospective chart review of nine individuals with
PA or MMA who underwent LT and two individuals with MMA who underwent LT and kidney
transplantation (KT). Data including number of hospitalizations, laboratory measures, cardiac and
neurological outcomes, and growth parameters were collected.

Results—The median age of transplantation for subjects with MMA was 7.2 years with a median
follow up of 4.3 years. The median age of transplantation for subjects with PA was 1.9 years with
a median follow up of 5.4 years. The survival rate at 1 year and 5 years post-LT was 100%. Most
of our subjects did not have any episodes of hyperammonemia or pancreatitis post-LT. There was
significant reduction in plasma glycine post-LT. One subject developed mild elevation in ammonia
post-LT on an unrestricted protein diet, suggesting that protein restriction may be indicated even

after LT.

Conclusion—In a large single center study of LT in MMA and PA, we show that LT may reduce
the incidence of metabolic decompensation. Moreover, our data suggest that LT may be associated
with reduced number of hospitalizations and improved linear growth in individuals with PA and

MMA.
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1.

Introduction

Organic acidemias (OA) are inborn errors of metabolism that result from defective
catabolism of specific amino acids and are characterized by abnormal accumulation and
excretion of organic acids. Propionic acidemia (PA) (OMIM# 606054) and methylmalonic
acidemia (MMA) (OMIM #251000) are such classical organic acidemias. Both PA and
MMA result from defective catabolism of valine, isoleucine, methionine, threonine and odd
chain fatty acids. Deficiency of propionyl-CoA carboxylase (PCC; EC 6.4.1.3), a dodecamer
comprised of 6 subunits of propionyl CoA carboxylase A (PCCA) and 6 subunits of
propionyl CoA carboxylase B (PCCB) causes PA whereas, deficiency of methylmalonyl Co-
A mutase (MCM; EC 5. 4.99.2) causes one form of MMA. The incidence of MMA is
estimated to be approximately 1: 90,000, [1] and the incidence of PA is estimated to be
approximately 1:105,000-1:130,000 in the U.S. [2]

Both MMA and PA can present with emesis, lethargy, poor feeding, metabolic acidosis and
hyperammonemia in the neonatal period. Acute metabolic decompensation in PA and MMA
can be treated through reversal of catabolism using intravenous glucose, insulin infusion,
lipids, and carnitine, in addition to dietary protein restriction [3][4]. Oral N-carbamoyl
glutamate/carglumic acid (a prodrug of N-acetylglutamate) has been used to treat
hyperammonemia during acute metabolic decompensations [5][6].

Chronic complications of PA include developmental delay, intellectual disability, impaired
growth, pancreatitis, bone marrow suppression, optic nerve atrophy, sensorineural hearing
loss and cardiomyopathy [7][8][9][10]. MMA has similar chronic complications; however,
renal failure is more common and cardiac manifestations are less common in MMA
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compared to PA [11][12][13]. Chronic management of MMA and PA consists of dietary
protein restriction in combination with medical foods to restrict dietary intake of
propiogenic amino acids (isoleucine, methionine, threonine, valine), L-carnitine
supplementation is used to promote excretion of accumulating organic acids and oral
antibiotics may be given to reduce propionate production by the intestinal microbiome [3]
[14]. Routine clinical surveillance of individuals with MMA and PA is recommended in
order to detect and minimize the long-term cardiac, renal and ophthalmologic complications
[14][3][15].

Liver transplantation (LT) has been proposed as a treatment modality to increase the enzyme
activity in the liver in individuals with PA and MMA who have frequent metabolic
decompensations despite appropriate medical treatment [16]. Clinical studies have
demonstrated that LT reduces the risk of metabolic decompensation and chronic
complications that are associated with MMA and PA. The overall survival rate for
individuals with MMA and PA at 1 year post LT improved from 72.2% [17] in earlier reports
to 100% over the last 10-15 years [18][19]. Simultaneous liver and kidney transplantation
(LT/KT) has been recommended in individuals with MMA who have associated chronic
kidney disease [20]. LT in both MMA and PA has been associated with improvement in
metabolic stability with regards to hyperammonemia, pancreatitis and metabolic acidosis
with a concomitant decrease in hospitalizations. Some reports suggest no significant changes
in biochemical parameters such as plasma propionylcarnitine (C3), glycine and urinary
methylcitrate. [21][22][23][24][17] (Supplemental table 1 & 2). In contrast, there are reports
that document significant reduction in C3 [18][25] , glycine and plasma methylmalonic acid
levels after LT [19].

