1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Am J Med Genet A. Author manuscript; available in PMC 2022 April 19.

-, HHS Public Access
«

Published in final edited form as:
Am J Med Genet A. 2015 September ; 167A(9): 2075-2084. doi:10.1002/ajmg.a.37127.

Delineating the Spectrum of Impairments, Disabilities, and
Rehabilitation Needs in Methylmalonic Acidemia (MMA)

Yiouli P. Ktenal, Scott M. Paul?, Natalie S. Hauserl, Jennifer L. Sloan?, Andrea Gropman?,
Irini Manolil, Charles P. Vendittil"

10rganic Acid Research Section, Genetics and Molecular Biology Branch, National Human
Genome Research Institute, National Institutes of Health, Bethesda, Maryland

°Rehabilitation Medicine Department, Clinical Center, National Institutes of Health, Bethesda,
Maryland

3Center for Neuroscience Research (CNR), Children’s National Medical Center, Washington,
District of Columbia

Abstract

Methylmalonic acidemia patients have complex rehabilitation needs that can be targeted to
optimize societal independence and quality of life. Thirty-seven individuals with isolated MMA
(28 mut, 5 cblA, 4 cbIB), aged 2-33 years, were enrolled in a natural history study, and underwent
age-appropriate clinical assessments to characterize impairments and disabilities. Neurological
examination and brain imaging studies were used to document movement disorders and the
presence of basal ganglia injury. A range of impairments and disabilities were identified by

a team of physical medicine experts. Movement disorders, such as chorea and tremor, were
common (n = 31, 83%), even among patients without evidence of basal ganglia injury. Joint
hypermobility (n = 24,69%) and pes planus (n = 22,60%) were frequent and, in many cases,
under-recognized. 23 (62%) patients required gastrostomy feedings. 18/31 patients >4 years old
(58%) had difficulties with bathing and dressing. 16 of 23 school-aged patients received various
forms of educational support. Five of the 10 adult patients were employed or in college; three
lived independently. Unmet needs were identified in access to rehabilitation services, such as
physical therapy (unavailable to 14/31), and orthotics (unavailable to 15/22). We conclude that
patients with MMA are challenged by a humber of functional limitations in essential activities
of mobility, self-care, and learning, in great part caused by movement disorders and ligamentous
laxity. Early assessment, referral, and implementation of age-appropriate rehabilitation services
should significantly improve independence and quality of life.
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INTRODUCTION

The term isolated methylmalonic acidemia (MMA) refers to a heterogeneous group of
autosomal recessive inborn errors of branched chain amino acid metabolism, affecting
approximately 1:50,000-1:80,000 births [Coulombe et al., 1981; Shigematsu et al., 2010].
The disorders result from deficient activity of methylmalonyl-CoA mutase, encoded by the
MUT gene (designated mut or mut for complete or partial deficiency), which catalyzes

the isomerization of L-methylmalonyl-CoA into succinyl-CoA at the terminal step of
propionyl-CoA metabolism in the mitochondrial matrix. Defects in the synthesis of the
enzymatic co-factor, 5’ -deoxyadenosylcobalamin, corresponding to the cblA, cblB, or cbID-
variant 2 subtypes, are caused by mutations in the MMAA, MMAB, or MMADHC genes,
respectively [Manoli and Venditti, 2005]. The clinical spectrum of MMA is wide and varies
from the severe infantile, vitamin B12 non-responsive types (mut’, mut, many cb/B), which
present within the first days-weeks of life with metabolic ketoacidosis, hyperammonemia,
and encephalopathy, to milder B12-responsive forms (cb/A, some ¢b/B) that manifest in

the first months or years of life with failure to thrive, developmental delay, neurological
syndromes, and renal tubular acidosis [Horster et al., 2007; Horster et al., 2009]. The
patients are prone to recurrent episodes of acute metabolic decompensation and basal
ganglia (globus pallidus) injury (BGI). The long-term outcome of MMA has not been

fully explored but can be complicated by growth failure, intellectual impairment, end-stage
renal disease, and high mortality [Roodhooft et al., 1990; Manoli and Venditti, 2005]. The
implementation of expanded newborn screening (NBS) to diagnose MMA has magnified the
importance of defining the long-term outcomes and clinical phenotypes in these disorders.

