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Abstract

Spinal muscular atrophy (SMA) is a severe neuromuscular disorder due to a defect in the survival motor neuron 1 (SMNI) gene. Its incidence
is approximately 1 in 11,000 live births. In 2007, an International Conference on the Standard of Care for SMA published a consensus statement
on SMA standard of care that has been widely used throughout the world. Here we report a two-part update of the topics covered in the previous
recommendations. In part 1 we present the methods used to achieve these recommendations, and an update on diagnosis, rehabilitation, orthopedic
and spinal management; and nutritional, swallowing and gastrointestinal management. Pulmonary management, acute care, other organ
involvement, ethical issues, medications, and the impact of new treatments for SMA are discussed in part 2.
© 2017 Published by Elsevier B.V.
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1. Introduction

Spinal muscular atrophies (SMA) include a group of
neuromuscular disorders characterized by degeneration of
alpha motor neurons in the spinal cord with progressive muscle
atrophy, weakness and paralysis [1]. The most common form of
SMA is due to a defect in the survival motor neuron 1 (SMNT)
gene localized to 5q11.2-q13.3 [2]. It includes a wide range of
phenotypes that are classified into clinical groups on the
basis of age of onset and maximum motor function achieved:
very weak infants unable to sit unsupported (type 1), non-
ambulant patients able to sit independently (type 2), up to
ambulant patients with childhood (type 3) and adult onset SMA
(type 4).

In 2004 an International Conference established a
committee of experts in SMA to create a consensus statement
on SMA standard of care [3]. Different working groups were
established, addressing different aspects of diagnosis and
management, focusing on rehabilitation and orthopedic,
pulmonary, nutritional and palliative care. Each group had two
leaders, facilitating the work of other experts who were invited
to participate. The Delphi technique [4] was used to explore
consensus expert opinion and to identify topics where no
consensus could be reached for which further study was
needed.

A report of the SMA SOC consensus statement was
published in 2007 [3]. The guidelines have been widely
adopted by clinicians all over the world and were translated
and promoted by patient advocacy groups and international
neuromuscular networks such as TREAT-NMD. More
recently, with the advent of clinical trials in SMA [5-8],
the guidelines have also been used in protocols as a benchmark
for care for recruitment and during participation in a clinical
trial.

Over the last decade there has been increasing evidence of
improvements in the natural history of all the SMA types
[9-11]. Even in type 1, the most severe form of SMA, there has
been an increase of survival as a result of a more proactive
approach, following the introduction of non-invasive
ventilation and enteral feedings, suggested in the original SOC
recommendations [12,13]. These improvements are likely to be
the result of the recommendations provided in the consensus
statement and of new advances in care that are not always
reflected in the existing literature.

In this paper we report an update of the consensus statement,
following the need to include more recently published data and
more generally advances in the topics addressed in the original
version. New aspects, such as those related to acute and
emergency care, medications or the involvement of other
organs have also been added.

The need for an update has also been driven by the
advent of clinical trials [14]. The approval of the first drug
for SMA in December 2016 and promising early results
from other clinical trials have changed the perspective of
physicians and families who are now more willing to be
proactive in the management of this disorder, especially in

type 1.

2. Method

Nine topics were included in this update:1. Diagnosis
and genetics; 2. Physical therapy and rehabilitation; 3.
Orthopaedic care, growth and bone health care; 4. Nutrition; 5.
Pulmonary care; 6. Acute care in the hospital setting; 7. Other
organ system involvement; 8. Medication; 9. Ethics and
palliative care.

For each topic, two leaders, in most cases one from Europe
and one from the United States, were identified to head a
working group inviting other clinicians with expertise in the
topic and, when appropriate, at least one SMA patient or parent/
caregiver. The choice of the participants in each subgroup was
based on strict criteria, inviting the experts from all continents
who had published on the specific topic, or had a large
experience in the field and were part of national or international
working groups.

A literature search identified all the relevant articles that
were classified according to their consistency with the previous
recommendations [3], or whether they included novel or
contrasting findings.

Each working group (WG) had 2 preliminary conference
calls, and at least 2 web-based Delphi rounds of inquiry. The
first round of Delphi used open-ended questions to generate
specific topics. The second round focused on the topics ranked
the highest on the first round.

The review of the literature and the results of the first two
rounds were analyzed and discussed in an in-person workshop
where the leaders of all the working groups convened. The
American Academy of Pediatrics guidelines for classifying
recommendations for clinical practice [15] were used to analyze
the results.

Within each working group, each topic was summarized as
to where a) Consensus was reached with uniform opinion; b)
Consensus was reached with a majority opinion, and with
minority opinions mentioned; ¢) No consensus is reached and
more work has to be performed.

Following the workshop, more rounds of Delphi were
performed to further define some aspects requiring further
definition, highlighted during the workshop. Details of the
methodology used have been recently published in the
workshop report [16].

The results were subdivided using the functional
classification from the original consensus statement document.
Considering that type 3 patients who lost ambulation share
many aspects with type 2 patients, the two groups are
collectively indicated as “sitters”, while the type 3 patients who
are still ambulant are indicated as “walkers”. Type 1 patients are
indicated as non-sitters.

2.1. SMA diagnosis

The diagnostic process for SMA has not changed since the
original consensus statement paper [3] but more accurate
information on the genetic background has become available.

Unless there are previous familial cases, the diagnostic
process is generally prompted by the clinical signs. Clinically,
these infants present with hypotonia, progressive symmetric
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and proximal weakness affecting the legs more than the arms,
sparing of the facial muscles but often with bulbar muscle
weakness. There is also weakness of the intercostal muscles
with relative sparing of the diaphragm, which results in the
typical “bell-shaped” chest and paradoxical breathing pattern.
Childhood onset is similarly characterized by hypotonia and
proximal weakness, but with less prominent bulbar and
respiratory findings.

In approximately 96% of patients, SMA is caused by
homozygous absence of exons 7 and 8 of the SMNI gene, or, in
some cases, only of exon 7 [2,17-20]. The majority of patients
inherit the SMNI deletion from their parents; in 2% de-novo
deletions in one of the 2 alleles have been described [21]. In
3—4%, other mutations in SMN/ can be found, typically with an
SMN1 deletion on the other allele [22].

Population studies have indicated variations in the carrier
frequency of SMNI deletions, with the Asians having the
highest carrier frequency (2.4%) [23]. The SMN locus is part of
a genomic inverted duplication region on human chromosome
5, which contains a paralogue gene, SMN2. SMN2 is intact in all
SMA patients. The SMN2 copy numbers however can vary
between 0 and 4 per chromosome 5 in the general population.
SMA patients always carry at least 1 SMN2 copy.

The diagnosis of SMA is based on molecular genetic testing.
Genetic testing of SMN1/SMN?2 is highly reliable and it is first
line investigation when the condition is suspected in a typical
case (Fig. 1). In a typical presentation there is no need for a
muscle biopsy.

EMG is also usually not needed in type 1 and 2 children; this
investigation can help in more chronic forms in which the
phenotype might be less striking. CK serum levels are usually
normal or only mildly elevated in SMA; however few exception
with markedly (10x) elevated levels are on record hence this
test does not necessarily exclude the diagnosis [24].

The gold standard of SMA genetic testing is a quantitative
analysis of both SMNI and SMN2 using multiplex ligation-
dependent probe amplification (MLPA), quantitative polymerase
chain reaction (qPCR) or next generation sequencing (NGS)
[23,25-27]. Homozygous SMNI deletions can be identified
also by PCR followed by restriction digest. This method is
faster and is less expensive, and often readily available in any
lab but does not allow quantification of SMNI or SMN2 copy
number. However, knowledge on SMNI copies is relevant for
identification of heterozygous deletions whereas SMN2 copies
are important for prognosis and therapeutic approaches.

The absence of both full SMN1 copies will provide diagnosis
of SMA. If only 1 full copy is present and clinical phenotype is
compatible with SMA, the remaining SMNI gene should be
sequenced looking for other subtle mutations. If both full SMN1
copies are present, a diagnosis of SMA is highly unlikely but
the SMN1 gene should be sequenced if there is a striking typical
phenotype or consanguinity. If sequencing indicates an intact
SMNI gene in the presence of a phenotype suggestive of SMA
including also neurogenic EMG, other motor neuron diseases
should be considered.

There was consensus that even if the number of SMN2
copies is not essential to reach the diagnosis of SMA, this
should be routinely assessed as it is an important factor
influencing the severity of the SMA phenotype [26,28-30]
(Supplementary Table S1).