Despite the reported improved clinical outcomes of individuals with MMA and PA after LT,
studies suggest that LT is not curative for these disorders. Case reports show evidence of
metabolic strokes and conflicting evidence of neurological improvement and degeneration in
individuals with organic acidemias after LT [26][27] [28] [29] (Supplemental table 1 & 2).
Given this conflicting evidence, more research is needed to determine the long-term clinical
outcomes of LT for the treatment of MMA and PA. The primary objective of this study was
to investigate if LT improved chronic complications, such as biochemical, clinical and
growth outcomes, in a large, single-center cohort of individuals with PA and MMA.

Methods

2.1 Study Design and Protocol

We performed a retrospective chart review of patients with PA and MMA who had LT or
simultaneous LT/KT at Texas Children’s Hospital (Houston, Texas). Inclusion criteria
included the following: 1) confirmed molecular or biochemical diagnosis of PA or MMA; 2)
LT performed between January 1999 to December 2017, and 3) routine follow up visits in
the Transplant Clinic at Texas Children’s Hospital. We included all available data from each
subject’s clinical charts through March 31, 2019. Exclusion criteria included individuals
with MMA or PA who did not have medical records available for review. Charts of eleven
individuals (MMA, n=3; PA, n=8) who had LT or LT/KT between January 1999 and
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December 2017 and who met the inclusion criteria were evaluated. The study was approved
by the Institutional Review Board of Baylor College of Medicine.

2.2 Clinical Measurements

Clinical data for the 11 subjects with MMA or PA enrolled in this study were collected. The
following data were collected pre- and post-LT: 1) number and severity of hospitalizations;
2) laboratory measures in plasma; 3) long-term clinical outcome data, including cardiac
manifestations, episodes of pancreatitis, and neurological outcomes; 4) dietary protein
intake; and 5) growth parameters including weight and height Z scores prior to LT, at 1 year
post-LT, at 2 years post-LT and at the most recent follow-up visit. Every hospitalization
reported in the Texas Children’s Hospital medical record during the six months prior to
transplantation and the twelve months after transplantation was included in the analysis
regardless of the medical reason for the hospitalization. The hospitalization during which the
LT or LT/KT was planned or performed was not included in the statistical analyses. Our
analysis of hospitalizations was restricted to six months before and twelve months after
transplantation because all hospitalizations should be recorded in the Texas Children’s
Hospital medical record in this time frame. No information about hospitalizations was
available for one subject.

For the analysis of hyperammonemia episodes and pancreatitis episodes, only those episodes
recorded in the Texas Children’s Hospital medical record were used, and thus, our data may
underestimate the true number of episodes. In this study, a hyperammonemia episode is
defined by venous ammonia 2100 pmol/L. Serum lipase level (= three times the upper limit
of normal or 360 U/L) was used to define pancreatitis in our study. Growth parameters
collected during routine outpatient follow-up visits at the Transplant Clinic were included in
this study. If growth parameters were not available from a pre-LT outpatient visit in the
Transplant Clinic, growth parameters from day of LT were used. All biochemical laboratory
measures reported in each subject’s Texas Children’s Hospital medical records during the
pre- and post-LT periods were included in this study.

2.3 Statistical Analysis

All statistical analyses were performed in SAS version 9.4 (SAS Institute, Inc.). Growth
parameters and hospitalizations were analyzed using a two-way repeated measures ANOVA
using PROC MIXED with main effects for disease (MMA or PA), time (height and weight Z
scores: pre-LT, 1 year post-LT, 2 years post-LT; hospitalizations: pre-LT, 0-6 months post-LT
and 6-12 months post-LT) and the disease x time interaction. The model included random
effects for subject (disease). When data were skewed, a log transformation was performed.
To compare height and weight Z scores versus the most recent growth measure obtained,
paired t-tests were performed. Because the repeated measures ANOVA and paired t-tests
require balanced data to assess the parameters of interest across specified time points,
subjects missing one or more observations were excluded from the final statistical analyses
(hospitalizations, 1/11 subjects excluded; height and weight Z scores, 3/11 subjects
excluded).
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Statistical analyses to assess plasma concentrations of C3, MMA and glycine were
performed using PROC MIXED (SAS Institute, Inc.). Values for each subject were averaged
for pre-LT and post-LT separately. Two-way ANOVA using a completely randomized design
with crossed data was performed to test for the main effects for disease (MMA or PA),
treatment (pre-LT or post-LT) and the disease x treatment interaction. The model included
random effects for subject. If the data were skewed, a log transformation was performed.
Subjects that had no reported lab values pre-LT and/or post-LT were excluded from the final
statistical analyses for plasma C3 (3/11 subjects) and glycine (1/11 subjects). The threshold
for statistical significance was p<0.05.

