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February 28, 2017

Dr. Joseph A. Bocchini, Jr., M.D., Chairman

Advisory Committee on Heritable Disorders in Newborns and Children
5600 Fishers Lane, Room 18W68

Rockville, MD 20857

Dear Dr. Bocchini:

On behalf of all children born with spinal muscular atrophy (SMA), Cure SMA and the Muscular
Dystrophy Foundation (MDA) are submitting this application for the Advisory Committee’s
consideration to nominate SMA as a condition to be listed on the Recommended Uniform Screening
Panel (RUSP). The timing of this submission follows the December 23, 2016 FDA approval of the
first-ever disease modifying therapy approved to treat SMA patients.

SMA is the number one genetic cause of death for infants, and affects approximately 1 in 11,000
babies. SMA is a progressive neurodegenerative disease that robs people of physical strength by
affecting the motor nerve cells in the spinal cord, taking away the ability to walk, eat, and breathe.
SMA can affect any race or gender. The disease is an autosomal recessive genetic disease caused
by a mutation in the survival motor neuron gene 1 (SMN1). In a healthy person, this gene produces a
protein that is critical to the function of the nerves that control muscles. Without it, those nerve cells
cannot function properly and eventually die, leading to debilitating and often fatal muscle weakness.

As many on the committee know, Cure SMA is the largest organization in the United States
dedicated to the treatment and cure of spinal muscular atrophy, and to supporting families affected
by the disease. Cure SMA’s reach includes 14,000 households in the SMA community, representing
all four types of SMA as well as researchers and healthcare providers working in the neuromuscular
fields—plus over 115,000 additional supporters. These stakeholders represent all 50 states as well
as dozens of countries. In addition, Cure SMA has funded just over $62 million in research, with
another $3 million pledged for the next 12 months.

MDA is a national 501(c)(3) organization dedicated to improving and saving the lives of people living
with neuromuscular diseases, including SMA, muscular dystrophy, and ALS. All of the disorders
under MDA’s umbrella are classified as rare diseases and are progressive in nature, with life
expectancy varying by disease. For more than 65 years, MDA has been committed to helping bring
safe and effective treatments and cures to families as quickly as possible. To that end, MDA has
funded over $1 billion in research grants and hosts a scientific conference in alternating years that
brings together the leaders in neuromuscular disease from around the world. MDA is also committed
to ensuring expert clinical care, and to that end, MDA supports more than 150 clinics (MDA Care
Centers) nationwide that provide coordinated care to people with over 40 different kinds of
neuromuscular disease, including SMA.

Cure SMA and MDA have joined together in this important effort—to ensure that all babies born in
the United States are tested for SMA—as both organizations are committed to ensuring that those
living with SMA are identified and treated as early as possible. In our combined effort to see NBS for
SMA, we are pleased to be joined by the experts engaged in the SMA Newborn Screening Working
Group (list enclosed). Together we have welcomed the opportunity to work with and testify before
this Committee in advance of our submission and we appreciate the interest and attention of this
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body over the months. As we submit this nomination, we offer our continued support throughout the
committee’s review process, and request and encourage you to reach out to us in any way we can
be helpful.

The materials included in this application have been assembled and reviewed by the aforementioned
Working Group, comprised of experts in the SMA field. The materials clearly demonstrate the
importance of newborn screening for SMA as evidenced by (1) the substantial need for and benefit
of pre-symptomatic treatment for SMA patients; (2) the availability of validated laboratory tests used
to screen for SMA; (3) the availability of an FDA-approved treatment for SMA; and (4) the ability to
treat successfully, once diagnosed, positive patients detected through newborn screening pilot
studies.

An examination of the natural history, pathology, and continuing clinical trials for treatment
development has shown that time has a clear and profound effect on the outcome for SMA patients.
Just a few weeks can mean the difference between life and death for an infant with type | SMA,
where the median survival is between 8 and 11 months in recent natural history studies. Preliminary
results of the continuing NURTURE study conducted during the development and approval of
SPINRAZA™ | the first disease-modifying drug approved by the FDA, demonstrated a clear benefit
for the pre-symptomatic treatment of SMA patients. Infants who were diagnosed before the onset of
symptoms — either through the successful newborn screening pilots or because of a previously
affected sibling — and who received SPINRAZA™ have achieved unprecedented motor milestones of
sitting, standing, and walking, never before seen in Type | infants with SMA.

It is with great urgency and also excitement that we submit this application to the Committee for its
consideration. To assist the Committee in its review enclosed please find: 1) member list of the SMA
Newborn Screening Working Group and 2) table of contents setting out the content of the application
and additional resource materials included.

We welcome all inquiries from the committee and look forward to working with your members, staff,
and external advisory review group throughout the review process. Thank you for your time and
dedication to these efforts and a special thank you to Debi Sarkar for her guidance and support as
we worked to bring forth this application to the committee.

Sincerely,
YAl
/
Kenneth Hobby Valerie Cwik MD
President Executive Vice President
Cure SMA Chief Medical & Scientific Officer

Muscular Dystrophy Association

CC:. Ms. Debi Sarkar, MPH — ACHDNC Designated Federal Official
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DACHDNC Form for Nomination of a Condition for Inclusion in the Uniform Screening Panel
DATE

NAME OF NOMINATOR AND INDICATE AFFILIATION
ORGANIZATION (i.e., Health Professional, Subject Matter Expert,
(include professional degrees) Researcher, Clinician, Advocate, etc.)
Cure SMA )Advocacy Organization
INDICATE AFFILIATION

CO-SPONSORING ORGANIZATIONS

(taaiingls proastsm dmiess) (i.e., Health Professional, Subject Matter Expert,

Researcher, Clinician, Advocate, etc.)
Muscular Dystrophy Association IAdvocacy Organization

SMA NBS Working Group (see cover letter) [Subject Matter Experts

*Note: Please reference each statement/answer with the corresponding reference
number listed in Section 111 — Key References.

SECTION I — CONDITION INFORMATION AND TREATMENT

SECTION I, PART A
CONDITION STATEMENT
Nominated Spinal Muscular Atrophy
Condition
Type of Autosomal recessive neuromuscular disease
Disorder
Screening Newborn blood spot screening test using multiplexed real-time PCR"
Method
Gene Survival of Motor Neuron T (SMN1)

Include ClinVar link if applicable.
Locus 5q12.2-13.3, https://www.ncbi.nlm.nih.gov/clinvar/?term=SMN1[all]

OMIM or Include Genetics Home Reference link if applicable.

other names for 253300 (SMA1), 253550 (SMA2), 253400 (SMA3), 271150 (SMA 4)
condition http://www.omim.org/entry/600354#0007

NA
Case

Definition

Determined by what method(s): pilot screening or clinical identification?

Incidence In the United States, the pan-ethnic disease incidence of SMA, calculated using the
measured carrier frequency of SMA of 1/54 and a detection rate of 91.2%, is calculated
to be 1/11,000.