The majority of type 1 SMA patients carry two SMN2
copies, type 2 SMA and type 3a SMA patients (onset before the
age of 3 years) three SMN2 copies, type 3b SMA patients (age
of onset after 3 years) four SMN2 copies, and type 4 four to six
copies [26,30]. Although there is a strong correlation between
SMN?2 copies and severity of the disease, there are exceptions
and in individual cases the number of SMN2 copies may not
predict the severity of the phenotype. This limitation should be
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Fig. 1. Diagnostic algorithm for spinal muscular atrophy (SMA: spinal muscular atrophy; SMN1: survival motor neuronon 1; SMN2: survival motor neuron 2;
NMD: neuromuscular disorders; EMG: electromyography; NCV: nerve conduction velocity; CK: creatine kinase levels; WES: whole exom sequencing; WGS: whole

genome sequencing).
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Fig. 2. Multidisciplinary approach.

mentioned when reporting the number of copies or counseling
patients or their families.

Another reason for determining the number of SMN2 copies
is that this is currently used as a criterion for enrolment of
patients into clinical trials [7,8].

Presence of SMNI but homozygous absence of SMN2, a
genotype found in about 3—5% of control individuals, has no
apparent phenotypic consequences [2,20]. The presence of at
least one fully functional SMNI gene, as typically found in
SMA carriers, is indeed sufficient to protect from SMA.

Genetic counseling is obviously important at the time of
diagnosis, as is psychological support to the families, especially
when a diagnosis of type 1 SMA is communicated.

2.2. Management: a multidisciplinary approach

A multidisciplinary approach is the key element in the
management of SMA patients [1,3]. SMA is a complex disorder
involving different aspects of care and professionals, and each
of the aspects should not be dealt in isolation but as part of a
multidisciplinary approach (Fig. 2). In the past families had to
coordinate all the assessments and visits but it is now
recommended that this should be coordinated by one of the
physicians, generally the neurologist or pediatric neurologist,
who is aware of the disease course and potential issues. This
will allow to monitor the various aspects that are known to be
part of the disease progression and, when possible, to provide
anticipatory care.

2.3. Neuromuscular and musculoskeletal evaluation

Clinical assessment in SMA includes performing a physical
examination, with a focus on the musculoskeletal system and
related functional impairments. The choice of the assessments

used will reflect the aspects that are more relevant for each level
of severity (Supplementary Table S2).

These should include different means of assessments of
strength and range of joint motion, relevant motor functional
scales [31-35] and timed tests to monitor those aspects of
function that reflect activities of daily living (Table 1).

These assessments should be performed routinely by trained
examiners every 6 months, unless there are special
circumstances requiring different follow up.

Regular monitoring of these aspects will allow to monitor
possible changes over time, to identify aspects requiring
intervention and response to intervention. The use of these
assessments also allows to compare individual results to the
trajectories of progression reported in recent studies [36,37].

2.4. Rehabilitation

Since the original consensus statement paper there has been
increasing evidence that a proactive approach, including regular
sessions of physical therapy (PT) may influence trajectories of
progression. In a recent study on sitters and walkers, functional
changes over 12 months were minimal in the whole cohort and
the few outliers showing a more substantial loss of functional
activities were often those with increase in their joint
contractures, sudden scoliosis deterioration or excessive weight
gain [36]. Other papers have reported the benefits of braces,
orthoses and exercise [38-45] (Supplementary Table S3).

2.4.1. Non-sitters

The primary rehabilitation goals for non-sitters include:
optimization of function, minimization of impairment, and
optimizing tolerance to various positions (Table 1).

2.4.1.1. Stretching. This includes the use of orthoses and
splints, active-assistive and passive techniques, supported
supine/standing/standing frames and serial casting. Thoracic
bracing is recommended for postural stabilization and to
promote function. Cervical bracing is often used for head
support particularly, as head control is often absent or not fully
developed, to minimize risk of asphyxiation while upright.

Upper and lower limb orthoses are used to promote function
and range of motion.

2.4.1.2. Positioning. Seating systems and postural supports
should include supine positioning with rolls, beanbags, molded
pillows or wedges. Custom and molded wheelchair seating
systems as well as custom sleeping systems are recommended.

To promote mobility and transfers the use of strollers and
power wheelchairs with recline/tilt options and adapted seating
systems are recommended.

2.4.1.3. Mobility and exercise. To promote function, assistive
technology and adaptive equipment are recommended. The use
of eye tracking devices is also recommended to improve
communication. Some non-sitters can participate safely in
aquatic therapy with proper head and neck support and constant
supervision.

2.4.1.4. Chest physiotherapy. Chest physiotherapy is an
important part of the assessment and management. It is
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Rehabilitation assessment and intervention.
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Assessment

Intervention

Care considerations

Non-sitters

Sitters

Ambulant

Postural control
Scoliosis

Hip dislocation
Sitting tolerance
Chest deformities

Contractures (ROM,
goniometry)

Muscle weakness
(Antigravity movements)
Functional scales (CHOP
INTEND)

Motor development (HINE)

Postural control

Foot and chest deformities
Scoliosis and pelvic obliquity
Hip dislocation

Contractures (ROM,
goniometry)

Functional scales (HFMSE,
RULM, MFM)

Muscle weakness (Strength
tests)

Mobility

Timed tests

Measure of endurance
(6MWT)

Falls

Functional scales (HFMSE,
RULM)

Muscle weakness (Strength

tests)
Contractures (ROM,

goniometry)

Postural control
Scoliosis
Hip dislocation

Positioning and Bracing

Daily use of seating systems, postural and
positioning supports, thoracic bracing and cervical

bracing for head support.

Static thoracic bracing should have incorporated
modifications for respiratory support including

abdominal cutouts.
Stretching

Daily use of orthoses for upper lower limb orthoses
for stretching and to promote function and range of

motion.

Static orthoses Knee immobilizers and hand splints
are recommended for positioning and stretching.
AFOs and KAFOs can be used for stretching and
positioning. TLSOs are used for positioning.

Supported standing

Promote function and mobility
Use of seating and mobility systems
Mobile arm supports to assist upper extremity

function.

Positioning and Bracing

Thoracic bracing is recommended for posture and

to promote function.

Cervical bracing is often used for head support for

safety and transportation.
Stretching

Orthoses are used for the upper and lower limbs to

promote function and ROM

Regular stretching for segments known to be at risk
for contractures: hip, knee and ankle, wrist and

hand

Knee immobilizers, KAFOs, and AFOs are
recommended for positioning and standing. RGOs
and KAFOs can be used for supported ambulation.
TLSOs and hand splints are used for positioning.
Promote function and mobility

Use of seating and mobility systems.

Use of gait training devices and mobility devices to
promote supported ambulation

Mobile arm supports to assist upper extremity

function.

Promote function and mobility

Stretching

Positioning and Bracing

To be effective, orthoses should be applied for more than 60
minutes to overnight.

Session duration for effective stretching and range of motion
depends on specific patient needs, joints, and rehabilitation
aims.

The minimal frequency for stretching and range of motion is
3-5 times per week

The minimal frequency for bracing to be effective is 5 times
per week.

Recommend toys with switches, light weight rattles,
Bath equipment, adapted beds, upper extremity assistive
devices, as well as hoists (lifts),

Environmental controls, and eye tracking devices for
computers and communication,

Strollers with recline and the ability to lay flat, power

wheelchairs should have recline/tilt, adapted seating systems
Orthoses should be worn for more than 60 minutes to

overnight.
The minimal frequency for bracing: 5 times/week.

Minimal frequency for stretching and ROM: 5-7 times/week
When stretching or performing joint mobilization ensure joint
segments are aligned throughout the treatment.

Supported standing should be up to 60 minutes and minimal
frequency is 3—5 times/week, optimal 5-7 times/week.

Exercise can have an effect on function, strength, ROM,
endurance, ADLs, participation, and balance

Recommend swimming, hippotherapy, and wheelchair sports.
All sitters should have electric/power wheelchairs with custom
postural support and seating systems

The option to tilt and/or recline and a seat elevator is
sometimes necessary in weaker patients.

Lightweight manual wheelchairs or power assist wheels are
ideal to promote self-propulsion in stronger patients.
Recommend aerobic and general conditioning exercise for
SMA walkers. Options include: Swimming, walking, cycling,
yoga, hippotherapy, rowing, elliptical/cross-trainers.

Exercise program should be designed and monitored by a
physical or occupational therapist, familiar with SMA.
Optimal duration for aerobic exercise: at least 30 minutes

Minimal frequency: 2-3 times/week, optimal: 3—5
Maintain flexibility through active assisted stretching and

include the use of orthoses according to specific needs.
Recommend some form of balance exercise.