3. Results

3.1 Subject Characteristics

Of the eleven subjects, three had a diagnosis of MMA and eight had a diagnosis of PA. The
age of presentation for the individuals with MMA was 2-3 days of age. The age of initial
presentation of P3 was unavailable since the subject had pre-LT care at an outside hospital,
and the specific age at presentation was not documented in the transfer summary. The three
subjects with MMA had the diagnosis confirmed with molecular testing (Table 1). Two of
three subjects with MMA had simultaneous LT/KT whereas one subject had isolated LT. The
median age of LT for subjects with MMA was 7.2 years (range: 3.5 — 15.8 years) with a
median follow up of 4.3 years (range: 2.6 — 7.3 years) (Figure 1). The median age of initial
presentation for subjects with PA was 3 days (range: 1 — 30 days, table 2). Five subjects with
PA had their diagnosis confirmed by molecular testing. One PA diagnosis (P9) was
confirmed by enzyme testing in skin fibroblasts while two PA diagnoses (P10 and P11) were
confirmed by biochemical analyte testing. The median age of LT for subjects with PA was
1.9 years (range: 0.4— 9.4 years) with a median follow up of 5.4 years (range: 1.3 - 17.1
years) (Table 1, Figure 1).

3.2 Survival Rate and LT Course

All subjects had deceased donor orthotopic LT or simultaneous deceased donor orthotopic
LT/KT. In our cohort, the survival rate at 1 year and 5 years post-LT was 100%. The follow
up time ranges from 1.3 to 17.1 years post-LT. Graft survival rate in our cohort was 90.9% at
1 year post-LT as one individual required re-transplantation within 6 months (P10) due to
hepatic artery thrombosis. No additional grafts were lost during the follow up period (Table
1). In addition to the hepatic artery thrombosis in P10, other hepatic complications included
portal vein and inferior vena cava stenosis requiring dilatation 9 years after re-
transplantation in the same subject, portal vein tear requiring repair in P1, and biliary
stricture post-LT requiring multiple stent placements in P2. Two individuals had moderate to
severe acute rejection of the transplanted liver which was managed medically. One subject
with MMA (P1) had renal complications, including ureteral stricture, de novo immune
complex crescentic glomerulonephritis, and ascites treated with regular pulse steroid post-
transplantation. Another subject with MMA (P3) had delayed renal graft function and
required dialysis for 1.5 months before making recovery. Post-LT complications are
summarized in Table 1. Histopathological signs of chronic liver disease, such as
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macrovesicular and microvesicular steatosis, megamitochondria, fibrosis and inflammation
(neutrophilic infiltrates) were noted in the explanted livers from several subjects (Table 1).

3.3 Hospitalizations and Clinical Features

3.3.1 Hospitalizations—We assessed the total number of hospitalizations and the
number of hospitalizations to the general floor and intensive care unit (ICU) in the 6 months
pre-LT, 0-6 months post-LT, and 6-12 months post-LT (Figure 2). We only evaluated the
number of hospitalizations in the six months prior to LT because we did not have complete
records for all hospitalizations at other centers prior to the 6 months pre-LT. The
hospitalization during which the LT or LT/KT was planned or performed was not included in
the statistical analyses. No statistically significant differences in the number of
hospitalizations to the general floor, ICU or in total were detected pre-LT versus 0-6 months
post-LT (Figure 2). However, there were significant reductions in the number of
hospitalizations to the general floor, ICU and in total when we compared the six-month
period pre-LT versus 6-12 months post-LT. Moreover, similar results were obtained when we
compared hospitalizations 0-6 months post-LT versus 6-12 months post-LT.