Timing of Relevance of the timing of newborn screening to onset of clinical manifestations.
Clinical There are four main clinical subtypes of SMA caused by mutations in the SMN1 gene.
Onset While the same disease with the same genetic cause, each subtype has a different




timing of clinical onset.? Infants with the severe variant called SMA Type |, which
accounts for 50 to 60% of all cases, are normal at birth. They manifest onset of
weakness and respiratory or bulbar insufficiency within the first few months of life. A
very small subset of infants are already weak from birth, or are born with congenital
arthrogryposis (SMA Type 0). SMA Type Il, comprising 30-40% of all cases, has onset
of symptoms typically between 6-18 months. SMA Type Il patients, comprising about
10% of cases, typically present after 18 months of age through the teen years. Another
very small subgroup present in adulthood, and this is called SMA Type IV

Severity of
Disease

Morbidity, disability, mortality, spectrum of severity.
IAs summarized above, according to the consensus care guidelines for SMA, four main
clinical sub-types are distinguished.® These include the acute infantile type, or Werdnig-
Hoffmann disease (SMA Type [; affected infants are never able to sit independently),
the intermediate type (SMA Type lI; affected children are able to sit but never walk), the
mild type (SMA Type lll; affected individuals are ambulatory and typically manifest
weakness after 18 months of age), and the adult onset form (SMA Type IV; affected
individuals are ambulatory and typically manifest weakness as adults). The most
severe form, SMA Type |, occurs during infancy and accounts for 50-60% of all cases;
these children never sit, and 100% suffer bulbar and respiratory insufficiency with early
mortality.> Two recent natural history studies in infants with SMA Type | have shown
that the median age to reach the combined endpoint of death or requiring at least 16
hours/day of ventilation support is 13.5 and 8 months, respectively.*® In these natural
history studies, requirements for nutritional support preceded ventilation support, and
the mean rate of decline in motor function as measured by The Children's Hospital of
Philadelphia Infant Test for Neuromuscular Disorders scale was 1.27 points/year.*
SMA Type Il and IIl are slowly progressive with little change in motor function observed
in most patients over a twelve-month period. Functional declines are observed over
periods exceeding one-year.® Survival probabilities at 2, 4, 10, and 20 years of age
have been reported to be 100%, 100%, 98%, and 77% in children with SMA Type II
For patients with SMA Type llI, life expectancy has not been reported to be significantly
less than in the unaffected population, although a significant portion lose the ability to
walk by 40 years of age.”® A very small subgroup of individuals present in adulthood,
and this is called SMA Type IV.

Regardless of clinical severity, 95% of all SMA patients have the same homozygous
SMN1 gene deletion, and detection of the SMN1 gene deletion is used as the primary
diagnostic assay. All patients possess a low-functioning analog to the SMN1 gene
called SMN2. The SMN2 copy number is predictive of clinical severity. Humans have a
variable copy number of the SMN2 gene (0-8 copies), which correlates with SMA
disease severity. Importantly, in the context of NBS, 80% of patients with SMA Type |
carry one or two SMN2 copies, and 82% of patients with SMA Type Il carry

three SMN2 copies, whereas 96% of patients with Type Ill SMA carry three or

four SMN2 copies.” SMNZ2 is a key determinant of disease phenotype and is routinely
determined after initial diagnosis to help predict the clinical phenotype. Thus, it is highly
likely an infant identified by NBS with subsequent testing showing 3 or fewer copies of
SMN2 will present with Type | or Type Il SMA, which are associated with substantial
early morbidity and/or mortality. Therefore, the identification of homozygous SMN1
deletion and determination of SMN2 copy number allows confident prediction that an
infant will develop SMA.




SECTION I, PART B

TREATMENT STATEMENT
Drug(s), diet, replacement therapy, transplant, other. Include information regarding regulatory
status of treatment.
Modality On December 23, 2016, the FDA approved the first disease-modifying therapy for|

SMA called Spinraza (nusinersen) for the treatment of SMA patients of all types
and ages. Spinraza, marketed by Biogen, is an antisense oligonucleotide drug that
alters splicing of the SMN2 pre-mRNA to increase the amount of full-length SMN2
MRNA. Full-length SMN2 mRNA is translated into mRNA to increase the amount of
functional SMN protein.
(http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm534611.htm).

In addition to Spinraza, a number of clinical care approaches have been shown to
improve survival and quality of life in SMA Type I, including: 1) nutritional support and
careful monitoring of nutritional intake and swallow function, typically resulting in
additional supplementation orally at first and then placement of nasogastric,
nasojejunal or gastrostomy tube as needed, and prevention of fasting/catabolic state
given their severe sarcopenia, and 2) respiratory support including techniques to
mobilize and clear lower airway secretions such as chest physiotherapy devices,
cough assist devices and pulse oximetry monitoring, and also the use of respiratory
support devices including bi-level positive airway pressure via face/nose mask or
tracheostomy tube to treat sleep disordered breathing.*'

There are also five additional therapies in development for the treatment of SMA,
including SMN1 gene replacement therapy, small molecules designed to alter SMN2
MRNA splicing, and additional small molecule approaches aimed at motor neuron
protection and muscle enhancement. These include Olesoxime sponsored by F.
Hoffman - La Roche, which is a small molecule designed to prevent neuronal cell
death (clinical trial identifiers: NCT02628743, NCT01302600, contact: Sangeeta
Jethwa Schnetzler MD at sangeeta.jethwa@roche.com). There is also AVXS-101
sponsored by AveXis, which is a gene therapy to replace the SMN1 gene (clinical trial
identifier: NCT02122952, contact: Douglas M. Sproule MD MSc at
dsproule@avexis.com). LMIO70 is sponsored by Novartis Pharmaceutical and is a
small molecule designed to alter splicing of SMN2 mRNA and increase the amount of
functional SMN protein (clinical trial identifier: NCT02268552, contact: Lawrence
Charnas MD PhD at lawrence.charnas@novartis.com). RO7034067 and RO6885247
are sponsored by F. Hoffmann — La Roche and are small molecules designed to alter
splicing of SMN2 mRNA and increase functional SMN protein (clinical trial identifiers:
NCT02633709, NCT02240355, NCT02908685, NCT02913482, contact: Sangeeta
Jethwa Schnetzler MD at sangeeta.jethwa@roche.com). Finally, there is CK-
2127107, which is sponsored by Cytokinetics and is a small molecule to enhance
muscle contraction (clinical trial identifier: NCT02644668, contact: Stacy A. Rudnicki
MD at srudnicki@cytokinetics.com).