The combination of intensive treatment protocols for MMA, including specialized formulas,
gastrostomy feeding, central catheters for parenteral nutrition, medication to augment
ureagenesis, and increasingly, organ transplantation, has improved survival rates [Horster

et al., 2009; Hauser et al., 2011; Baumgartner et al., 2014], perhaps at the expense of
increased morbidity. Moreover, the demanding medical management of MMA patients
often dominates the efforts of their metabolic teams, impacting on time dedicated toward
addressing aspects of care that could enhance functional independence and improve quality
of life. While most published data on long-term MMA outcomes have focused on medical
endpoints such as survival and neurocognition, there have been fewer efforts to document
functionality, independence and social integration or the need for rehabilitation interventions
that could maintain and maximize function. [van der Meer et al., 1994; Leonard, 1995;
Sniderman et al., 1999; de Baulny et al., 2005; Cosson et al., 2009].

Using a retrospective, cross-sectional, single-center study, we analyzed the spectrum of
functional impairments and disabilities seen in a cohort of well-characterized MMA
patients. In addition to delineating the functional phenotype of MMA for the first time,
our results could provide guidance in addressing the rehabilitation needs and therapeutic
services required to optimize long-term outcomes in this patient population and provide a
metric for future studies.
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MATERIALS AND METHODS

The patient population was evaluated between 2005 and 2012, through NIH protocol
“Clinical and Basic Investigations of Methylmalonic Acidemia and Related Disorders”
(ClinicalTrials.gov identifier: NCT00078078). All subjects and/or guardians provided
consent/assent and the study was conducted in compliance with the Helsinki Declaration.
The subtype of MMA was assigned by cellular biochemistry and complementation analysis
(Dr. David S. Rosenblatt, Division of Medical Genetics, McGill University), and/or
molecular genetic testing (GeneDx, Gaithersburg, MD). Participants were evaluated by a
rehabilitation medicine team that included a physiatrist (physical medicine and rehabilitation
physician/PM&R), physical therapist (PT), and occupational therapist (OT). The reports

of these evaluations and their recommendations were reviewed to record functional
impairments in various organ systems, and disabilities across the scope of function,
including in mobility, self-care, and feeding. Based on accepted milestones [Hagan et al.,
2008], four years of age was set as the threshold when age-appropriate independence in
basic activities of daily living (eating, grooming, bathing, dressing, and toileting) would be
anticipated. Joint range of motion was assessed in the clinical rehabilitation evaluations and
hypermobility was defined as endpoint of range of motion well beyond expected norms;
however, Beighton hypermobility scores were not recorded. Coordination and balance were
assessed in an age-appropriate manner, which included examining eye/hand coordination,
dexterity while performing specific tasks, posture control, quality of sitting and standing
balance, and quality of gait. The presence of movement disorders and peripheral sensory
deficits was ascertained through neurology consultation. Visual impairment and hearing loss
were based on ophthalmology and audiology assessments. The diagnosis of a “metabolic
stroke” (basal ganglia injury/BGI) was based on neuroimaging findings, or, in selected
cases, a clear history of prior hospitalization consistent with metabolic decompensation and
subsequent permanent neurologic sequelae. The MRI methodology on describing globus
pallidus infarcts has been previously described [Baker et al., 2014].

Findings were classified as “impairments” and “functional limitations/disabilities.”
According to accepted guidelines by the National Center for Medical Rehabilitation
Research (NCMRR), an “impairment” is defined as loss of function/structure at the organ/
organ system level; a “functional limitation” is a restriction to perform an action within
the range consistent with the purpose of an organ/organ system; and a “disability” is the
limitation in performing tasks, activities and social roles as expected for nondisabled peers
(Fig. 1) [National Institute of Child Health & Human Development, 1993].