3.3.2 Hyperammonemia and Pancreatitis—Review of available records revealed
that one subject with MMA (P2) had four episodes of hyperammonemia > 100 pmol/L prior
to LT. None of the subjects with MMA had any known recurrence of hyperammonemia (>
100 pmol/L) in the post-LT period. P1 had one episode of pancreatitis at our center, and P2
had eleven episodes of pancreatitis recorded in the medical record before LT. After LT, P1
had two episodes of pancreatitis, which were attributed to a diagnosis of
hypertriglyceridemia in the post LT period with exome analysis failing to identify a genetic
etiology. No episodes of pancreatitis were noted in the other two subjects with MMA after
LT (Table 2 & 3).

Prior to LT, five subjects with PA had multiple hyperammonemic episodes (1-9 episodes per
subject with ammonia > 100 pmol/L) that required hospitalization. There were no known
episodes of hyperammonemia (> 100 umol/L) in the PA subjects after transplantation.
However, one subject (P10), who was consuming an unrestricted protein diet, had one
episode of elevated ammonia with a peak ammonia of 94 pmol/L 13 years after LT. He had
no infections, no evidence of graft dysfunction, and no evidence of a portosystemic shunt
contributing to the episode. The increased protein intake was suspected to be the cause for
this episode, and thus, a low protein diet was instituted (Table 2 & 3). No subjects with PA
had documented episodes of pancreatitis with lipase = 480 U/L in the pre-LT period or post-
LT period.

3.3.3 Cardiac Manifestations—To evaluate the prevalence of cardiac manifestations in
our subjects with MMA and PA, we compared the available echocardiograms and
electrocardiograms (EKG) data obtained pre- and post-LT, if available (Table 2 & 3). Two of
the three subjects with MMA (P1 and P3) had concentric left ventricular hypertrophy (LVH)
detected by echocardiogram before LT that resolved by one-year post-LT only in P3. Both
P1 and P3 had hypertension due to her underlying chronic renal disease pre-LT. However, P1
and P3 had persistence of hypertension at the time of the post-LT/KT echocardiogram. One
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of three subjects with MMA (P2) demonstrated decreased left ventricular diastolic volume,
which normalized within one year post-LT. The same subjects with MMA who had LVH (P1
and P3) had prolonged QTc interval and T wave inversions suggestive of increased risk of
arrhythmias, which normalized post-LT/KT based on the EKG. Interestingly, none of the
subjects with PA had evidence of cardiomyopathy or prolonged QTc interval prior to LT.
One subject with PA (P11) had an EKG showing T wave inversion, which normalized post-
LT. No abnormal findings on EKG or echocardiogram post-LT were identified in any of our
subjects who had a normal pre-LT EKG or echocardiogram.

3.3.4 Neurological Manifestations: One subject with MMA (P3) had one episode of
metabolic stroke pre-LT, which resulted in loss of developmental milestones. P3 had
regression of motor skills following an episode of altered mental status at the age of 5 years
during which, bilateral symmetric hypodensities in the globus pallidi with a nonspecific
hypodense ischemic insult in the right frontal corona radiata white matter were reported on
computed tomography scan of the brain. None of the subjects with MMA had any known
metabolic strokes post-LT. Compared to the brain MRI done 3 months prior to LT, P1 had
new areas of focal gliosis and hypomyelination on brain MRI performed 6 years after LT. T2
hyperintensity and volume loss in bilateral globus pallidi were found in P2 and P3 on
imaging done 4 years and 1 month post-LT respectively; however, MRI data for these
subjects prior to LT was not available for comparison.

Two subjects with PA (P7 and P8) had one episode of metabolic stroke reported in the
medical record prior to LT. P7 and P8 had their clinical care at an outside hospital at the time
of the stroke and hence imaging was not available for review. However, the medical records
state that there was regression of developmental skills and hypotonia associated with the
stroke. None of the subjects with PA had any known episodes of stroke post-LT. Two of
eight subjects with PA (P6 and P9) had MRI scans of the brain both pre and post-LT.
Compared to the acute changes such as diffusion restriction in globus pallidus and thalamus
seen on imaging 7 years pre-LT, P6 showed areas of T2 hyperintensity in bilateral parietal
and frontal lobes, putamen and cerebellar volume loss on MRI done 2 years post-LT. P9 had
a completely normal imaging 2 years pre-LT but follow up imaging 2 years post-LT showed
T2 hyper intensities in putamen.