Urgency

How soon after birth must treatment be initiated to be effective?
Both human natural history data and animal model data suggest that early drug
intervention is required for greatest efficacy in the most common and severe form of
SMA Type I. In fact, in human SMA Type |, there is strong evidence that the
irreplaceable loss of motor neurons begins early in the perinatal period, with
severe denervation in the first 3 months of life and loss of more than 90% of
motor units within 6 months of age.' Moreover, a recent multi-center natural history

study conducted by the NINDS NeuroNEXT clinical trial network in infants under six
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months of age with genetically confirmed SMA has shown significant differences
between the SMA and control infants at the baseline visit in motor function tests, ulnar
compound muscle action potential, and electrical impedance myography (EIM).°

Moreover, studies looking at the timing of drug delivery in mouse models of SMA Type
| have strongly suggested that early administration of SMN-based drug therapies is
more effective than post-symptomatic delivery. The results have been remarkably
consistent across modalities including genetic means, gene therapy vectors,
and antisense oligonucleotides to increase SMN levels. All have demonstrated
the best results when the drugs are given as early as possible before significant
motor weakness or loss in severe mouse models of SMA.'* "

In addition, supportive treatment in the first few weeks to months of life prolongs
survival and improves quality of life. In fact, the increases in survival of the type |
infants over the past decade have been documented to correlate specifically to
proactive respiratory and nutritional care.'However, in the current environment in the
absence of newborn screening, these interventions remain predominantly reactive to
medical crises. Many SMA Type | infants’ initial presentation is in crisis with acute
respiratory failure or bulbar insufficiency with aspiration prior to diagnosis and often
associated with common viral respiratory infections. In fact, diagnostic delay is very
common in SMA. A recent systematic literature search conducted from 21
reports in PubMed and Web of Science databases for studies published between
2000 and 2014 showed that the mean ages of onset were 2.5, 8.3, and 39.0

months for SMA Types |, Il, and Il, respectively, while the weighted mean ages of
confirmed spinal muscular atrophy genetic diagnosis were 6.3, 20.7, and 50.3
months, respectively, for Types |, Il, and I1l."* Better clinical outcomes are possible

simply with the use of the currently available proactive care options, such as
gastrostomy tube surgery prior to an aspiration event, and proactive respiratory care
including use of the cough assist device to mobilize respiratory secretions and
nocturnal bi-level positive airway pressure support via mask or nasal interface.?

/A comprehensive rationale for the urgency for SMA newborn screening has
been delineated in the review article, “Newborn screening for spinal muscular
atrophy: Anticipating an imminent need”."

Efficacy
(Benefits)

Extent of prevention of mortality, morbidity, disability. Treatment limitations, such as

Difficulty with acceptance or adherence.
Spinraza in Symptomatic Infants: The efficacy of Spinraza was demonstrated in the
ENDEAR Phase Ill randomized, double-blinded, sham-controlled clinical trial in 121
patients with infantile-onset SMA with two copies of SMN2 who were diagnosed before
6 months of age and who were less than 7 months old at the time of their first dose.
Results were reported at the 2016 International Congress of the World Muscle and at
the 43rd Annual Congress of the British Paediatric Neurology Association Meeting
(see both slide decks appended to the references and at http://media.corporate-
ir.net/media_files/IROL/22/222170/Kuntz ENDEAR study design WMS LB podium

Draft2v2 PIPE14989.pdf; http://newsroom.biogen.com/press-release/rare-and-

genetic-diseases/new-data-show-spinraza-nusinersen-significantly-reduces-risk).

Patients were randomized to receive an injection of Spinraza, into the fluid surrounding
the spinal cord, or undergo a mock procedure without drug injection (sham). The trial
assessed two primary endpoints: 1) percentage of patients with improvement in motor
milestones, such as head control, sitting, ability to kick in supine position, rolling,
crawling, standing and walking by measuring the proportion of motor milestone

responders with the Hammersmith Infant Neurological Examination (HINE) and 2)
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percentage of patients reaching the combined endpoint of death or greater than 16
hours per day of ventilatory support.

At a pre-specified interim analysis, 78 of 121 patients had the opportunity to be on
treatment/sham for at least 6 months and were eligible for analysis (data available in
the appended slides). Forty-one percent of patients treated with Spinraza (n=51)
achieved improvement in motor milestones, whereas none of the control patients did
(n=27, p<0.0001). Spinraza met the pre-specified primary endpoint for event-free
survival, demonstrating a statistically significant 47% reduction in the risk of death or
permanent ventilation (p<0.01). In the analysis, a greater percentage of untreated
infants (68%) died or required permanent ventilation compared to infants treated with
Spinraza (39%). Spinraza also demonstrated a favorable safety profile. The
commonly reported adverse events include respiratory events and constipation,
consistent with those expected in the general population of infants with SMA. The
interim analysis represents 44.89 patient years of exposure to Spinraza treatment.

Open label trial results of Spinraza in both infants and children have been recently
published.' %"

Spinraza in Pre-symptomatic Infants:

Biogen is currently conducting a Phase 2, open-label, multicenter study in 10 countries
for pre-symptomatic infants with SMA termed NURTURE. The study objective is to
evaluate the efficacy and safety profile of Spinraza in infants with genetically
diagnosed and pre-symptomatic SMA. The planned enroliment is up to 25 infants,
with key inclusion criteria of 1) less than 6 weeks of age at first dose, 2) pre-
symptomatic, 3) genetic diagnosis of 50 SMA gene deletion or mutation, 4) 2 or 3
SMN2 copies, and 5) Ulnar CMAP amplitude =1 mV at baseline. The primary study
endpoints are time to respiratory intervention (invasive or non-invasive ventilation for =
16 hours/day continuously for 27 days or tracheostomy) or death. The secondary
endpoints include: safety, tolerability, pharmacokinetics, motor function milestones,
survival (proportion of patients alive), and growth parameters.

The results of an interim analysis were presented at the 2016 International Congress
of the World Muscle Society (see slides at appended here and link to media.corporate-
ir.net/media_files/IROL/22/222170/Bertini NURTURE interim  WMS LB podium draf
t%202 PIPE-14990 30ct16.pdf) and at the 43rd Annual Congress of the British
Paediatric Neurology Association (BPNA) Meeting (see appended slides). At the
interim analysis on June 8, 2016, 13 infants had reached their first efficacy
assessment. All were still alive and did not require invasive ventilation at all or non-
invasive ventilation for greater than 6 hours per day continuously for more than 7 days.
10 of 13 infants demonstrated increased motor milestones from baseline to last
evaluation as measured by HINE and CHOP INTEND tests of motor function. In
infants with 2 copies of SMN2 (likely to present with SMA Type | and having the same
genotype of those enrolled in the ENDEAR Phase lll trial) motor milestone
development based on HINE Motor Milestone Achievements were as follows: 1) head
control in 55% (5 of 9 infants), 2) sitting independently in 44% (4 of 9 infants), 3)
standing in 22% (2 of 9 infants), and walking in 11% (1 of 9 infants). This data can be
seen in slide 9 of the appended slide deck on NURTURE at from the WMS meeting. In
comparison, a recent natural history study of developmental milestone achievement in
33 Type 1 SMA infants confirmed that no infants in the study achieved a major
milestone such as rolling over, or sitting independently.’® More importantly,
comparing the NURTURE trial data to the ENDEAR trial data of symptomatic
infants clearly demonstrates greater attainment of milestones with pre-
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symptomatic treatment. In the interim analysis of the ENDEAR trial, the following
age appropriate motor milestone development based on HINE Motor Milestone
Achievements were met: 1) head control in 18% infants with treatment (n=51) and 0%
in the sham (n=27), 2) sitting independently in 10% of infants with treatment and 0% in
the sham, 3) standing in 2% of infants with treatment and 0% in the sham.