Descriptive statistics were used to outline the prevalence of impairments and disabilities.
To compare the prevalence of impairments between patients with and without metabolic
strokes, Fisher’s exact tests and unpaired £tests were performed, using SPSS v.19 (IBM
Corporation, Armonk, NY). Statistical significance was defined as £< 0.05.
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RESULTS

Demographics and Clinical Presentation

Thirty-seven patients (21 males, 16 females) with isolated MMA (28 mut, 5 cblA, 4 cbIB)
were evaluated by PM&R, PT, and OT; Table | presents selected clinical characteristics

per subtype. In all patients, cellular enzymology and/or mutation analysis confirmed the
biochemical diagnosis (Table I1). Mean age at evaluation was 12.5 years (range: 2-33). In
the mut group, two patients were diagnosed prenatally because of a previously affected
offspring and two by NBS. One patient in the ¢cb/B group was asymptomatic and diagnosed
due to an affected sibling. Mean age at diagnosis was 4.5 months (range: 0-24). Twenty-
three patients had gastrostomies and six had central venous access devices. Eighteen patients
had clear evidence of BGI, 14 confirmed by MRI, and four through past medical history, as
previously described.

Impairments

All 37 patients demonstrated evidence of one or more impairments (Fig. 2). Movement
disorders and other neurological impairments that could affect function, including chorea,
tremor, dystonia, dysmetria, asterixis, and ataxia, were the most prevalent impairment (n =
31). Choreiform movements were the most common finding (n = 13) and ranged from very
mild, elicited only with the patient focused on a task such as tandem gait, to more obvious
and extensive choreoathetoid movements at rest. Although movement disorders were more
prevalent and more severe in patients who had BGI by imaging and/or history compared to
those who did not (18/18 vs. 13/19, Fisher’s exact 2= 0.02), most patients without clear
evidence of BGI also had a detectable movement disorder (13/19) suggesting that subclinical
BGlI, even in the absence of a defined stroke, is common. The six (5 mutand 1 cb/B)
patients with a normal neurological exam had neither historical nor imaging evidence of
BGI.

The most common musculoskeletal impairment identified was joint hypermobility (n = 24),
and pes planus (n = 22) (Fig. 3), which has not been reported previously in patients with
MMA. In addition, difficulties in coordination were noted in 24 and balance difficulties in
21 patients. A number of patients had hypertonia and contractures (n = 9), out of which
seven had BGI, and the other two had negative MRIs but movement disorders suggestive
of subclinical BGI. A smaller group (n = 5) had neurosensory deficits (decreased sense of
touch, vibration, or proprioception). Lastly, visual pathology (optic nerve atrophy n = 6,
retinal pathology n = 1) was present in seven patients and hearing loss was identified in
three.

Although the number of patients in the ¢b/A (n = 5) and ¢b/B (n = 4) groups was too
small to allow for reliable statistical analysis, most patients in these groups had multiple
impairments. Nearly all had a movement disorder: 4/5 cblA patients (with the exception
of the patient that had no history of BGI) and all four ¢b/B patients (including Patient
31, who was diagnosed due to an affected sibling and had no evidence of BGI on MR,
however had dysmetria and tremor elicited on neurological exam). In addition, most of
these patients had additional impairments, with the most common ones being hypertonia
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(4/9), joint hypermobility (4/9), and contractures (3/9), however none had visual or hearing
impairment at the time of evaluation.

Of the patients who were diagnosed via newborn screening or prenatally due to an affected
sibling (Patients 4, 8, 12, 20), all of which were mut, one had severe movement disorder
secondary to BGI confirmed by MRI and a wheelchair user, one had milder findings elicited
on neurological exam, and all had hypermobility and pes planus. Only one mut patient in our
cohort was late onset (presentation after 30 days of life), and had a known metabolic stroke
with associated sequelae and multiple impairments. Three patients were classified as mut
based on enzymology, and all were found to have a movement disorder, which was more
prominent and accompanied by hypertonia in two of the three with BGI identified on MRI.

Functional Limitations/Disabilities

Functional evaluations were performed in 31/37 patients that were >4 years old (Fig. 4).
Eighteen patients had problems with dressing, where the most frequently reported challenge
was the inability to fasten closures (e.g., buttons, zippers, snaps). Twelve of 26 of the
patients >9 years of age had difficulties with bathing, including the inability to wash

hair independently. Twenty-seven of 31 patients were able to eat independently, in an
age-appropriate manner. Twenty-three patients had gastrostomies, and three were able to
prepare and administer the tube feedings independently (ages 13, 19, and 22).