Lower limb orthoses are used for posture and function at the
ankle and knee, Thoracic bracing may be used to promote
posture in sitting

ROM, range of motion; CHOP INTEND, Children Hospital of Philadelphia Infant Test of Neuromuscular Disorders; HINE, Hammersmith Infant Neurological Examination;
AFOs, ankle foot orthosis; KAFOs, knee ankle foot orthosis; TLSOs, thoraco lumbo sacral orthosis; HFMSE, Hammersmith Function Motor Scale Expanded; RULM,
Revised Upper Limb Module; MFM, Motor Function measure; 6MWT, 6 minute walk test; ADL, activities of daily living; SMA, spinal muscular atrophy.
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particularly important to implement during illness or
perioperative periods and as prophylaxis pulmonary
management to promote airway clearance and improve
ventilation. Manual techniques include percussion, vibration
and positioning to promote postural drainage.

2.4.2. Sitters

The main objectives for rehabilitation in sitters are to prevent
contractures and scoliosis, and maintain, restore or promote
function and mobility.

2.4.2.1. Stretching. Modalities  for  stretching  include
techniques that can be achieved manually and through the use
of orthoses, splints, active-assistive stretching, supported
standing/standing frames and positioning techniques such as
serial casting. Stretching modalities should be performed
and/or supervised by physical or occupational therapists.
Parents and caregivers should also be instructed in daily
stretching activities.

Session duration for effective stretching depends on specific
patient needs, joints, and rehabilitation aims.

2.4.2.2. Positioning. Thoraco-lumbar sacral orthoses are
recommended for posture and to promote function. Cervical
bracing is often used for safety and transportation. Static,
dynamic and functional orthoses are used for positioning and
standing and, when possible, for supported ambulation.

Supported standing is important to facilitate lower extremity
stretching but also to promote bodily functions and bone health,
enable upright participation, and promote spine and trunk
posture.

2.4.2.3. Mobility and exercise. All sitters should have
electric/power wheelchairs with custom postural support and
seating systems. Assessments for power wheelchair mobility
can begin before 2 years of age [46]. Lightweight manual
wheelchairs or power assist wheels are ideal to promote self-
propulsion in stronger patients. Exercise programs and
activities that encourage muscle activation should be
encouraged since it can have an effect on maintaining and
improving function, strength, range of motion, endurance,
balance, activities of daily living, and participation in school,
social activities and occupation. Recommended exercise for
sitters include aquatic therapy, concentric and eccentric
exercise and aerobic and general conditioning exercise with
and without resistance.

2.4.2.4. Chest physiotherapy. Similar to non-sitters, chest
physiotherapy is an important part of the assessment and
management to implement, especially I the weak type 2, both as
prophylaxis and during illness or perioperative periods. Manual
techniques are similar to those reported for non-sitters.

2.4.3. Walkers

The main objectives for rehabilitation in walkers are to
maintain, restore or promote function, mobility, and adequate
joint range, and improve balance and endurance.

2.4.3.1. Exercise/activity programs. The exercise programs
will include many of the suggestions used for sitters. In

addition, some form of balance exercise, both, dynamic and
static forms, should also be part of an exercise program.

2.4.3.2. Stretching and range of motion. Modalities of
stretching and range of motion include: passive stretching and
active-assistive techniques. Lower limb orthoses are mainly
used for maintaining flexibility, posture and function at the
ankle and knee. Thoracic bracing is not typically used during
walking as it may adversely affect ambulation ability and limit
effective compensatory strategies but, when needed, may be
used to promote posture in sitting.

2.4.3.3. Mobility. To ensure functional independence,
lightweight manual wheelchairs or power assist wheels are
recommended when endurance is limited. Similarly, electric/
power wheelchairs or powered scooters may also be
considered to facilitate independent mobility over longer
distances.

2.5. Orthopedic management
2.5.1. Spine deformity management

2.5.1.1. Non-sitters. Until now, because of their limited
survival, spinal management was rarely discussed as a possible
option in non-sitters, unless they had stable respiratory and
nutritional function [3,47]. Specific rigid braces allowing stable
sitting position may be used, provided they do not compromise
pulmonary function (Fig. 3). Supine Cobb angle or that
obtained in the sitting position using a trunk brace may be used
in their follow up [47]. The advent of new therapies leading to
increased survival and overall functional improvements [7,8], is
rapidly changing the scenario of spinal management in these
patients.

2.5.1.2. Sitters.

2.5.1.2.1. Assessment. Scoliosis is still highly prevalent in
children with SMA 1 and 2, with incidence of 60-90% and
initial presentation in early childhood [1,48]. The hypotonic
spinal curves continuously progress through childhood.
Thoracic kyphosis also develops in most patients to a variable
degree.

Inspection of the spine should be conducted as part of the
routine clinical examination. When kyphoscoliosis is suspected
on forward bend test in sitting or standing posture, anterior-
posterior and lateral projection spine radiographs should be
performed in the most upright position independently
attainable by the patient (i.e. sitting in children who can sit
independently, standing in SMA 3) to define and quantify
the extent of spinal deformity in both coronal and sagittal
planes. For SMA 1 and 2 patients, scoliosis >20° should be
monitored every 6 months until skeletal maturity and yearly
after skeletal maturity. Management with spinal orthoses is
often advocated to support the hypotonic trunk and treat scoliosis
>20°, especially in a child with significant growth remaining
[42,49]. There was no consensus on the type of brace to be
used, as both rigid and soft spinal thoracolumbar orthoses were
recommended.
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Fig. 3. Spine deformity management (VEPTR: Vertical Expandable Prosthetic Titanium Rib).

2.5.1.2.2. Surgical intervention. Bracing is palliative and
unable to halt progression of spinal deformity [49,50]. As a
result, spinal instrumentation is frequently indicated to
preserve trunk balance in sitting, re-align the distorted thorax
to facilitate respiratory function and improve overall quality
of life [50-55]. The decision to surgically instrument the
spine is predicated mainly on curve magnitude (i.e. major
curve Cobb angle >50°) and rate of progression (=10° per year).
Other factors, such as decreasing respiratory function,
parasol rib deformity, hyperkyphosis and adverse effects on
functional mobility, pelvic obliquity, and trunk imbalance
should also be considered. Pulmonary function tests
should be considered as part of the pre-operative evaluation
to determine surgical risk and post-operative respiratory
management.

There was consensus that surgical treatment of spine
deformity should be delayed until after the age of 4 years
(Supplementary Table S4).

In skeletally immature patients younger than 8 to 10 years,
“growth-friendly” instrumentation, that stabilizes and improves
spinal deformity, but allows for continued spine growth
should be considered [3,50,52,56-60]. To decrease the need
for repeated surgery, magnetically controlled growing rods
have recently been advocated [61] as an alternative to traditional
growing rods that require sequential surgical lengthenings
[62—65]. For children between the ages 8 to 12 years, there
was variability in practice among members of the expert
panel; the surgical approach depended on clinical variables,
especially skeletal maturity and spine growth remaining.
In nearly skeletally mature patients 12 years of age or
older, definitive posterior spine fusion using dual rod,
multi-segmental constructs should be implemented with or
without extension to the pelvis, depending on whether
the pelvis is part of the scoliotic curve [66]. While
there were no published studies on how to accommodate
for intrathecal access in patients undergoing spinal

instrumentation, there was consensus that one or two
mid-lumbar levels should be left unexposed in the midline to
accommodate intrathecal access, necessary for the administration
of recently approved drugs such as nusinersen, and antisense
oligonucleotide which does not cross the blood brain barrier.
Conversion of growth-friendly instrumentation to definitive
posterior spine fusion should be decided on a case-by-case
basis.

2.5.1.2.3. Chest deformity, thoracic insufficiency and
pulmonary health. As a consequence of poor trunk and
thoracic muscular support, children with SMA have an
increased incidence of thoracic insufficiency, the result of
scoliosis and distortion of the rib cage [50,67]. Collapse
of the ribs (similar to closing an umbrella) contributes to
“parasol rib” deformity [53,54,67—69]. Retrospective study of
children with hypotonic scoliosis treated with either rib- or
spine-based growth-friendly instrumentation systems have
shown poor efficacy in ameliorating parasol rib deformity
or increasing thoracic volume, and therefore are not
recommended [67].

2.5.1.2.4. Hip instability. Hip instability is common in
patients with SMA [3,50,55,70]. Several older studies
recommended against surgical repair, noting that surgically
treated hips tended to re-subluxate or dislocate, and that hip
pathology rarely caused pain [3,50,55,70]. However, these
studies failed to reflect modern surgical techniques and did not
evaluate young adult and middle-aged patients. Unilateral and
bilateral hip instability should be surgically managed only in
patients with significant pain.

2.5.1.2.5. Contractures. Contractures are common in
patients with SMA as a result of decreased range of motion,
prolonged static positioning, and agonist-antagonist muscle
imbalance [50,71,72]. Functionally and symptomatically,
contractures can lead to pain and inhibit function in patients
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with SMA [24,42-46,71-75]. Conservative management of
joint contractures has been discussed in the rehabilitation
section [24,42—46]. Surgical management of contractures of the
upper or lower extremities should be considered when they
cause pain or impair function.