3.3.5 Development—Formal developmental assessment data was not available for all
subjects. However, information about developmental milestones for each subject was
collected from clinic notes. Despite the existing developmental delays, all of our subjects
continued to attain new milestones post-LT. Developmental regression or stagnation was not
detected in the post-LT period. Moreover, P4 who had LT at the age of 5 months continues
to meet developmental milestones appropriate for her age without any concerns for
developmental delay. P6 and P10 were diagnosed with autism spectrum disorder and
attention deficit hyperactivity disorder post-LT in their teenage years through
neuropsychology evaluation.
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3.4 Dietary Intake and Growth

To assess for differences in dietary management as related to clinical practice in the subjects
with MMA and PA pre- and post-LT, we assessed total dietary protein intake as a percentage
of the Dietary Reference Intake (DRI) and percentage of prescribed dietary protein intake
from intact protein versus amino acid medical foods (Tables 2-3, Figure 3). Dietary protein
intake as a percentage of the DRI was 100% in 10 of 11 subjects pre-LT. Five of 7 subjects
obtained 100% of the DRI for dietary protein post-LT. Four subjects (P3, P9, P10, P11)
reported that they followed an unrestricted diet post-LT; therefore, information regarding
dietary protein intake as a percentage of the DRI was not obtained. Medical records
indicated that the transition to an unrestricted diet for these four subjects was against
medical advice, but it is possible that these subjects were self-restricting their dietary protein
intake. As described previously, dietary protein restriction was initiated for P10 after the
occurrence of an elevated ammonia level on an unrestricted diet. All subjects with MMA
and PA were prescribed a percentage of protein intake from intact protein and amino acid
medical foods pre-LT; however, 10 of 11 subjects were prescribed 100% of dietary protein
intake from intact protein post-LT.

Growth parameters, height and weight Z scores, were collected pre-LT, 1 year post-LT, and 2
years post-LT (Figure 4). Importantly, subjects with PA and MMA had significant increases
in height Z scores pre-LT versus 2 years post-LT and 1 year post-LT versus 2 years post-LT.
Regardless of the time point, subjects with PA had significantly higher height and weight Z
scores than subjects with MMA. No significant differences were noted in weight Z scores in
subjects with MMA and PA pre- versus post-LT. In addition, height and weight Z scores
from the most recent clinical visit (if beyond 2 years post-LT) were compared with pre-LT
values (Supplemental Figure 1). Consistent with the previous observations, subjects with
MMA and PA demonstrated a trend suggesting an increase in height Z scores (height Z
scores, means+SD; pre-LT, —2.0+2.1; post-LT, —1.1+1.5; p=0.06), whereas no significant
differences were observed in weight Z scores.

3.5 Biochemical Measurements in Plasma

To evaluate whether there were changes in biochemical parameters after LT, we compared
plasma C3, glycine and methylmalonic acid levels pre- and post-LT. When compared to pre-
LT values, no significant difference in C3 values was detected post-transplantation.
However, plasma glycine concentrations significantly decreased after LT or LT/KT in
subjects with MMA and PA. Plasma methylmalonic acid levels were not significantly
different after transplantation in subjects with MMA (Supplemental Table 1 & 2, Figure 5).
However, some of the pre-LT and post-LT laboratory measures for one subject (P3) may be
confounded by hemodialysis before and after the LT.

3.6 Medication Use

All subjects were prescribed L-carnitine before and after LT. One subject with PA (P4)
received daily carglumic acid before LT, and this medication was discontinued after LT.
Three subjects with PA used nitrogen scavenging agents (sodium benzoate, n=2; sodium
phenylbutyrate, n=1) before LT, which were discontinued after LT. One subject with MMA
(P2) and 4 subjects with PA (P5, P9, P10 and P11) used metronidazole before LT, and this
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medication was discontinued after LT. One subject with MMA (P1) continued to use
fenofibrate for treatment of hypertriglyceridemia of unknown etiology. For
immunosuppression after LT, all of the eleven subjects were on tacrolimus or sirolimus. Four
subjects (1 of 3 subjects with MMA, 3 of 8 subjects with PA) used mycophenolate, in
addition to tacrolimus, for immunosuppression after LT. Secondary complications due to the
medications post-LT included steroid-induced hyperglycemia requiring insulin therapy in
one subject with MMA (P1) and one subject with PA (P5). P1 (subject with MMA, a liver-
kidney recipient) continued insulin therapy in combination with steroid therapy due to
complications from glomerulonephritis. In contrast, hyperglycemia was transient in P5
(subject with PA) and thus, did not require insulin therapy. P1 is on labetalol, lisinopril and
clonidine patch for the hypertension related to the post-transplant complication
glomerulonephritis and ascites. Similarly, P3 is on amlodipine for the hypertension related to
delayed renal graft function post-LT.