Table 1. Summary of HINE motor milestone achievements of infants receiving
Spinraza in NURTURE? versus infants receiving Spinraza in ENDEAR."°

Total no. of infants achieving milestone
(%)
MILESTONE ENDEAR
NUTURE -
(open-label, n=9) (treateil infants,
n=51)
Head control (Full) 5/9 (55%) 9/51 (18%)
Sitting (Independent: stable, pivot) 4/9 (44%) 5/51 (10%)
Standing (Stands with support,
unaided) 2/9 (22%) 1/51 (2%)
Walking (Cruising, walking) 1/9 (11%) 0/51 (0%)

°Only infants with 2 copies of SMN2 were included in this table (no 3 copy SMN2 patients were
included from the NUTURE trial). All infants who enrolled in ENDEAR had 2 copies of SMN2.

°The ENDEAR interim was performed when 51 subjects who received Spinraza had the
opportunity to be treated and observed for at least 183 days and up to 394 days.

“The data included in this chart are taken from a June 8, 2016 interim analysis of NUTURE and
a June 15", 2016 interim analysis of ENDEAR. An updated data set for NUTURE is expected
to be presented at the American Academy of Neurology Annual Meeting April 22-28, 2017.

The greater attainment of motor milestones in NUTURE versus ENDEAR is also
demonstrated by the mean total HINE score. This data can be seen in slide 11 of
appended slide deck from BPNA meeting. The following was observed around 300
days of treatment: ~12 point total mean improvement in NURTURE (n=5), ~4 point
mean total improvement in the treatment group of ENDEAR (n=51), and less than a 2
point total mean improvement in the ENDEAR sham group (n=27). This data can be
seen on slide 12 of an appended presentation from the recent BPNA meeting. Thus,
the total mean HINE score improvement was substantially higher in the pre-
symptomatically-treated infants.

Spinraza in Children and Teens:

In addition, a placebo controlled Phase Il trial in children called CHERISH has been
ongoing at over 30 sites worldwide. CHERISH was a fifteen-month study investigating
Spinraza in 126 non-ambulatory patients with later-onset SMA (consistent with Type
2), including patients with the onset of signs and symptoms at greater than 6 months
and an age of 2 to 12 years at screening. The trial has been recently stopped due to
positive results from an interim analysis. Results from the primary endpoint of the pre-
specified interim analysis demonstrated a difference of 5.9 points (p= 0.0000002) at 15
months between the treatment (n=84) and sham-controlled (n=42) study arms, as
measured by the Hammersmith Functional Motor Scale Expanded (HFMSE). From
baseline to 15 months of treatment, patients who received Spinraza achieved a mean
improvement of 4.0 points in the HFMSE, while patients who were not on treatment
declined by a mean of 1.9 points. See http://media.biogen.com/press-
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release/corporate/biogen-and-ionis-pharmaceuticals-announce-spinraza-nusinersen-

meets-primary- for more details.

Phase 1 Gene Therapy Trial of AVXS-101 in Symptomatic Infants: At the 2016
International Congress of the World Muscle Society, AveXis presented information on
their Phase 1/2 trial of AVXS-101 for SMA (see slides at
http://investors.avexis.com/phoenix.zhtml?c=254285&p=irol-calendar).

The open-label study is designed to evaluate safety and efficacy of AVXS-101 in
infants with two copies of SMN2 less than nine months of age. The primary outcome in
the study is safety and tolerability. The secondary outcome measure is an efficacy
measure as defined by the time from birth to an “event.” Exploratory outcome
measures include the CHOP-INTEND score, a motor function scale used in infants
with SMA. There were two dosing cohorts, consisting of three patients in a low-dose
cohort (6.7 X10™ vg/kg) and six patients in a mid-dose cohort (2.0 X10™ vg/kg).

As of September 15, 2016, AVXS-101 appeared to have a favorable safety profile and
to be generally well tolerated. Four patients experienced treatment related elevation in
serum transaminase levels, which were clinically asymptomatic and resolved with
prednisolone treatment. Observed increases in motor function appear to be dose
dependent, with the low dose cohort increasing an average of 9.0 points from an
average baseline CHOP INTEND score of 16.3 points and the high dose cohort
increasing an average of 24.8 points from an average baseline CHOP INTEND score
of 28.2 points. Comparative natural history data for similar patients with SMA Type |
has shown that none have been observed scoring above 40 points by 6 months of
age, with one transient exception. In this study, 11 out of 12 patients in the high dose
cohort reached a CHOP INTEND score 240 points, 9 out of 12 patients reached a
CHOP INTEND score =250 points, and 3 out of 12 patients reached a CHOP INTEND
score 260 points. In addition, all but one patient in the high dose cohort gained a
milestone:

-11 out of 12 patients could sit with assistance

-8 out of 12 could sit unassisted, including one patient who achieved the milestone
after September 15, 2016

-7 of 12 patients could roll

-2 of 12 were walking independently; these two patients each achieved earlier and
important developmental milestones such as crawling, standing with support, standing
alone and walking with support.

In contrast, data from a recently reported natural history study in 33 Type | SMA
infants, shows that none achieved a major milestone such as rolling over, or sitting
independently.’

All patients in Cohort 2 (proposed therapeutic dose) were alive and event free. The
median age at last follow-up for Cohort 2 is 17.3 months, with the oldest patient at 27.4
months. Natural history data shows a 25% survival rate at 13.6 months.*

AveXis announced recently that it plans a pivotal study of AVXS-101 in SMA Type |
infants starting in the second quarter of 2017. It will use a single-arm design with
natural history of the disease as a comparator and is expected to enroll 20 patients.

Availability

Limits of availability?
Spinraza, which is marketed by Biogen, is FDA approved for the treatment of SMA
patients of all ages and types. The FDA approved Spinraza on December 23" 2016.

(http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm534611.htm).
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In addition to Spinraza, interventions including bi-level pressure support (BIPAP) and
placement of a gastrostomy feeding tube are widely available at major medical
centers. They are currently recommended as the standard care options of choice for
infants with SMA T)S/pe I in the “Consensus Statement for Standard of Care in Spinal

Muscular Atrophy”.

Potential
Harms of
Treatment

Potential medical or other ill effects from treatment
Spinraza is a therapy administered into the intrathecal space and in some cases,
anesthesia is required for administration. Therefore, the established risks of routine
lumbar puncture procedure exist, which include headache, nausea, bleeding and CSF
leak. In addition, there are standard risks of anesthesia, which depend upon the
anesthetic used. Specifically in the SMA population, there is the respiratory risk for
general anesthesia, but for whom local anesthesia would not be sufficient. Also, SMA
patients who have undergone scoliosis surgery may have complicated intrathecal
access, potentially requiring fluoroscopic guidance, which would include cumulative
radiation risk. Finally, children responding to therapy may have improving, but still
weak motor skills, and may roll or fall resulting in respiratory compromise or injury.