2.5.1.2.6. Management of fractures. Owing to disuse,
osteoporosis and low vitamin D levels, fragility fractures are
common in children with SMA 1 and 2. Closed treatment with
cast immobilization is generally recommended for non-
ambulatory patients, but prolonged cast immobilization (>4
weeks) that aggravates muscle wasting and disuse osteoporosis
should be avoided. Ambulatory patients with long bone

Table 2
Nutritional assessment and intervention.

fractures of the lower extremities and non-ambulatory
patients with hip fractures generally benefit from surgical
stabilization using intramedullary rods or bridging fracture
plates to restore immediate bone stability to allow early range
of motion of the extremity and to promote accelerated fracture
healing.

2.6. Nutritional management, swallowing and
gastrointestinal dysfunction

The main topics covered include swallowing dysfunction
and dysphagia, weight control and gastrointestinal dysfunction
(Table 2).

Assessment

Intervention

Care considerations

Non-sitters

Sitters

Ambulant

Video Fluoroscopic Swallow Study
shortly after diagnosis and when
suggested by clinical signs
suggestive of dysphagia (weak suck,
fatigue, humid voice, pneumonias)
Difficulties with feeding (pocketing,
jaw contractures, increased
mealtimes)

Nutritional analysis of food
records/feeding regimen
Longitudinal anthropometrics
Acute care monitoring

25 Hydroxy-vitamin D labs and
Body Composition and Bone density
Constipation

Assessment of symptoms of
dysphagia/aspiration/Difficulties
with feeding

Video Fluoroscopic Swallow Study
if suggested by clinical signs
suggestive of dysphagia.

Nutritional analysis of food
records/feeding regimen
Longitudinal anthropometrics
(height, weight, OFC)

Nutrition labs may be indicated.
Acute care monitoring

Glucose metabolism labs

25 Hydroxy-vitamin D labs and
Body Composition and Bone density
(DXA)

Constipation

See dietitian for concerns of
over/under nutrition

Nutritional analysis/monitoring if
underweight or overweight
Longitudinal anthropometrics
(height, weight, OFC).

Glucose metabolism labs

25 Hydroxy-vitamin D labs

If swallow study is passed, consider referral to specialist for
feeding therapy/modification

For failure of a swallow study or for growth failure, for
proactive care, place nasojejunal tube until a Gastric-tube can
be placed with Nissen fundoplication.

A dietitian should adjust caloric, fluid, macronutrient,
micronutrient intake and timing of feeds. Nutrition labs may
be indicated.

Minimize fasting during acute care to less than 6 hours.
Provide adequate fluid intake during illness. Monitor
electrolyte levels and correct as needed.

Monitor glucose levels to correct hypo/hyperglycemia.
Provide adequate calcium, vitamin D intakes for bonehealth.
Adequate hydration. Use of bowel regulation medications.

If safe to swallow, refer to specialist for feeding
therapy/modification.

If failed swallow or interventions are not sufficient place
nasofeeding tube as indicated prior to placement of a long
term Gastric feeding tube.

For growth failure, provide supplemental nutrition products.
Referral to dietitian for increasing calories with nutrient dense
foods.

Adjust caloric, fluid, macronutrient, and micronutrient intake
based on growth and intake.

Limit calorie intake in overweight individuals and maximize
nutrient intake.

Minimize fasting during acute care. Appropriate fasting time
depends on prior nutritional status and nature of acute event.
Provide adequate fluid intake during illness. Monitor
electrolyte levels and correct as needed.

Monitor glucose levels to correct hypo/hyperglycemia.
Indicated for individuals with increased body fat or other
prediabetic symptoms.

Adequate calcium, vitamin D intake.

Diets rich in fiber are recommended to promote gastric
motility and reduce constipation. Adequate fluid is needed
with increased fiber intakes. Bowel regulation medication may
be indicated.

Provide macro/micronutrient intakes based on guidelines for a
healthy sedentary individual.

Limit calories as indicated to prevent obesity.

Minimize fasting during acute care

Indicated for individuals with increased body fat or other
prediabetic symptoms

Provide adequate calcium, vitamin D intakes for bonehealth if
needed

Determine appropriate calorie needs
based on growth. Standardized
growth charts are a good tool to
track growth trends, but optimally,
should be used with other body
composition measurement tools to
assess appropriate growth.

For optimal care, recommend
evaluation by a dietitian every 3—6
months for younger children and
annually for older children/adults.
Evaluation is especially important
for those on specialized diets.

At minimum, recommend evaluation
by a dietitian shortly after diagnosis
and for concerns of under/over
nutrition.

For optimal care, recommend
evaluation by a dietitian every 3—6
months for younger children and
annually for older children/adults.
Evaluation is especially important
for those on specialized diets.
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For all SMA types regular assessments of growth are
important and an expert nutritionist should be involved to
promote an appropriate diet, monitoring not only weight but
also fluid, macronutrient, and micronutrient intake, especially
calcium and vitamin D intake for bone health [76—78]. SMA-
specific growth charts are not yet available. Secondary to
altered body composition in SMA [79-81], experts are divided
in the use of standardized growth charts alone to monitor
appropriate growth, but they may be helpful to monitor trends.

In all types it is important to ask and document details
regarding GI symptoms such as presence of gastroesophageal
reflux, constipation, use of bowel regulatory agents, delayed
gastric emptying, and vomiting.

Over the last few years there has also been increasing
evidence of possible metabolic abnormalities in SMA patients
such as metabolic acidosis, abnormal fatty acid metabolism,
hyperlipidemia, hyperglycemia, hypoglycemia, and muscle
mitochondria defects [82-84]. Perturbations of glucose
metabolism and pancreatic development have been reported in
SMA mice [85-89]. Glucose metabolism abnormalities were
later confirmed in some obese SMA patients [90,91] and
pancreatic differences confirmed in deceased SMA 185.

2.6.1. Non sitters

2.6.1.1. Assessment. Safe swallowing is one of the most
important aspects to consider for a non-sitter (Supplementary
Table S5). Bulbar dysfunction can result in aspiration and
pulmonary infections. A full modified barium swallow
fluoroscopic study is recommended shortly after diagnosis and,
if the initial test is normal, closely monitored to detect possible
early signs of feeding difficulties. Contracture of the masseter
muscles often develops in patients by one year of age and limits
the opportunity for oral feeding. This may be a limiting factor
for patients treated with nusinersen who demonstrate
improvement in bulbar muscle strength.

Optimal nutritional management includes longitudinal
evaluation of weight and length and dietary analysis. In type 1
patients, masticatory muscle weakness, dysphagia and
respiratory problems are responsible for reduced calorie intake
and risk of undernutrition. Additionally, increased work of
breathing may increase energy expenditure and caloric
requirements, further increasing the risk of undernutrition.

2.6.1.2. Intervention. For proactive care following a failed
swallow study or growth failure, placement of a short-term
nasogastric or nasojejunal tube is recommended until long term
gastrostomy tube can be placed. There was no unanimous
consensus but many experts prefer that Nissen fundoplication
be performed in conjunction with gastrostomy tube placement
secondary to decreased gastrointestinal motility, reflux, and
increased pressure related to respiratory treatments [92]
(Supplementary Table S6).

There is less consensus on the effect of the type of diet [12].
Consensus is divided on the use of the Amino Acid diet, a diet
based on elemental formula [83,93]. Experts agreed that diet
type and administration should be based on individual
tolerance. Adequate hydration as well as bowel regulating

agents, probiotics, and motility medications are recommended
to ease symptoms of constipation and gastrointestinal
dysmotility.

Regarding nutritional aspects during acute care in non-
sitters, it has been strongly suggested that fasting should
be avoided to prevent including metabolic acidosis, fatty
acid metabolism abnormalities, and hyper/hypoglycemia
[82,83,93-95]. Divided expert opinion suggests that nutrition
including a protein source should be provided within 6 hours
during acute episodes. Adequate hydration and electrolyte
balance is imperative during illness.

2.6.2. Sitters

2.6.2.1. Assessment. For optimal care, nutrition evaluations
are recommended after diagnosis and periodically, every 3—6
months for younger children and annual evaluations afterwards.

Chewing difficulties and fatigue with eating, are frequent in
sitters [96,97]. Safe swallowing and risk of aspiration are also a
concern. A history of choking or coughing episodes with feeds
should be investigated and monitored with swallow studies.

Feeding evaluations are also recommended for possible
feeding modifications/occupational therapy in order to swallow
safely and eat effectively.

Longitudinal measures of weight and length in conjunction
with body composition measures are recommended to promote
appropriate growth.