All 37 patients were >2 years old at the time of evaluation and developmentally expected
to be ambulatory. However, only 18 ambulated independently on all surfaces without any
devices. Seven patients wore orthoses, and 12 required significant assistive devices for
functional mobility (walker, n = 4; wheelchair, n = 6; motorized scooter, n = 2). The most
commonly encountered challenge was negotiating stairs (n = 14).

Difficulty with handwriting was a common problem (10/23 school-aged patients) and always
associated with a movement disorder, even without clear radiographic/historical evidence of
BGI (n =5).

Rehabilitation Needs

The rehabilitation services that the patients were receiving at the time of evaluation

were compared to the services recommended after assessment by the NIH Rehabilitation
Medicine team (Fig. 5). The discrepancy between currently utilized and recommended
services showed that the greatest areas of unmet needs were PM&R and PT, where

14/22 and 14/31 of patients, respectively, were not receiving any services despite clinical
evidence of impairments and disabilities felt to require the coordination of a physiatrist and
treatment from rehabilitation therapists. Only 8/22 patients that were in need of coordinated
rehabilitation services had ever been evaluated by PM&R before their visit. Although

all patients had some form of musculoskeletal or neuromotor impairment, only 17 were
receiving physical therapy regularly. More than half (22/37) of the patients were in need of
devices to improve ambulation ability, such as shoe orthoses, but most had never received
them (15/22). Handwriting was also affected, mostly due to movement disorders, and 10/37
were thought to be able to benefit from adaptive writing utensils, but less than half of those
had previously been provided with such equipment.

Am J Med Genet A. Author manuscript; available in PMC 2022 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ktena et al.

Page 6

When patients were stratified by age, it was discovered that in those 2-9 years (n = 17),

the greatest areas of unmet needs were PM&R (8/12), PT (6/15), orthotics (6/10) and
adaptive reading/writing utensils (4/5). Between the ages of 10-18 (n = 10), the unmet needs
were still apparent: PM&R (2/4), PT (5/9), OT (2/6), orthotics (9/10), and adaptive reading/
writing utensils (2/4). In patients >18 years (n = 10) the greatest areas of unmet needs were
PM&R (4/6), PT (3/7), OT (2/6), adaptive utensils (0/2), and shower safety equipment (0/2).
Despite the fact that this older age group carried the highest prevalence of contractures (5/9),
only two of the adult patients had been previously evaluated by PM&R, and four by PT and
OT; the rest did not have access to rehabilitative services. Out of the all the patients with
contractures (n = 9), only one had regular access to PM&R, and three to PT.

Education, Independent Living & Vocation

Twenty-four patients were school-aged (3-18 years) and the majority (16/23; Patient 5 had
not started school yet) had individualized educational plans, including self-contained classes,
resource classes, personal aide, special schools or home tutors (Fig. 6). At the time of
evaluation, 10 patients were >18 years: four were employed at least part-time, one was in
college and five were unemployed, out of whom one was previously employed and in search
of new employment with the help of a vocational rehabilitation counselor; one patient lived
alone and two patients with a partner; seven lived with parents or other family (ages 18-37,
mean = 23).

DISCUSSION

While the mortality associated with MMA has been well documented since the 1980s
[Matsui et al., 1983; Leonard et al., 1984; Rousson and Guibaud, 1984; Horster et al., 2007],
the morbidity associated with the diagnosis requires further definition, especially because
newborn screening for MMA and related disorders has been recently implemented. Our
study is the first attempt to elucidate the functional phenotype of MMA across a broad age
spectrum, in a well-characterized patient population. In addition to drawing attention to the
functional challenges that MMA patients face, we document disease associations not widely
recognizable, such as joint hypermobility, describe specific rehabilitation needs, and provide
evidence on the chasm that exists between the functional deficits of these patients and the
care that they receive. The NCMRR model (Fig. 1) serves as the framework for interpreting
the results of this study; this rehabilitation medicine paradigm uses a classification which
recognizes that disabilities stem from system impairments created by medical conditions,
and provides a platform for the strategic identification of interventions to optimize patient
functionality [National Institute of Child Health & Human Development, 1993].