In regard to Spinraza, the most common side effects found in participants in the
clinical trials were upper respiratory infection, lower respiratory infection and
constipation. Warnings and precautions include low blood platelet count and toxicity to
the kidneys (renal toxicity). In the randomized Phase Il ENDEAR clinical trial, no
patient had a platelet count less than 50,000 cells per microliter and no patient
developed a sustained low platelet count despite continued drug exposure. Toxicity in
the nervous system (neurotoxicity) was observed in animal studies. The FDA USPI for
Spinraza can be accessed at:
http://www.accessdata.fda.gov/drugsatfda_docs/label/2016/2095311bl.pdf

SECTION II —

EVIDENCE-BASED INFORMATION

For a nominated condition to be considered there are 3 core requirements:

1. Validation of the laboratory test (see Section II, Part A)

2. Widely available confirmatory testing with a sensitive and specific diagnostic test
(see Section II, Part B)

3. A prospective population based pilot study (see Section II, Part C)

SECTION II, PART A
TEST STATEMENT
Description of the high volume method, instrumentation and if available as part of
Screening multi-analyte platform.
test(s) to be There have been two piIots_, co_nduct_ed using the assays de_scribed below. They
used are referred to by the location in which they took place, Taiwan and New York

state. Also listed is an assay in development by PerkinEImer for which R&D
studies are currently being conducted and pilot studies are being planned. ltis
being adapted from the assay described in reference number 1.

TAIWAN: Real-time PCR TagMan® single nucleotide polymorphism (SNP)
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genotyping assay on a StepOnePlus™ RT-PCR 96-well System (Applied
Biosystems). The assay targets a SNP in SMN1 intron 7 to distinguish SMN1
from SMN2 using a Tagman probe.’

NY State: A custom TagMan real-time polymerase chain reaction (PCR) assay
targeting the SMN1 exon 7 deletion and a fragment of RNaseP (used as an
internal control1gene) are run on a real-time PCR platform such as an ABI 7900
or QuantStudio'™ 12K Flex Real-Time PCR System (ThermoFisher™ Scientific).
Testing can be conducted in 96-well or 384-well format. The screen can be
conducted using the same instrumentation and platform as used for molecular
SCID screening, allowing the tests to be multiplexed as described previously.’

PERKINELMER: Real-time PCR assay targeting SMN1 and SMN2 SNPs in
exon 7 using dual-labeled lock nucleic acid Tagman® probes. The 5-plex assay
detects SMN1, SMN2, TREC (to detect SCID), KREC (to detect XLA), and
RNaseP (internal control). Preliminary testing has been conducted using a 96-
well or 384-well format on a ThermoFisher™ QuantStudio 5 or a QuantStudio™
DX real time PCR platform.

Modality of
Screening

(Dried blood spot, physical or physiologic assessment, other)
TAIWAN: DNA extracted from 3-mm dried blood spot punch to detect
homozygous deletions in SMN1 intron 7.

NY State: DNA extracted from 3-mm dried blood spot punch to detect
homozygous and heterozygous deletions in SMN1 exon 7.

PERKINELMER: DNA extracted from 3-mm dried blood spot punch to detect
homozygous and heterozygous (if desired) deletions in SMN1 exon 7 and SMNZ2
copy number.

Does the screening
algorithm include a
second tier test? If
so, what type of test
and availability?

(Dried blood spot, physical or physiologic assessment, other)

TAIWAN: A feasibility assessment for a second tier test has been completed.
The proposed second tier test is a digital droplet PCR (ddPCR) to exclude false
positives and to detect SMN2 copy number.

NY State: Second tier testing includes:

1. Targeted sequencing in infants positive for SMN1 deletion for quality
assurance, to rule out allelic dropout due to polymorphisms in the SMN1 assay
primer and probe binding sites.

2. SMN2 copy number testing can be performed in affected infants using a
custom TagMan assay and run on the same platform as the SMN1 assay.
Alternatively, a digital droplet PCR kit (ddPCR SMN2 Copy Number
Determination Kit) is commercially available from BioRad and can be run on the
BioRad platform (for example, QX200 Auto DG Digital Droplet PCR system).

PERKINELMER: No second tier test is needed as the primary assay detects
both SMN1 and SMN2 copy number.




TEST

STATEMENT

Clinical
Validation

Location, duration, size, preliminary results of past/ongoing pilot study for clinical
validation, positive predictive value, false positive rate, analytical specificity,
sensitivity.
TAIWAN: The screening method was validated by testing the DBS
samples of 2,937 anonymous newborns and 9 DNA samples with
known SMN1 and SMN2 copy numbers. From November 2014 to
September 2016, 120,267 infants have been tested in a consented pilot
study at the National Taiwan University Hospital with:
PPV=100%
FPR=0% (First tier screen identified 15 positives out of 120,000
screened. Eight of the 15 positives were ruled false positives during
second tier testing.)
Analytical SP=100%
Analytical SS=100%

NY State: From January 2016 to December 2016, 3,269 infants have
been tested in an ongoing consented pilot study at three hospitals in
New York City with:

PPV=100%

FPR= 0%

Analytical SP= 100%

Analytical SS= 100%

PERKINELMER: An R&D study is being conducted to screen over
3,000 DBS samples. Thus far, 1,080 DBS samples, along with
characterized reference samples and controls, have been screened.
From those:

PPV=100%

FPR=0%

Analytical SP=100%

Analytical SS=100%

Analytical
Validation

Limit of detection/quantitation, detection rate, reportable range of test results, reference
range. Include regulatory status of test, information about reference samples and
controls required for testing and availability of or potential for external quality
assurance system, e.g., QC and PT for both screening and confirmatory tests.
TAIWAN: LOD/LOQ= Provided that DNA can be extracted from a given blood
spot, the screen is valid. The presence of DNA is assessed by ensuring
amplification of the internal control gene.

Detection rate=100%. All specimens with homozygous deletions of SMN1 have
screened positive with this method.

Reportable range: Results are reported as: No SMN1 homozygous deletion;
SMN1 homozygous deletion.

This screening method does not detect point mutations in the SMN1 gene,
which are present in around 5% of SMA. It does detect a hybrid SMN1 allele
present in the Taiwanese population resulting in identification of some false
positives. Quality controls in each 96-well plate included a water blank, a filter
paper blank, and 3 DNA samples with known SMN1:SMN2 copy numbers, 0:2
(affected), 1:2 (carrier), and 2:2 (normal). This test is intended as a LDT
(laboratory developed test) and is not FDA approved.

NY State: LOD/LOQ= Provided that DNA can be extracted from a given blood
spot, the screen is valid. The presence of DNA is assessed by ensuring

amplification of the internal control RNaseP gene, where amplification at Ct




<=37 indicates the presence of DNA.

Detection rate= 100%. All specimens with known homozygous deletions of
SMN1 exon 7 have screened positive using the screening assay. This screening
method does not detect point mutations in the SMN1 gene.

Reportable range= Results are reported as: No SMN1 exon 7 deletion;
Heterozygous SMN1 exon 7 deletion; Homozygous SMN1 exon 7 deletion.

The NYS newborn SMA screening tests are LDTs and are not FDA-
cleared/approved. The SMN1 screen underwent NYS regulatory approval and is
an approved clinical test.

Specimens from infants with known SMA genotypes (including affected and
carriers) obtained from outside collaborators are used as positive controls and
for proficiency testing.

PERKINELMER: LOD/LOQ= Provided that DNA can be extracted from a given
blood spot, the screen is valid. The presence of DNA is assessed by ensuring
amplification of the internal control RNaseP gene.