Evaluation for obesity as well as glucose metabolism
abnormalities may be recommended for overweight sitters.
Some experts suggest that sitters with SMA should be evaluated
for possibility of obesity/overfat at BMI greater than the 25th
percentile [91].

Evaluation of fluid and fiber intake is recommended for
frequent constipation.

2.6.2.2. Intervention. In a case series study 37% of sitters have
growth failure and require intervention [96]. Feeding tubes are
commonly used in this population for supplementary nutrition
rather than total nutrition and suggestions for feeding tubes and
Gl surgical recommendations depend on the individual
situation.

Sitters may be at risk for being overweight/obese as they
grow older secondary to the reduction in physical activity due
to weakness and altered body composition [80,91]. Concerns
for overweight include reduced mobility and risks for related
comorbidities including risk of metabolic syndrome [86,93].

Diet is variable in sitters. Calories, protein, fat and
carbohydrate, are initially estimated using common standardized
equations [98] and should be adjusted as appropriate growth
and labs indicate. There is lack of consensus on the use of the
amino acid diet and no data to support the use of synthetic
amino acid as opposed to intact protein in patients with
SMA.

Based on experience and case studies [93-95] experts
recommend that fasting times should be limited during acute
circumstances and electrolyte and fluids should be monitored
and repleted as indicated.
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Depending on severity of constipation, fiber intake,
probiotics, and bowel regulating agents may be used to improve

symptoms.

2.6.3. Walkers

In this population, swallowing dysfunction and feeding
difficulties are rare. A dietitian/nutrition evaluation is
recommended if there are nutritional issues. The largest
nutritional concerns for walkers with SMA is the risk of obesity
and overweight as this can reduce mobility and may increase
risk of obesity-related comorbidities such as metabolic
syndrome, high blood pressure, and diabetes.

2.6.3.1. Bone health. It has been recognized that SMIN has a
specific role in the metabolism of the bone interacting with
osteoclast stimulatory factor osteoclast stimulatory factor [99].
Therefore, the high incidence of osteopenia and fractures in
SMA patients may not be simply attributed to muscle weakness
and lack of exercise [76,100,101]. Periodic Dual energy x-ray
absorptiometry analysis (DEXA) to monitor bone density in
patients with SMA, is recommended yearly. There was
consensus among experts that Vitamin D blood levels and
intake should be monitored at least annually and supplements
should be given in the presence of low levels or of osteopenia.
In the case of frequent fracture, review may be given to use of
bisphosphonates.

3. Conclusions

The recommendations reported in this first part provide an
overview of what should be considered standard of care for
SMA. The paper highlights the importance of a
multidisciplinary approach and of the role of the neurologist/
pediatric neurologist in coordinating, together with the families,
the various aspects of care.

In all the aspects of care included, there was often not
enough published evidence and the recommendations were the
results of what was available from the literature and experts’
opinion, following a well-established Delphi method to classify
consensus and appropriateness of assessments and
interventions. The working groups identified the aspects that
constitute optimal care but considering that some of the
recommendations may not be easily applicable in centers or
countries with less resources, an effort was made to identify
assessments or interventions that constitute the minimal care
that families should expect to find in any neuromuscular
centre.

The second part of the two-part paper will focus on other
aspects of care, such as pulmonary and acute care, involvement
of other organs, medications and ethical issues.

Acknowledgements

The authors thank the European Neuromuscular Consortium
(ENMC), TREAT-NMD, SMA Europe, SMA support UK,
SMA Foundation, Cure SMA and the Italian Telethon for their
support.

SMA Care Group

Topic: Diagnostics and Genetics
Working Group Leaders:
Brunhilde Wirth (Germany)
Working Group Participants: Francesco Danilo Tiziano
(Italy), Janbernd Kirschner (Germany), Eduardo Tizzano
(Spain), Haluk Topaloglu (Turkey), Kathy Swoboda, (USA),
Nigel Laing (Australia), Saito Kayoko (Japan), Thomas Prior
(USA), Wendy K Chung (USA), Shou-Mei-Wu (Taiwan)
Topic: Physiotherapy and Rehabilitation

Working Group Leaders: Jacqueline Montes (USA), Elena
Mazzone (Italy), Marion Main (UK)

Working Group Participants: Caron Coleman (UK), Richard
Gee (USA), Allan Glanzman (USA), Anna-Karin Kroksmark
(Sweden), Kristin Krosschell (USA), Leslie Nelson (USA),
Kristy Rose (Australia), Agnieszka Stepien (Poland), Carole
Vuillerot (France)

Topic: Orthopaedic

Working Group Leaders: Michael Vitale (USA), Brian
Snyder (USA), Susana Quijano-Roy (France)

Working Group Participants: Jean Dubousset (France),
David Farrington (Spain), Jack Flynn (USA), Matthew
Halanski (USA), Carol Hasler (Switzerland), Lotfi Miladi
(France), Christopher Reilly (Canada), Benjamin Roye (USA),
Paul Sponseller (USA), Muharrem Yazici (Turkey)

Topic: Nutrition, Growth and Bone Health

Working Group Leaders: Rebecca Hurst (USA), Enrico
Bertini (Italy)

Working Group Participants: Stacey Tarrant (USA), Salesa
Barja (Chile), Simona Bertoli (Italy), Thomas Crawford (USA),
Kevin Foust (USA), Barbara Kyle (USA), Lance Rodan (USA),
Helen Roper (UK), Erin Seffrood (USA), Kathryn Swoboda
(USA), Agnieszka Szlagatys-Sidorkiewicz (Poland)

Francesco Muntoni (UK),

Appendix: Supplementary material

Supplementary data to this article can be found online at
do0i:10.1016/j.nmd.2017.11.005.

References

[1] Mercuri E, Bertini E, Iannaccone ST. Childhood spinal muscular
atrophy: controversies and challenges. Lancet Neurol 2012;11(5):
443-52.

[2] Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, Viollet L,
et al. Identification and characterization of a spinal muscular
atrophy-determining gene. Cell 1995;80(1):155-65.

[3] Wang CH, Finkel RS, Bertini ES, Schroth M, Simonds A, Wong B, et al.
Consensus statement for standard of care in spinal muscular atrophy.
J Child Neurol 2007;22(8):1027-49.

[4] Delbecq AL, Van De Ven AH, Gustafson D. Group techniques for
program planning: a guide to nominal group and Delphi processes.
Management applications series. 1975.

[5] Swoboda KJ, Scott CB, Crawford TO, Simard LR, Reyna SP, Krosschell
KJ, et al. SMA CARNI-VAL trial part I: double-blind, randomized,
placebo-controlled trial of L-carnitine and valproic acid in spinal
muscular atrophy. PLoS ONE 2010;5(8):e12140.

[6] Swoboda KJ, Scott CB, Reyna SP, Prior TW, LaSalle B, Sorenson SL,
et al. Phase II open label study of valproic acid in spinal muscular
atrophy. PLoS ONE 2009;4(5):e5268.

[7] Finkel RS, Bishop KM, Nelson RM. Spinal muscular atrophy type 1. J
Child Neurol 2017;32(2):155-60.


https://doi.org/10.1016/j.nmd.2017.11.005
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0010
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0010
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0010
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0015
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0015
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0015
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0020
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0020
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0020
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0025
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0025
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0025
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0030
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0030
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0030
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0030
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0035
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0035
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0035
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0040
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0040

E. Mercuri et al./Neuromuscular Disorders 28 (2018) 103—115 113

[8] Finkel RS, Chiriboga CA, Vajsar J, Day JW, Montes J, De Vivo DC, et al.
Treatment of infantile-onset spinal muscular atrophy with nusinersen: a
phase 2, open-label, dose-escalation study. Lancet 2016;388(10063):
3017-26.

[9] Kaufmann P, McDermott MP, Darras BT, Finkel R, Kang P, Oskoui M,
et al. Observational study of spinal muscular atrophy type 2 and 3:
functional outcomes over 1 year. Arch Neurol 2011;68(6):779-86.

[10] Kaufmann P, McDermott MP, Darras BT, Finkel RS, Sproule DM, Kang
PB, et al. Prospective cohort study of spinal muscular atrophy types 2
and 3. Neurology 2012;79(18):1889-97.

[11] Swoboda K1J, Prior TW, Scott CB, McNaught TP, Wride MC, Reyna SP,
et al. Natural history of denervation in SMA: relation to age, SMN2 copy
number, and function. Ann Neurol 2005;57(5):704—12.

[12] Oskoui M, Levy G, Garland CJ, Gray JM, O’Hagen J, De Vivo DC, et al.
The changing natural history of spinal muscular atrophy type 1.
Neurology 2007;69(20):1931-6.