Among the previously undescribed impairments was the documentation of generalized joint
hypermobility/ligamentous laxity and associated pes planus (Figs. 2 and 3), suggesting
connective tissue involvement as a novel musculoskeletal manifestation seen in patients with
MMA. Increased joint angles, such as the ones noted in our patient cohort, can be caused

by both low muscle tone and abnormal elasticity of the surrounding tissues. Interestingly,
many of our patients who had increased muscle tone secondary to globus pallidus injury
were also found to have joint hypermobility, which further underlines the involvement of the
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ligaments in the pathophysiology of the disease. Because hypermobility leads to diminished
ambulation and can be improved with orthoses and PT [Adib et al., 2005; Falkerslev et al.,
2013], our results suggest that the screening and treatment of pes planus should become part
of the routine care for MMA patients. However, we should note that the retrospective data
of this study were descriptive in nature and based on physical exam findings; future research
with hypermobility scoring systems will provide further information.

The movement disorders in this patient cohort displayed a recognizable pattern, ranging
from fine, distal, involuntary movements, to generalized choreoathetosis and/or dystonia in
patients with extensive basal ganglial injuries. The resulting impairments ranged from subtle
limitations in fine motor abilities (impacting writing, dressing, etc), to severe movement
disorders that lead to global disability and a limited ability to participate in any purposeful
physical activity. The well-recognizable sequelae of severe CNS injury, such as hypertonia,
contractures, and muscle atrophy, were also seen. There is concern that these complications
may have arisen or worsened as a consequence of the limited amount and scope of
rehabilitation treatment these patients received. Neurocognitive outcomes in a subset of

this cohort have been previously reported, where processing speed was identified as a
distinct impairment and an association between hyperammonemia at diagnosis and cognitive
impairment was recognized [O’Shea et al., 2012].

In our cohort, the largest areas of need included self-care, ambulation and fine motor motor
skills, as well as educational support. The majority of patients had one or more difficulties
with basic activities of daily living, and most required individualized education plans (Figs.
4 and 6). Although very few patients had been using assistive equipment prior to their visit,
it was found that most patients required orthoses (60%), and one third needed adaptive
reading or writing utensils (Fig. 5). Thus, in many cases, especially in the adult population,
impairments had not been recognized prior to the evaluations under our protocol and
functional needs had frequently gone unmet. The high prevalence of unmet needs, both in
patients with and without metabolic strokes, emphasizes the importance for care providers to
seek consultation from physiatry for the assessment and coordination of rehabilitation needs
and services. Vigilance in addressing such needs is important, especially because simple
interventions, such as the provision of arch support for pes planus and use of orthoses, may
significantly improve the ability for patients to ambulate effectively and safely. In our study,
information was not available as to the etiology of the gap between patient needs and the
services actually provided. We hypothesize that the answer is multifactorial; a combination
of under-recognition of needs, lack of financial resources, medical insurance coverage, or
non-compliance.

Several other issues that might have an impact on the quality of life of MMA patients should
also be taken into account when designing treatment plans. Most patients need gastrostomy
tubes for part of their nutrition; however the majority of patients were unable to administer
their feeds independently, either due to a movement disorder or cognitive impairment.
Central venous access devices were implanted in the most severe cases, as they are

critical for the prompt management of acute metabolic decompensation, which adds another
dimension of care to their complex management. Also, long-term complications, even in
recipients of organ transplantation, can further hinder functional outcomes. For example,
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optic nerve atrophy and sensorineural hearing loss, seen in a small number of patients in
our cohort, immediately change quality of life and independence. Furthermore, education

is often challenging not only because of the neurocognitive or sensory impairments, but,
also because of behavioral problems and communication barriers. All of the above highlight
the need for MMA-related anticipatory guidance in order to implement accommodations in
educational programs and other services.

The data obtained in this study come from a cohort of patients referred from independent
USA and international centers. A limitation of our study is that more severe patients may
have been over-represented in our cohort. For example, 4/5 cblA patients born prior to NBS
had a metabolic stroke, but the majority of cb/A patients, if diagnosed and treated early,
might be expected to have milder phenotypes due to the B12-responsive nature of the defect.
Also, very few of our patients were diagnosed through NBS and therefore many suffer the
long-term sequelae of symptomatic presentation. Our cohort only included one late onset
mut patient, and three mur™ patients. Therefore, extension of our observations to other
cohorts needs to be accompanied by both enzymatic and genetic stratification as well as the
timing of diagnosis (Table 11). However, because severely affected patients can experience
symptoms before the return of NBS results, and tend to experience recurrent symptoms

and evolution of disease despite NBS, the functional phenotype of isolated MMA we have
delineated should help guide practitioners in developing better rehabilitative care plans and
provides an important historical metric for the impact of NBS on functional outcomes in
MMA.