Detection rate= 100%. All specimens with known homozygous deletions of
SMN1 exon 7 have screened positive using the screening assay.

Reportable range= Results are reported as: No SMN1 exon 7 deletion;
Heterozygous SMN1 exon 7 deletion; Homozygous deletion. SMN2 copy
number is also reported.

PerkinElmer offers a Customer Contracted Manufacturing Service (CCMS)
where laboratories with an existing LDT may source their raw materials from,
achieving a greater level of control over the quality.

Considerations of
Screening and
Diagnostic Testing

False positives, carrier detection, invasiveness of method, other.

TAIWAN:

False positives: A hybrid allele of SMN1 present in the Taiwanese population
gives rise to a false positive result. 8 false positives have been reported.
Carrier detection: Carriers are not detected.

Invasiveness of method: Minimal, results obtained from routine newborn DBS
acquired via heel stick.

NY State:

False positives: None reported.

Carrier detection: Carriers are detected and reported (heterozygous SMN1 exon
7 deletion). 48 carriers have been detected thus far.

Invasiveness of method: Minimal, results obtained from routine newborn DBS
acquired via heel stick.

PERKINELMER:

False positives: None reported.

Carrier detection: Carriers are detected (SMN1 heterozygous). SMN2 copy
number (a determinant of disease severity) is detected.

Invasiveness of method: Minimal, results obtained from routine newborn DBS
acquired via heel stick.

Detection or suggestion of other disorders.

Potential Secondary [TAIWAN: None
Findings
NY State: None
PERKINELMER: None
SECTION IL, PART B

CONFIRMATORY




TESTING

Clinical and Analytical
Validity

STATEMENT

Quantitative or qualitative? Include sensitivity, specificity, etc.
The diagnostic test for SMA detects the presence or absence of the SMN1

gene, due to deletion or gene conversion of the SMN1 gene to the SMN2
gene, using DNA analysis of both SMN1 alleles. It is an allele specific real-
time PCR assay. It is estimated to be 99% analytically sensitive for the
presence of the SMN1 gene and approximately 95% clinically sensitive for
patients with features of SMA. Approximately 5% of affected individuals with
SMA have compound heterozygosity for a rare intragenic point mutation within
the SMN1 gene on one chromosome and a deletion/gene conversion of SMN1
exon 7 on the other chromosome. The standard molecular diagnostic test is
unable to detect those individuals.'® However, there are clinical tests available,
although not widely utilized, which can detect SMN1 point mutations in cases
in which a patient shows clinical signs of SMA but the carrier genotype:
www.ncbi.nlm.nih.gov/gtr/all/tests/?term=C0026847. The standard diagnostic

test does not identify patients who are heterozygous carriers for the SMN1

deletion, and a distinct diagnostic test is routinely utilized to detect carriers. '
20

Type of test and/or
sample matrix (blood,
radiology, urine, tissue

The SMA diagnostic test is conducted from a whole blood sample.™ It can
also be conducted prenatally from amniotic fluid or amniocytes or chorionic
villus (CVS) culture.™

sample, biophysical
test)
Include availability information, sole source manufacturer, etc.
Is test FDA No
cleared/approved
. . Link to GeneTests and Genetic Test Reference if applicable.
lI‘:le ?)lflfecrﬁllgtzseg:igieig Th(_a SMA diagnostic test is av:_ailaple at CLIA é)(frtified labs throughout the
the US United States. A comprehensive list can be found at:

https://www.genetests.org/search/tests.php?locations[]=USA&user_submitted

=18&search=SPINAL+MUSCULAR+ATROPHY &filter_status=1
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POPULATION-
BASED PILOT
STUDY

STATEMENT

Location of
Prospective Pilot

Two prospective pilots have been ongoing in SMA. They are described below.

TAIWAN: National Taiwan University Hospital newborn screening center, Taiwan
(manuscript under review at time of submission, Dr. Yin-Hsiu Chien personal
communication). Contact: Dr. Yin-Hsiu (Nancy) Chien, National Taiwan University:
chienyh@ntu.edu.tw

NY STATE: New York, New York (unpublished, Dr. Wendy Chung personal
communication). Contact: Dr. Wendy Chung, Columbia University (New York):
wkc15@cumc.columbia.edu

PERKINELMER: No prospective pilots had begun using this assay at the time of
submission, but plans are in development for such a study in Wisconsin, once the
retrospective study on de-identified dried blood spots described in the section
above is completed. Dr. Mei Baker, Wisconsin Laboratory of Health:
mei.baker@slh.wisc.edu

IAdditional pilots are proposed in Massachusetts and North Carolina.

-MA Contact: Dr. Anne Comeau: New England Newborn Screening Lab
(Massachusetts): Anne.Comeau@umassmed.edu

-NC Contact: Dr. Don Baily at RTI: dbailey@rti.org Plan to begin Spring 2018.

Legislation to add SMA to statewide NBS in Missouri (HB 66) has been proposed
and is currently undergoing the approval process. As of 2/16/17, the bill had passed
the Missouri House of Representatives and will be moved to the Senate shortly.

Number of TAIWAN: From November 2014 to September 2016, 120,267 newborns were

Newborns screened.

Screened
NY STATE: From January 2016 to December 2016, 3,269 newborns have been
screened (pilot ongoing at the time of submission).

Number of Positive by primary test vs. 2™ tier test if applicable.

Screen Positive [TAIWAN: 15 by primary test, 7 by 2nd tier test, with a measured incidence of 1 in
Results 17,181 infants screened.

NY STATE: One infant screened positive in both the primary and secondary test.

False Positive
Rate; False
Negative Rate (if
known)

False positive by primary test vs. 2" tier test if applicable.

TAIWAN:

8 false positives by primary test, zero false positives by 2nd tier test (false
negatives unknown)

NY STATE:

False positive rate = 0%

False negative rate = unknown (none have been reported to the newborn
screening program). *The qPCR test targeting the SMN1 exon 7 deletion will only
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identify infants with the exon 7 deletion. Infants with SMA who are compound
heterozygous for the deletion and a different mutation could be incorrectly
classified as carriers, and infants with SMA and two mutations not tested could be
incorrectly classified as screen negative

Number of
Infants
Confirmed with
Diagnosis

How is diagnosis confirmed [clinical, biochemical, molecular]?
TAIWAN: 7 confirmed by molecular confirmation of homozygous SMN1 exon 7
deletion.

For these 7 cases, the following is known:

Patient #1- Normal at age 25 months

Patient #2- Sibling has SMA, refused further contact

Patient #3- Clinically followed, SMA onset at 13 months of age
Patient #4- Respiratory failure at birth, death at 3 months of age
Patient #5- SMA onset at age 2 months

Patient #6- Enrolled in the Biogen NURTURE Trial.

Patient #7- Enrolled in the Biogen NURTURE Trial.