4. Discussion

Despite early diagnosis and medical management, individuals with PA and MMA are prone
to recurrent hospitalizations for metabolic acidosis and hyperammonemia. LT has been
proposed as a treatment modality to reduce metabolic decompensations associated with PA
and MMA [17][30]. In this large, single center study of LT and LT/KT in MMA and PA, we
investigated whether LT led to improved outcomes, such as reduction in hospitalizations and
chronic complications, improved biochemical parameters, and improved growth outcomes.

According to the Studies in Pediatric Liver Transplantation registry , 14.9% of pediatric LT
occurs in individuals with metabolic disorders [31]. Data from the United Network for
Organ Sharing (UNOS) show that only 4% of individuals with OA received living donor LT
[32]. Likewise, in our cohort, all subjects had cadaveric LT. However, there are multiple
reports of heterozygous living related donor LT in PA and MMA [33][34][24].

Historically, the survival rate after LT in PA and MMA was between 50-75% [35][36] [37].
The one year and five year patient survival rate in our cohort was 100%, which is consistent
with the improved outcomes from the more recent publications [18][23][19][25]. The 1 year
graft survival rate was 90.9% in our series due to hepatic artery thrombosis in one subject
requiring re-transplantation. Hepatic artery thrombosis has been documented as a frequent
complication in pediatric LT recipients [38]. Following LT in PA and MMA, several studies
have suggested that hepatic artery thrombosis may be common, although a recent study has
reported no difference in the incidence of this complication in individuals with PA versus
individuals without PA ([30][25][39]. We also report biliary stricture in one subject who
required multiple stent placements.

As previously reported (Supplemental Tables 1 & 2), improved metabolic control was noted
in our cohort with the absence of hyperammonemia post-LT compared to the pre-LT period
except for the single episode of mild elevation in ammonia in one subject consuming an
unrestricted diet. Similarly, there was a cessation of the occurrence of pancreatitis in most of
our subjects. However, isolated case reports describe the presence of metabolic
decompensation even after LT indicating the need for careful monitoring during periods of
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stress [40][33][29][27]1[41][23]. Metabolic stroke is a well known complication of PA and
MMA [42]. In comparison to ischemic or hemorragic stroke, metabolic stroke is not
associated with any large vessel occlusion or rupture. Underlying mitochondrial dysfunction,
neuronal swelling due to toxic byproducts, and susceptibility of basal ganglia to decreased
perfusion have all been suspected to contribute to metabolic strokes in this population [43].
Although the subjects in our cohort had no episodes of metabolic stroke during the post-LT
period, previous reports have described metabolic stroke in the post-LT period in more
individuals with MMA than PA [26][44][21].

Metabolic decompensations led to frequent hospitalizations for several of our subjects pre-
LT. In the immediate post-LT period, there was no significant reduction in number of
hospitalizations. However, there was a significant reduction in the number of
hospitalizations in months 6 - 12 post-LT. Further analysis of the data beyond one year post-
LT will determine whether this trend persists, and if so, this finding would support the
findings of Li et a/suggesting that LT is cost-effective [45].

Cardiomyopathy and prolonged QTc interval are two cardiac complications observed in PA
[14]. The incidence of cardiomyopathy in PA has been estimated to be approximately 9-23%
[3]. Reversal of cardiomyopathy in individuals with PA after LT has been previously
reported [35][8][30][46][18] (Supplemental table 1). Similarly prolonged QTc interval with
normalization post-LT has been previously reported in individuals with PA [47][48][9].
Although cardiomyopathy is rare in patients with MMA, it has been previously reported.
[49][50] [46]. Interestingly, in two of three (66%) subjects with MMA,, left ventricular
hypertrophy and prolonged QTc were noted pre-LT/KT but these resolved post-LT/KT in
one subject. It is difficult to assess the extent in which underlying hypertension from chronic
kidney disease contributed to the LVH and prolonged QTc especially given the fact that the
high blood pressure persisted even at the time of post-LT echocardiogram (Table 1 & 2).