[13] Boitano LJ. Equipment options for cough augmentation, ventilation, and
noninvasive interfaces in neuromuscular respiratory management.
Pediatrics 2009;123(Suppl. 4):S226-30.

[14] Aartsma-Rus A, Balabanov P, Binetti L, Haas M, Haberkamp M,
Mitchell J, et al. Stakeholder collaboration for spinal muscular atrophy
therapy development. Lancet Neurol 2017;16(4):264.

[15] American Academy of Pediatrics Steering Committee on Quality
Improvement and Management. Classifying recommendations for
clinical practice guidelines. Pediatrics 2004;114(3):874-7.

[16] Finkel RS, Sejersen T, Mercuri E, ENMC SMA Workshop Study Group.
218th ENMC International Workshop: revisiting the Consensus on
Standards of Care in SMA February 19-21, 2016, Naarden, The
Netherlands. Neuromuscul Disord 2017;27:596-605.

[17] Simard LR, Rochette C, Semionov A, Morgan K, Vanasse M. SMN(T)
and NAIP mutations in Canadian families with spinal muscular atrophy
(SMA): genotype/phenotype correlations with disease severity. Am J
Med Genet 1997;72(1):51-8.

[18] Rodrigues NR, Owen N, Talbot K, Ignatius J, Dubowitz V, Davies KE.
Deletions in the survival motor neuron gene on 5ql3 in autosomal
recessive spinal muscular atrophy. Hum Mol Genet 1995;4(4):631-4.

[19] Velasco E, Valero C, Valero A, Moreno F, Hernandez-Chico C.
Molecular analysis of the SMN and NAIP genes in Spanish spinal
muscular atrophy (SMA) families and correlation between number of
copies of cBCD541 and SMA phenotype. Hum Mol Genet 1996;5(2):
257-63.

[20] Wirth B. An update of the mutation spectrum of the survival motor
neuron gene (SMNI1) in autosomal recessive spinal muscular atrophy
(SMA). Hum Mutat 2000;15(3):228-37.

[21] Wirth B, Schmidt T, Hahnen E, Rudnik-Schoneborn S, Krawczak M,
Muller-Myhsok B, et al. De novo rearrangements found in 2% of index
patients with spinal muscular atrophy: mutational mechanisms, parental
origin, mutation rate, and implications for genetic counseling. Am J
Hum Genet 1997;61(5):1102—11.

[22] Wirth B, Herz M, Wetter A, Moskau S, Hahnen E, Rudnik-Schoneborn
S, et al. Quantitative analysis of survival motor neuron copies:
identification of subtle SMN1 mutations in patients with spinal muscular
atrophy, genotype-phenotype correlation, and implications for genetic
counseling. Am J Hum Genet 1999;64(5):1340-56.

[23] Feng Y, Ge X, Meng L, Scull J, Li J, Tian X, et al. The next generation
of population-based spinal muscular atrophy carrier screening:
comprehensive pan-ethnic SMN1 copy-number and sequence variant
analysis by massively parallel sequencing. Genet Med 2017;19:
936-44.

[24] Mugqit MM, Moss J, Sewry C, Lane RJ. Phenotypic variability in siblings
with type III spinal muscular atrophy. J Neurol Neurosurg Psychiatry
2004;75(12):1762-4.

[25] Arkblad E, Tulinius M, Kroksmark AK, Henricsson M, Darin N. A
population-based study of genotypic and phenotypic variability in
children with spinal muscular atrophy. Acta Paediatr 2009;98(5):
865-72.

[26] Feldkotter M, Schwarzer V, Wirth R, Wienker TF, Wirth B. Quantitative
analyses of SMN1 and SMN2 based on real-time lightCycler PCR: fast

and highly reliable carrier testing and prediction of severity of spinal
muscular atrophy. Am J Hum Genet 2002;70(2):358—-68.

[27] Tiziano FD, Pinto AM, Fiori S, Lomastro R, Messina S, Bruno C, et al.
SMN transcript levels in leukocytes of SMA patients determined by
absolute real-time PCR. Eur J] Hum Genet 2010;18(1):52-8.

[28] McAndrew PE, Parsons DW, Simard LR, Rochette C, Ray PN, Mendell
JR, et al. Identification of proximal spinal muscular atrophy carriers and
patients by analysis of SMNT and SMNC gene copy number. Am J Hum
Genet 1997;60(6):1411-22.

[29] Burghes AH. When is a deletion not a deletion? When it is converted.
Am J Hum Genet 1997;61(1):9-15.

[30] Wirth B, Brichta L, Schrank B, Lochmuller H, Blick S, Baasner A, et al.
Mildly affected patients with spinal muscular atrophy are partially
protected by an increased SMN2 copy number. Hum Genet 2006;119(4):
422-8.

[31] Glanzman AM, Mazzone E, Main M, Pelliccioni M, Wood J, Swoboda
KJ, et al. The Children’s Hospital of Philadelphia Infant Test of
Neuromuscular Disorders (CHOP INTEND): test development and
reliability. Neuromuscul Disord 2010;20(3):155-61.

[32] Mazzone E, Bianco F, Main M, van den Hauwe M, Ash M, de Vries R,
et al. Six minute walk test in type III spinal muscular atrophy: a 12 month
longitudinal study. Neuromuscul Disord 2013;23(8):624-8.

[33] Mazzone E, Bianco F, Martinelli D, Glanzman AM, Messina S, De
Sanctis R, et al. Assessing upper limb function in nonambulant SMA
patients: development of a new module. Neuromuscul Disord 2011;
21(6):406-12.

[34] Vuillerot C, Payan C, Iwaz J, Ecochard R, Berard C, MFM Spinal
Muscular Atrophy Study Group. Responsiveness of the motor function
measure in patients with spinal muscular atrophy. Arch Phys Med
Rehabil 2013;94(8):1555-61.

[35] Montes J, McDermott MP, Martens WB, Dunaway S, Glanzman AM,
Riley S, et al. Six-Minute Walk Test demonstrates motor fatigue in spinal
muscular atrophy. Neurology 2010;74(10):833-8.

[36] Mercuri E, Finkel R, Montes J, Mazzone ES, Sormani MP,
Main M, et al. Patterns of disease progression in type 2 and 3 SMA:
implications for clinical trials. Neuromuscul Disord 2016;26(2):
126-31.

[37] Finkel RS, McDermott MP, Kaufmann P, Darras BT, Chung WK,
Sproule DM, et al. Observational study of spinal muscular atrophy type
I and implications for clinical trials. Neurology 2014;83(9):810—17.

[38] Montes J, Garber CE, Kramer SS, Montgomery MJ, Dunaway S,
Kamil-Rosenberg S, et al. Single-blind, randomized, controlled clinical
trial of exercise in ambulatory spinal muscular atrophy: why are the
results negative? J Neuromuscul Dis 2015;2(4):463-70.

[39] Madsen KL, Hansen RS, Preisler N, Thogersen F, Berthelsen MP,
Vissing J. Training improves oxidative capacity, but not function, in
spinal muscular atrophy type I1I. Muscle Nerve 2015;52(2):240-4.

[40] Lewelt A, Krosschell KJ, Stoddard GJ, Weng C, Xue M, Marcus RL,
et al. Resistance strength training exercise in children with spinal
muscular atrophy. Muscle Nerve 2015;52(4):559-67.

[41] Hartley S, Stockley R. It’s more than just physical therapy: reported
utilization of physiotherapy services for adults with neuromuscular
disorders attending a specialist centre. Disabil Rehabil 2013;35(4):
282-90.

[42] Fujak A, Kopschina C, Forst R, Mueller LA, Forst J. Use of orthoses and
orthopaedic technical devices in proximal spinal muscular atrophy.
Results of survey in 194 SMA patients. Disabil Rehabil Assist Technol
2011;6(4):305-11.

[43] Cunha MC, Oliveira AS, Labronici RH, Gabbai AA. Spinal muscular
atrophy type II (intermediary) and IIT (Kugelberg-Welander). Evolution
of 50 patients with physiotherapy and hydrotherapy in a swimming pool.
Arq Neuropsiquiatr 1996;54(3):402-6.

[44] Salem Y, Gropack SJ. Aquatic therapy for a child with type III spinal
muscular atrophy: a case report. Phys Occup Ther Pediatr 2010;30(4):
313-24.