NY STATE: One infant with molecular confirmation of homozygous SMN1 exon 7
deletion. The patient was enrolled in Biogen’s NURTURE trial.
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Newborn Blood Spot Screening Test Using
Multiplexed Real-Time PCR to Simultaneously Screen
for Spinal Muscular Atrophy and Severe Combined
Immunodeficiency

Jennifer L. Taylor,"" Francis K. Lee,"" Golriz Khadem Yazdanpanah,? John F. Staropoli,® Mei Liu,?
John P. Carulli,> Chao Sun,?® Steven F. Dobrowolski,* W. Harry Hannon,? and Robert F. Vogt™”

BACKGROUND: Spinal muscular atrophy (SMA) is a mo-
tor neuron disorder caused by the absence of a functional
survival of motor neuron 1, telomeric (SMNI) gene.
Type I SMA, a lethal disease of infancy, accounts for the
majority of cases. Newborn blood spot screening (NBS)
to detect severe combined immunodeficiency (SCID)
has been implemented in public health laboratories in
the last 5 years. SCID detection is based on real-time
PCR assays to measure T-cell receptor excision circles
(TREC), a byproduct of T-cell development. We modi-
fied a multiplexed real-time PCR TREC assay to simul-
taneously determine the presence or absence of the
SMNI gene from a dried blood spot (DBS) punch in a

single reaction well.

METHOD: An SMNI assay using a locked nucleic acid
probe was initially developed with cell culture and um-
bilical cord blood (UCB) DNA extracts, and then inte-
grated into the TREC assay. DBS punches were placed in
96-well arrays, washed, and amplified directly using re-
agents specific for TREC, a reference gene [ribonuclease
P/MRP 30kDa subunit (RPP30)], and the SMNI gene.
The assay was tested on DBS made from UCB units and
from peripheral blood samples of SMA-affected individ-

uals and their family members.

RESULTS: DBS made from SMA-affected individuals
showed no SMNI-specific amplification, whereas DBS
made from all unaffected carriers and UCB showed

SMNI amplification above a well-defined threshold.

TREC and RPP30 content in all DBS were within the
age-adjusted expected range.

CONCLUSIONS: SMA caused by the absence of SMNI can
be detected from the same DBS punch used to screen

newborns for SCID.
© 2014 American Association for Clinical Chemistry

Spinal muscular atrophy (SMA),” the most common ge-
netic cause of death in infancy (7)), is an a-motor neuron
disorder caused by insufficient concentrations of the sur-
vival of motor neuron (SMN) protein. In about 95% of
SMA cases, the reduction in SMN concentrations is due
to deletions involving the survival of motor neuron 1,
telomeric (SMNT)° gene (2). The nearly identical sur-
vival of motor neuron 2, centromeric (SMN2) gene, a
paralog of SMNI, also produces SMN protein, but at
much lower concentrations. SMN2 copy numbers vary
widely between individuals, ranging from complete ab-
sence to 5 or more copies per genome (3). Because some
SMN protein is essential for fetal development, all babies
born with SMA have at least 1 SMN2 gene. Higher
SMN2 copy numbers in SMA patients are associated
with later onset and milder disease, including juvenile
onset (type III; OMIM 253400) and adult onset (type
IV; OMIM 271150). However, the majority of SMA
newborns become symptomatic as infants (type I;
OMIM 253300) or toddlers (type II; OMIM 253550).

Type 1 children will never sit unsupported, often require
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Multiplexed Real-Time PCR to Detect SMA and SCID

ventilatory support in the first year of life, and usually die
before 2 years of age. Type II children can survive to early
adulthood but will never walk. Cognitive abilities are not
impaired by SMA and affected children are generally
bright and sociable.

Several potential therapies for SMA are in develop-
ment (1, 4), 2 of which are undergoing clinical trials in
symptomatic children with some encouraging results
(5, 6). Because of the early onset and rapid progression of
infantile SMA, evaluation of these therapies in presymp-
tomatic infants will require prompt detection. Such early
detection would be possible in about 95% of SMA cases
by screening newborn dried blood spots (DBS) for the
homozygous absence of SMNI sequences around exon 7
(7, 8).

The most recent condition added to the US Recom-
mended Uniform Screening Panel for newborn blood
spot screening (NBS) is severe combined immunodefi-
ciency (SCID) (9), a congenital disorder with severe im-
pairment of cellular and humoral immune function due
to a profound deficiency in T cells (10). The assay most
commonly used for SCID-NBS is real-time PCR to mea-
sure T-cell receptor excision circles (TREC), extrachro-
mosomal DNA byproducts of somatic recombination in
T cells (10). SCID is the first NBS condition for which
DNA analysis is the primary (first-tier) screening
method. Since the initial pilot experiences in 2 US state
public health laboratories (71, 12), SCID-NBS has ex-
panded to many other state programs (13, 14) and now
covers the majority of newborns in the US as well as many
newborns globally (75). SCID-NBS prevents infant
death through early medical intervention and is highly
cost-effective (16, 17).

Because of similarities in methods, we reasoned
that both SCID and SMA could be detected in the
same real-time PCR reaction-well by modifying exist-
ing high-throughput TREC PCR assays to include
SMNI genotyping. The combined assay had to be spe-
cific for SMNI to avoid cross-reactivity with the SMN2
gene. Here we show that homozygous SMNI absence can
be reliably detected from the same DBS punch used to
measure TREC at minimal incremental cost.

Materials and Methods

SOURCES OF SAMPLES

DBS and DNA extracts with TREC values in the ex-
pected range for typical term newborns were made from
residual excluded umbilical cord blood (UCB) units col-
lected at the Duke University Stem Cell Laboratory.
SCID-like DBS were prepared from peripheral blood
containing no measurable TREC obtained from adults
above age 50 years. Before spotting, the blood was de-
pleted of mononuclear cells by layering on Histopaque
(Sigma-Aldrich), centrifuging 30 min at 2100g, aspirat-

ing the fluid above the buffy coat, and reconstituting to
50% hematocrit with pooled serum. Immortalized B
lymphocyte and fibroblast cell lines from patients with
SMA (GM 23689, GM 10684, GM 03813, GM 00232,
and GM 09677) and carriers (GM 23688, GM 23687,
GM 03814, and GM 03815) were obtained from the
Coriell Institute for Medical Research. DBS with SMA-
affected or -carrier genotypes were made from residual
peripheral blood samples obtained with informed con-
sent (3) from 11 SMA-affected individuals (age range,
1-50 years) and from 15 unaffected parents (age range,
25-57 years). DBS were stored in low-permeability zip-
lock bags with silica gel desiccant packs (Poly Lam Prod-
ucts) up to one month at room temperature, up to 6
months at 4 °C, and up to 2 years at —20 °C. The CDC
laboratory staff was blinded to sample status and had no
access to personal identifiers. The study was therefore
classified as human subjects research for which the CDC
was not engaged.

REAL-TIME PCR ASSAYS

All primers and probes (Table 1) were custom synthe-
sized by Integrated DNA Technologies. Real-time PCR
assays were conducted in PCR plates (96-well formats;
Agilent Technologies) using a scanning photofluoromet-
ric thermal cycler (Stratagene MxPro 3000p). Cycle
thresholds were initially determined by inspection of am-
plification curves and then retained in fixed positions.
Quantification cycles (Cq) were reported by instrument
software.