Neuroimaging findings in PA and MMA are non-specific for the disorder and could be
classified into acute and chronic changes. During acute decompensation, hallmarks of
decreased perfusion such as diffusion restriction and hyperintensity on T2 and FLAIR
sequences are usually seen in the basal ganglia [51] [52]. In the chronic phase, delayed
myelination, cortical and white matter atrophy and gliosis characterized by hyperintensity on
T2 and FLAIR sequences are seen [51][52]. Nagao et a/ reported improvement in brain
volume and myelination after LT in a child with PA [24]. In our cohort, subjects had
persistence of signal abnormalities suggestive of gliosis and volume loss in the post-LT brain
imaging. New or acute findings were not seen in these subjects post-LT again suggesting
absence of metabolic decompensations or strokes in the post-LT period. Behavioral
abnormalities including autism spectrum disorder have been previously reported in
individuals with PA [53][54]. Interestingly, despite having LT at 2.5 years of age, P10 was
diagnosed with autism spectrum disorder at 10 years of age. P4, the youngest subject in our
cohort to receive LT, has continued to meet all developmental milestones at the expected age
despite four hyperammonemic episodes within the first 5 months of life. This finding may
suggest that earlier LT may lead to improved outcome but larger studies with longer-term
follow-up are needed.
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Diet management post-LT varies from dietary protein restriction [19] to increased protein
intake with avoidance of high protein foods [19][18][40], normalization of protein intake
[55] , and even unrestricted diets with the caveat that subjects may self-select low protein
foods [21] (Supplemental table 1 & 2). Diet liberalization in some cases was based on
monitoring of propionate metabolite levels [25]. Metabolic decompensations post-LT are
rare even with liberalization of diet in previous studies (Supplemental Tables 1 & 2) with
one episode of metabolic decompensation reported in one subject 3 years post-LT [40].
Significant improvement in height has been documented when LT was done at a younger age
(Supplemental table 1 & 2) [40][23]. However Yorifugi et al. reported no improvements in
growth in the first 2 years post-LT due to steroid therapy [40]. In comparison, our subjects
had improvements in growth 2 years post-LT with a similar trend at most recent follow up
post-LT.

Limitations of our study include the retrospective nature, small sample size and variable
length of follow-up post-LT. In addition, since some of our subjects were followed at outside
institutions prior to the pre-transplantation evaluation, records for some subjects were
incomplete in the pre-LT period. Because of the incomplete medical records, our analysis of
hospitalizations was limited to the six months before and twelve months after LT. Of note,
lengthy hospitalizations may be a confounder for the analysis of number of hospitalizations
especially in the six months immediately following LT. Because of relocation, records for
one subject were limited beyond one year post-LT.

In conclusion, in a large, single center study of PA and MMA post-LT, we report 100%
patient survival rate in our subjects with PA and MMA who underwent LT or LT/KT. Our
study shows that LT or LT/KT was associated with a reduction in the incidence of
hyperammonemia and pancreatitis in most subjects, improved linear growth parameters, and
reduction in the number of hospitalizations. Even with significant reduction in plasma
glycine levels, absence of significant reduction in other biochemical parameters including
C3 denote that transplantation does not result in metabolic cure in individuals with PA and
MMA. This is not surprising in that other tissues such as skeletal muscle continue to provide
a source for circulating propionic acid.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Diagnosis of MMA and PA
LT between 1/1999 — 12/2018
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'

Medical records available
N=11
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Subject Characteristics

Diagnosis of MMA Diagnosis of PA
N=3 N=8

/X

Isolated LT Simultaneous LT & KT
N=1 N=2

Current Age Range 1.7 - 18.4 years
Age Range at LT 0.4 - 15.8 years
Mean Follow-Up 6.3 years
Range Follow-Up 1.3-17.1 years
Patient Survival

1 year (n=11) 100%

5 year (n=5) 100%

Graft Survival

1 year (n=11) 90.9%

5 year (n=5) No additional grafts lost

Figure 1:

Study subjects. A: Details about the study cohort are provided. B: Clinical characteristics of
the subjects in the study are provided. MMA: methylmalonic acidemia; LT: liver
transplantation, KT: kidney transplantation; PA, propionic acidemia.
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Figure 2:

Reductions in the number of hospitalizations in subjects with MMA and PA post-LT.
Samples sizes included 3 subjects with MMA and 7 subjects with PA. Values are means +
SD. Statistical analysis included repeated measures ANOVA with main effects for disease
(MMA or PA), time (pre-LT, 0-6 months post-LT, 6-12 months post-LT) and disease x time
interaction. A: Subjects with MMA and PA had significantly fewer hospital admissions to
the ICU pre-LT or 0-6 months post-LT versus 6-12 months post-LT (disease, p=0.29; time,
p=0.02; disease x time, p=0.60). B. Subjects with MMA and PA had significantly fewer
hospital admissions to the general floor pre-LT or 0-6 months post-LT versus 6-12 months
post-LT (disease, p=0.67; time, p=0.04; disease x time, p=0.75). C. Subjects with MMA and
PA had significantly fewer total hospital admissions pre-LT or 0-6 months post-LT versus
6-12 months post-LT (disease, p=0.52; time, p=0.003; disease x time, p=0.81). ICU:
intensive care unit; LT: liver transplantation; MMA: methylmalonic acidemia; mo.: months;
PA, propionic acidemia.
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Figure 3:
Dietary protein intake patterns in subjects with MMA and PA pre- and post-LT. A: Ten of 11

subjects consumed 100% or more of the DRI for dietary protein pre-LT, whereas 5 of 7
subjects consumed 100% or more of the DRI for dietary protein post-LT. Protein intake data
as a percentage of the DRI were missing for 4 of 11 subjects during the post-LT period
because these subjects were following an unrestricted diet (n=1) or did not document their
dietary protein intake (n=3). B: Subjects with MMA and PA ingested a combination of
dietary protein from intact sources and amino acid medical foods pre-LT. Ten of 11 subjects
transitioned to consume all dietary protein from intact sources post-LT. P3 underwent
hemodialysis during the pre-LT period, which may have impacted dietary protein intake
patterns. DRI: Dietary Reference Intake; LT: liver transplantation; MMA: methylmalonic
acidemia; PA, propionic acidemia.
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Figure 4:

Height and weight Z scores pre- and post-LT. Samples sizes included 3 subjects with MMA
and 5 subjects with PA. Values are means + SD. Statistical analysis included repeated
measures ANOVA with main effects for disease (MMA or PA), time (pre-LT, 1 year post-LT,
2 years post-LT) and disease x time interaction. A. Subjects with PA had significant higher
height Z scores compared to subjects with PA (disease, £=0.002). Subjects with MMA and
PA had significantly greater height Z scores pre-LT or 1 year post-LT versus 2 years post-LT
(time, p=0.006). There was not a significant interaction (disease x time, p=0.31). B. Height
Z scores pre-LT, 1 year post-LT and 2 year post-LT are shown by subject. C. Subjects with
PA had significant higher weight Z scores compared to subjects with PA (disease,
£=0.0099). Weight Z scores were similar pre-LT, 1 year post-LT and 2 years post-LT in
subjects with MMA and PA (time, p=0.91). There was not a significant interaction (disease
x time, p=0.48). B. Height Z scores pre-LT, 1 year post-LT and 2 years post-LT are shown
by subject. LT: liver transplantation; MMA: methylmalonic acidemia; PA, propionic
acidemia.
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Figure 5:
Plasma laboratory measures obtained pre- and post-LT in subjects with MMA and PA.

Statistical analysis for Fig. 4A-B included a two-way ANOVA utilizing a completely
randomized design with crossed data to assess main effects for disease (MMA or PA),
treatment (pre-LT vs post-LT) and the disease x treatment interaction. Statistical analysis for
Fig. 4C included a one-way ANOVA utilizing completely randomized design with crossed
data to assess main effects for treatment (pre-LT vs post-LT). Both models included random
effects for the subject. Results show the pre-LT laboratory measure and corresponding post-
LT laboratory measure for each subject with PA (black circle) or MMA (white circle). A.
Plasma C3 concentrations were similar in subjects with MMA and PA pre- and post-LT
(disease, p=0.34; treatment, p=0.16; disease x treatment, p=0.19, n=2 MMA/6 PA). B.
Plasma glycine concentrations significantly reduced post-LT in subjects with MMA and PA
(disease, p=0.44; treatment, p=0.02; disease x treatment, p=0.053; n=3 MMA/7 PA). C.
Plasma MMA concentrations were similar in subjects with MMA pre- and post-LT
(treatment, p=0.36; n=3). Dotted lines indicate the reference ranges for the plasma
laboratory measures, which included the following: C3, 0-870 nmol/L; glycine, 90-346
pumol/L; MMA, 0-500 nmol/L. C3: propionyl carnitine; LT: liver transplantation; MMA:
methylmalonic acidemia or methylmalonic acid; NS, non-significant; PA: propionic
acidemia.
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