[45] Lemke D, Rothwell E, Newcomb TM, Swoboda KJ. Perceptions of
equine-assisted activities and therapies by parents and children with
spinal muscular atrophy. Pediatr Phys Ther 2014;26(2):237-44.


http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0045
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0045
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0045
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0045
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0050
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0050
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0050
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0055
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0055
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0055
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0060
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0060
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0060
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0065
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0065
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0065
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0070
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0070
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0070
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0075
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0075
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0075
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0080
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0080
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0080
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0085
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0085
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0085
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0085
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0090
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0090
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0090
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0090
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0095
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0095
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0095
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0100
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0100
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0100
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0100
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0100
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0105
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0105
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0105
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0110
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0110
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0110
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0110
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0110
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0115
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0115
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0115
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0115
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0115
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0120
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0120
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0120
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0120
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0120
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0125
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0125
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0125
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0130
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0130
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0130
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0130
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0135
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0135
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0135
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0135
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0140
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0140
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0140
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0145
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0145
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0145
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0145
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0150
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0150
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0155
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0155
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0155
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0155
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0160
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0160
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0160
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0160
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0165
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0165
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0165
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0170
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0170
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0170
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0170
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0175
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0175
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0175
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0175
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0180
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0180
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0180
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0185
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0185
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0185
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0185
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0190
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0190
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0190
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0195
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0195
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0195
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0195
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0200
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0200
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0200
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0205
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0205
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0205
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0210
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0210
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0210
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0210
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0215
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0215
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0215
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0215
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0220
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0220
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0220
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0220
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0225
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0225
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0225
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0230
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0230
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0230

114 E. Mercuri et al./Neuromuscular Disorders 28 (2018) 103—115

[46] Dunaway S, Montes J, O’Hagen J, Sproule DM, Vivo DC, Kaufmann P.
Independent mobility after early introduction of a power wheelchair in
spinal muscular atrophy. J Child Neurol 2013;28(5):576-82.

[47] Sauvagnac-Quera R, Vabre C, Azzi V, Tirolien S, Leiba N, Poisson F,
et al. Prevention and treatment of scoliosis by Garches Brace in children
with type Ib SMA. Ann Phys Rehabil Med 2016;59S:¢92.

[48] Lunn MR, Wang CH. Spinal muscular atrophy. Lancet 2008;371(9630):
2120-33.

[49] Catteruccia M, Vuillerot C, Vaugier I, Leclair D, Azzi V, Viollet L, et al.
Orthopedic management of scoliosis by Garches Vrace and spinal fusion
in SMA type 2 children. J Neuromuscul Dis 2015;2(4):453-62.

[50] Mesfin A, Sponseller PD, Leet Al Spinal muscular atrophy:
manifestations and management. J Am Acad Orthop Surg 2012;20(6):
393-401.

[51] Phillips DP, Roye DP Jr, Farcy JP, Leet A, Shelton YA. Surgical
treatment of scoliosis in a spinal muscular atrophy population. Spine
1990;15(9):942-5.

[52] Sponseller PD, Yang JS, Thompson GH, McCarthy RE, Emans JB,
Skaggs DL, et al. Pelvic fixation of growing rods: comparison of
constructs. Spine 2009;34(16):1706-10.

[53] Chng SY, Wong YQ, Hui JH, Wong HK, Ong HT, Goh DY. Pulmonary
function and scoliosis in children with spinal muscular atrophy types II
and III. J Paediatr Child Health 2003;39(9):673—6.

[54] Modi HN, Suh SW, Hong JY, Park YH, Yang JH. Surgical correction of
paralytic neuromuscular scoliosis with poor pulmonary functions. J
Spinal Disord Tech 2011;24(5):325-33.

[55] Sporer SM, Smith BG. Hip dislocation in patients with spinal muscular
atrophy. J Pediatr Orthop 2003;23(1):10-14.

[56] McElroy MJ, Shaner AC, Crawford TO, Thompson GH, Kadakia RV,
Akbarnia BA, et al. Growing rods for scoliosis in spinal muscular
atrophy: structural effects, complications, and hospital stays. Spine
2011;36(16):1305-11.

[57] Chandran S, McCarthy J, Noonan K, Mann D, Nemeth B, Guiliani T.
Early treatment of scoliosis with growing rods in children with severe
spinal muscular atrophy: a preliminary report. J Pediatr Orthop
2011;31(4):4504.

[58] Fujak A, Ingenhorst A, Heuser K, Forst R, Forst J. Treatment of scoliosis
in intermediate spinal muscular atrophy (SMA type II) in childhood.
Ortop Traumatol Rehabil 2005;7(2):175-9.

[59] Anari JB, Spiegel DA, Baldwin KD. Neuromuscular scoliosis and pelvic
fixation in 2015: where do we stand? World J Orthop 2015;6(8):564—6.

[60] Odent T, Ilharreborde B, Miladi L, Khouri N, Violas P, Ouellet J, et al.
Fusionless surgery in early-onset scoliosis. Orthop Traumatol Surg Res
2015;101(6 Suppl.):S281-8.

[61] Yoon WW, Sedra F, Shah S, Wallis C, Muntoni F, Noordeen H.
Improvement of pulmonary function in children with early-onset
scoliosis using magnetic growth rods. Spine 2014;39(15):1196-202.

[62] Figueiredo N, Kananeh SF, Siqueira HH, Figueiredo RC, Al Sebai MW.
The use of magnetically controlled growing rod device for pediatric
scoliosis. Neurosciences (Riyadh) 2016;21(1):17-25.

[63] LaRosa G, Oggiano L, Ruzzini L. Magnetically controlled growing rods
for the management of early-onset scoliosis: a preliminary report. J
Pediatr Orthop 2017;37(2):79-85.

[64] Dannawi Z, Altaf F, Harshavardhana NS, El Sebaie H, Noordeen H.
Early results of a remotely-operated magnetic growth rod in early-onset
scoliosis. Bone Joint J 2013;95-B(1):75-80.

[65] Cheung KM, Cheung JP, Samartzis D, Mak KC, Wong YW, Cheung
WY, et al. Magnetically controlled growing rods for severe spinal
curvature in young children: a prospective case series. Lancet
2012;379(9830):1967-74.

[66] Fujak A, Raab W, Schuh A, Kress A, Forst R, Forst J. Operative
treatment of scoliosis in proximal spinal muscular atrophy: results of 41
patients. Arch Orthop Trauma Surg 2012;132(12):1697-706.

[67] Livingston K, Zurakowski D, Snyder B, Growing Spine Study Group,
Children’s Spine Study Group. Parasol rib deformity in hypotonic
neuromuscular scoliosis: a new radiographical definition and a
comparison of short-term treatment outcomes with VEPTR and growing
rods. Spine 2015;40(13):E780-6.

[68] Fujak A, Raab W, Schuh A, Richter S, Forst R, Forst J. Natural course of
scoliosis in proximal spinal muscular atrophy type II and IIla: descriptive
clinical study with retrospective data collection of 126 patients. BMC
Musculoskelet Disord 2013;14:283.

[69] Mills B, Bach JR, Zhao C, Saporito L, Sabharwal S. Posterior spinal
fusion in children with flaccid neuromuscular scoliosis: the role of
noninvasive positive pressure ventilatory support. J Pediatr Orthop
2013;33(5):488-93.

[70] Zenios M, Sampath J, Cole C, Khan T, Galasko CS. Operative treatment
for hip subluxation in spinal muscular atrophy. J Bone Joint Surg Br
2005;87(11):1541-4.

[71] Haaker G, Fujak A. Proximal spinal muscular atrophy: current
orthopedic perspective. Appl Clin Genet 2013;6(11):113-20.

[72] Skalsky AJ, McDonald CM. Prevention and management of limb
contractures in neuromuscular diseases. Phys Med Rehabil Clin N Am
2012;23(3):675-87.

[73] Fujak A, Kopschina C, Gras F, Forst R, Forst J. Contractures of the lower
extremities in spinal muscular atrophy type II. Descriptive clinical study
with retrospective data collection. Ortop Traumatol Rehabil 2011;13(1):
27-36.

[74] Fujak A, Kopschina C, Gras F, Forst R, Forst J. Contractures of the upper
extremities in spinal muscular atrophy type II. Descriptive clinical study
with retrospective data collection. Ortop Traumatol Rehabil 2010;12(5):
410-19.

[75] Wang HY, Ju YH, Chen SM, Lo SK, Jong YJ. Joint range of motion
limitations in children and young adults with spinal muscular atrophy.
Arch Phys Med Rehabil 2004;85(10):1689-93.

[76] Khatri IA, Chaudhry US, Seikaly MG, Browne RH, Iannaccone ST. Low
bone mineral density in spinal muscular atrophy. J Clin Neuromuscul
Dis 2008;10(1):11-17.

[77] Aton J, Davis RH, Jordan KC, Scott CB, Swoboda KJ. Vitamin D intake
is inadequate in spinal muscular atrophy type I cohort: correlations with
bone health. J Child Neurol 2014;29(3):374-80.

[78] Roper H, Quinlivan R, Workshop Participants. Implementation of “the
consensus statement for the standard of care in spinal muscular atrophy”
when applied to infants with severe type 1 SMA in the UK. Arch Dis
Child 2010;95(10):845-9.