One goal of this study was to identify the areas of functional impairments and disability
that are involved in MMA, as a first step towards choosing the best-suited standardized
tools for future studies. More precise quantification of disabilities will aid in describing the
functional phenotype of MMA in more depth, identifying rehabilitation treatment plans and
assessing their efficacy. Among the global disability measures that should be considered

for prospective monitoring are the WeeFIM (Functional Independence Measure, adapted for
children) and the Pediatric Disability Inventory (PEDI). These tools take into account the
amount of caregiver assistance required and the use of assistive equipment to perform a
task, and evaluate performance in domains such as self-care, mobility, communication, and
social cognition [Msall et al., 1994; Batshaw, 2007]. Future studies should concentrate on
the collection of longitudinal functional data that will provide insight on the development
and progression of impairments and disabilities in MMA. If generic scales, such as those
mentioned above, are found insufficient, the development of an MMA-specific disability
scale to monitor patients, measure outcomes, and assess therapeutic interventions, in MMA
and other organic acidurias with overlapping phenotypes, will represent an important avenue
of future research.

Limited data exist on the long-term outcome of organic acidurias [Baumgartner and
Viardot, 1995; van der Meer et al., 1996]. The course of life and limited aspects of the
functional phenotype in affected adults, including some with MMA, were discussed by
Martin-Hernandez et al., who noted the importance of multidisciplinary support, especially
as more patients survive into adulthood and desire independence [Martin-Hernandez et

al., 2009]. In other organic acidurias, such as glutaric aciduria type I, and in conditions
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such as cerebral palsy, mitochondrial myopathies, and muscular dystrophies, the impact

of carefully designed rehabilitation plans to maximize functionality is well-documented
[Gitiaux et al., 2008Abresch et al., 2012; Mazzone et al., 2012; Moll and Cott, 2012; Msall
and Tremont, 1999; Prats Vinas, 2001]. Our results suggest that MMA should be addressed
in a similar fashion, with thoughtful consideration of short and long-term patient needs and
comprehensive treatment plans to address both.
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Disability ..

Functional Limitation ..

Limitation in performing tasks and roles as
expected by non-disabled peers,
eg,
assistive devices for eating, writing or
ambulating, services for the visually

dependence on orthoses, walker,

impaired

Impairment

Pathophysiology .,

| Restriction to perform an action in a
way consistent to the organ’s purpose,
| e.g., gaitimbalance, falls, difficulties

with eating, writing, reading,

ambulating, medication delivery

Loss of function or structure
at the organ level,
e.g. pes planus,
tremor/chorea, vision loss

FIG. 1.

Methylmalonic Acidemia :|

Page 11

Definitions and MMA-specific examples of impairment, functional limitation, and disability,

based on the NCMRR model of disablement.
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Impairments
Movement Disorders 31
Hypermobility 24
Abnormal Coordination 24
Pes Planus 22
Abnormal Balance 21
Hypertonia 9
Contractures 9
Visual Impairment 7

Sensory Deficits 5
Hearing Loss 3

Normal Exam 0

FIG. 2.
Type and frequency of impairments.
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FIG. 3.
Pes Planus in an MMA patient.
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FIG. 4.

Prevalence of functional limitations/disabilities.
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FIG. 5.

Needs in rehabilitation services and equipment
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Traditional
Education, 7

Page 16

Personal aide, 3

Resource classes, 3

Special
school/Home tutor,
2

FIG. 6.

Individualized educational plans 70% (16/23) of school-aged patients were receiving
educational support. Two also required services for the visually impaired. APE is
specifically designed to address individual needs, e.g., with activities to strengthen an
atrophic limb. Self-contained classrooms are classrooms dedicated to students with learning

difficulties; resource class is the part-time alternative.
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