[79] Sproule DM, Montes J, Dunaway SL, Montgomery M, Battista V, Shen
W, et al. Bioelectrical impedance analysis can be a useful screen for
excess adiposity in spinal muscular atrophy. J Child Neurol 2010;25(11):
1348-54.

[80] Sproule DM, Montes J, Montgomery M, Battista V, Koenigsberger D,
Shen W, et al. Increased fat mass and high incidence of overweight
despite low body mass index in patients with spinal muscular atrophy.
Neuromuscul Disord 2009;19(6):391-6.

[81] Poruk KE, Davis RH, Smart AL, Chisum BS, Lasalle BA, Chan GM,
et al. Observational study of caloric and nutrient intake, bone density,
and body composition in infants and children with spinal muscular
atrophy type 1. Neuromuscul Disord 2012;22(11):966—73.

[82] Tein I, Sloane AE, Donner EJ, Lehotay DC, Millington DS, Kelley RI.
Fatty acid oxidation abnormalities in childhood-onset spinal muscular
atrophy: primary or secondary defect(s)? Pediatr Neurol 1995;12(1):
21-30.

[83] Crawford TO, Sladky JT, Hurko O, Besner-Johnston A, Kelley RI.
Abnormal fatty acid metabolism in childhood spinal muscular atrophy.
Ann Neurol 1999;45(3):337-43.

[84] Ripolone M, Ronchi D, Violano R, Vallejo D, Fagiolari G, Barca E, et al.
Impaired muscle mitochondrial biogenesis and myogenesis in spinal
muscular Atrophy. JAMA Neurol 2015;72(6):666-75.

[85] Bowerman M, Michalski JP, Beauvais A, Murray LM, DeRepentigny
Y, Kothary R. Defects in pancreatic development and glucose metabolism
in SMN-depleted mice independent of canonical spinal muscular atrophy
neuromuscular pathology. Hum Mol Genet 2014;23(13):3432-44.

[86] Bowerman M, Swoboda KJ, Michalski JP, Wang GS, Reeks C, Beauvais
A, et al. Glucose metabolism and pancreatic defects in spinal muscular
atrophy. Ann Neurol 2012;72(2):256-68.

[87] Butchbach ME, Rose FF Jr, Rhoades S, Marston J, McCrone JT, Sinnott
R, et al. Effect of diet on the survival and phenotype of a mouse model


http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0235
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0235
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0235
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0240
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0240
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0240
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0245
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0245
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0250
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0250
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0250
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0255
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0255
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0255
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0260
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0260
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0260
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0265
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0265
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0265
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0270
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0270
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0270
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0275
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0275
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0275
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0280
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0280
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0285
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0285
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0285
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0285
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0290
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0290
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0290
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0290
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0295
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0295
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0295
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0300
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0300
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0305
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0305
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0305
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0310
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0310
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0310
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0315
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0315
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0315
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0320
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0320
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0320
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0325
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0325
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0325
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0330
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0330
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0330
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0330
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0335
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0335
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0335
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0340
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0340
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0340
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0340
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0340
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0345
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0345
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0345
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0345
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0350
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0350
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0350
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0350
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0355
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0355
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0355
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0360
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0360
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0365
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0365
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0365
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0370
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0370
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0370
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0370
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0375
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0375
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0375
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0375
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0380
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0380
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0380
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0385
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0385
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0385
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0390
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0390
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0390
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0395
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0395
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0395
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0395
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0400
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0400
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0400
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0400
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0405
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0405
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0405
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0405
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0410
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0410
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0410
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0410
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0415
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0415
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0415
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0415
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0420
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0420
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0420
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0425
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0425
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0425
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0430
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0430
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0430
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0430
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0435
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0435
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0435
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0440
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0440

E. Mercuri et al./Neuromuscular Disorders 28 (2018) 103—115 115

for spinal muscular atrophy. Biochem Biophys Res Commun
2010;391(1):835-40.

[88] Butchbach ME, Singh J, Gurney ME, Burghes AH. The effect of diet on
the protective action of D156844 observed in spinal muscular atrophy
mice. Exp Neurol 2014;256:1-6.

[89] Narver HL, Kong L, Burnett BG, Choe DW, Bosch-Marce M,
Taye AA, et al. Sustained improvement of spinal muscular atrophy mice
treated with trichostatin A plus nutrition. Ann Neurol 2008;64(4):
465-70.

[90] U. S. Department of Health and Human Services. Guidance for industry
use in medical product development to support labeling claims guidance
for industry. 2009.

[91] Davis RH, Miller EA, Zhang RZ, Swoboda KJ. Responses to fasting and
glucose loading in a cohort of well children with spinal muscular atrophy
type 1. J Pediatr 2015;167(6):1362-8, el.

[92] Durkin ET, Schroth MK, Helin M, Shaaban AF. Early laparoscopic
fundoplication and gastrostomy in infants with spinal muscular atrophy
type 1. J Pediatr Surg 2008;43(11):2031-7.

[93] Davis RH, Godshall BJ, Seffrood E, Marcus M, LaSalle BA, Wong B,
et al. Nutritional practices at a glance: spinal muscular atrophy type I
nutrition survey findings. J Child Neurol 2014;29(11):1467-72.

[94] Bruce AK, Jacobsen E, Dossing H, Kondrup J. Hypoglycaemia in spinal
muscular atrophy. Lancet 1995;346(8975):609-10.

[95] Orngreen MC, Zacho M, Hebert A, Laub M, Vissing J. Patients with
severe muscle wasting are prone to develop hypoglycemia during fasting.
Neurology 2003;61(7):997-1000.

[96] Messina S, Pane M, De Rose P, Vasta I, Sorleti D, Aloysius A, et al.
Feeding problems and malnutrition in spinal muscular atrophy type II.
Neuromuscul Disord 2008;18(5):389-93.

[97] Chen YS, Shih HH, Chen TH, Kuo CH, Jong YJ. Prevalence and risk
factors for feeding and swallowing difficulties in spinal muscular atrophy
types II and III. J Pediatr 2012;160(3):447-51, el.

[98] Schofield C. An annotated bibliography of source material for basal
metabolic rate data. Hum Nutr Clin Nutr 1985;39(Suppl. 1):42-91.

[99] Kurihara N, Menaa C, Maeda H, Haile DJ, Reddy SV.
Osteoclast-stimulating factor interacts with the spinal muscular atrophy
gene product to stimulate osteoclast formation. J Biol Chem 2001;
276(44):41035-9.

[100] Shanmugarajan S, Swoboda KJ, Iannaccone ST, Ries WL, Maria BL,
Reddy SV. Congenital bone fractures in spinal muscular atrophy:
functional role for SMN protein in bone remodeling. J Child Neurol
2007;22(8):967-73.

[101] Shanmugarajan S, Tsuruga E, Swoboda KJ, Maria BL, Ries WL,
Reddy SV. Bone loss in survival motor neuron (Smn(—/—) SMN2)
genetic mouse model of spinal muscular atrophy. J Pathol 2009;219(1):
52-60.


http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0440
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0445
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0445
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0445
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0450
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0450
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0450
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0450
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0455
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0455
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0455
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0460
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0460
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0460
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0465
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0465
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0465
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0470
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0470
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0470
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0475
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0475
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0480
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0480
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0480
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0485
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0485
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0485
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0490
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0490
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0490
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0495
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0495
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0500
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0500
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0500
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0500
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0505
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0505
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0505
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0505
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0510
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0510
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0510
http://refhub.elsevier.com/S0960-8966(17)31284-1/sr0510

	 Diagnosis and management of spinal muscular atrophy: Part 1: Recommendations for diagnosis, rehabilitation, orthopedic and nutritional care
	 Introduction
	 Method
	 SMA diagnosis
	 Management: a multidisciplinary approach
	 Neuromuscular and musculoskeletal evaluation
	 Rehabilitation
	 Non-sitters
	 Stretching
	 Positioning
	 Mobility and exercise
	 Chest physiotherapy

	 Sitters
	 Stretching
	 Positioning
	 Mobility and exercise
	 Chest physiotherapy

	 Walkers
	 Exercise/activity programs
	 Stretching and range of motion
	 Mobility


	 Orthopedic management
	 Spine deformity management
	 Non-sitters
	 Sitters
	 Assessment
	 Surgical intervention
	 Chest deformity, thoracic insufficiency and pulmonary health
	 Hip instability
	 Contractures
	 Management of fractures



	 Nutritional management, swallowing and gastrointestinal dysfunction
	 Non sitters
	 Assessment
	 Intervention

	 Sitters
	 Assessment
	 Intervention

	 Walkers
	 Bone health



	 Conclusions
	 Acknowledgements
	 SMA Care Group
	 Supplementary material
	 References