TREC QUANTIFICATION IN DBS

The real-time PCR assay was performed in situ on 2-mm
discs punched from DBS samples directly into 96-well
PCR arrays. After 125 uL wash buffer was added (DNA
elution solution, Qiagen) to each well, the PCR array was
incubated at room temperature for 15 min on a microti-
ter plate shaker set at 1200 rpm. The wash buffer was
then removed, and 15 uL of the complete real-time PCR
master mix (PerfecTa Toughmix, Quanta Biosciences)
containing primers and probes (Table 1) was added to
each sample well. The PCR plate was sealed with optical
film and processed using the following amplification
conditions: 45 °C for 3 min and 95 °C for 20 min, fol-
lowed by 45 cycles of 95 °C for 15 sand 60 °C for 1 min.
A reagent blank and a blank filter paper punch (no-
template control) were included in the analytical runs.

SMN1 ANALYSIS IN DNA EXTRACTS

DNA was extracted from cell lines or UCB samples using
the Qiagen QlAamp® Mini DNA kit according to the
manufacturer’s protocol. DNA extracts were analyzed
immediately or stored at —20 °C for up to 6 months.
Extracts from tissue culture cells contained 3—-50 ng/uL
DNA and extracts from UCB contained 100—150 ng/uL
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Table 1. PCR primers and probes for the triplex real-time PCR assay to amplify sequences in the 6Rec-WJa signal joint (TREC)
and in RPP30 and SMN1.
Concentration
Target/reagent Sequence (nmol/L)?
TREC
Forward primer 5-TTT GTA AAG GTG CCC ACT CCT-3 800
Reverse primer 5-TAT TGC AAC TCG TGA GAA CGG TGA AT-3° 800
Probe 5-FAM/CGGTGATGCATAGGCACCT/lowa Black quencher-3' 120
RPP30
Forward primer 5-TTT GGA CCT GCGAGC G -3 60
Reverse primer 5-GAG CGG CTG TCT CCA CAA GT-3° 150
Probe 5-HEX/TTCTGACCTGAAGGCTCTGCGCG/lowa Black quencher-3 200
SMN1
Forward primer 5-GTGGAAAACAAATGTTTTTGAACATT-3 900
Reverse primer 5-GTAGGGATGTAGATTAACCTTTTATCTAATAGTTT-3 900
LNA probe® 5-Cy5/CAACTTTTTAACATCT/3IAbRQSp-3 100
2 Final concentration in PCR reaction.
® Bases in bold italic font denote LNA nucleotides; the underlined nucleotide indicates the position of the A>G transition in intron 7 that distinguishes SMNT from SMN2.

DNA. Real-time PCR was conducted in 20-uL reaction
volumes containing 5 wL of the DNA extract, a commer-
cial real-time PCR premix (PerfecTa, Toughmix,
Quanta), the SMNT forward primer and reverse primer,
the SMNT locked nucleic acid (LNA) probe overlying the
A>G transition at position 100 of intron 7 to distinguish
SMNI from SMN2, and the RPP30 forward primer, re-
verse primer, and probe (Table 1). Primers and probe
sequences for SMN1 were designed using Primer Express
(Life Technologies) and confirmed for in silico specific-
ity. Probe modification with LNA bases was designed
with software from IDT Biophysics. To determine the
optimal annealing temperature, reactions were carried
out in a Bio-Rad Laboratories CFX96 real-time PCR
instrument with the following amplification conditions:
45 °C for 3 min and 95 °C for 10 min, followed by 45
cycles of melting at 95 °C for 15 s and annealing/exten-
sion between 60 °C and 67 °C for 1 min.

Results

SMN1 ASSAY DEVELOPMENT

Prototype assays were initially explored using extracted
DNA from cell lines of patients with SMA, cell lines of
SMA carriers, and UCB samples. We first used a temper-
ature gradient to determine the optimal PCR annealing
temperature for maximal specificity to discriminate
SMNI and SMNZ2 amplification. The results (Fig. 1)
showed increasing discrimination between the patients
and unaffected controls with increased annealing tem-
perature. At 65 °C, no SMNI amplicon was detected by
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the LNA probe in patients with SMA, whereas healthy
individuals and carriers showed clear amplification. This
annealing temperature of 65 °C provided the highest an-
alytical specificity and was chosen for all subsequent
experiments.

The working parameters for a duplex assay that in-
cluded SMNT and a genomic sequence of RPP30 as an
internal control reference for PCR amplification were
then optimized. This duplex assay was applied to DNA
extracts prepared from commercially available cell lines
from 5 SMA patients and 4 parental carriers as well as
cellular DNA from 5 UCB samples. Results (Fig. 2) dem-
onstrated a 100% concordance with the clinical status of
the donors. No amplification was seen with DNA ex-
tracted from any of the SMA patient cell lines, indicating
no detectable cross-reactivity with SMN2. In contrast,
DNA extracted from cell lines from the unaffected carri-
ers and UCB produced robust amplification, with Cq
values ranging from 18 to 25 cycles. RPP30 in all samples
showed amplification in the expected Cq range.

Having established the working conditions for the
SMNI assay, we incorporated it into the in situ DBS
assay for TREC with the annealing temperature raised to
65 °C. Reference DBS samples from a SCID-like positive
control with no TREC, a positive control from an SMA
infant with no SMN1, and a normal control from a UCB
sample showed clear discrimination between the ampli-
fication patterns of the corresponding targets (Figs. 3).
Varying the SMN primer concentration from 50 nmol/L
to 900 nmol/L exerted no effect on the other multiplexed
targets (TREC and RPP30; see Fig. 1 in Data Supple-
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Fig. 1. Seven temperatures (60 °Cto 67 °C) were tested to determine the appropriate annealing temperature for the SMNT gene;
results are shown for 4 selected temperatures. The dashed grey horizontal line denotes the fluorescence threshold for positive

ment that accompanies the online version of this article at
http://www.clinchem.org/content/vol61/issue2). There-
fore primer limitation was not necessary, and the maxi-
mum primer concentration (900 nmol/L) in the range
tested was used for both forward and reverse SMNI
primers in all subsequent experiments.

To determine whether the inclusion of the SMNI
target and the higher (65 °C) annealing temperature
would alter the TREC assay, we first compared results on
DNA extracts (see online Supplemental Fig. 2). The
TREC Cq values were highly correlated (+* = 0.87) and
showed no significant difference between the original du-
plex (TREC and RPP30at 60 °C annealing temperature)
and the modified triplex assay (P> 0.14 by paired rtest).
Next we tested 150 DBS made from UCB with both the
original duplex assay and the modified triplex assay. All sam-
ples showed the typical amplification curves expected for
TREC, SMN1, and RPP30. TREC Cq values obtained by
the in situ DBS triplex assay showed a slight decrease (mean
0.4 Cq) compared to those from the duplex assay but were
consistent with the overall ranges for term newborns re-
ported by public health newborn screening programs (77—
14). The Cq values for SMNI showed a near-gaussian dis-
tribution (Fig. 4A). Cq values for SMNI and RPP30 (Fig.
4B) were significantly correlated (* = 0.66, Sylx = 0.47,
P < 0.01), suggesting that the variation between samples

was due mostly to differences in leukocyte content and thus
in the total amount of genomic DNA.

VALIDATION IN CLINICAL SAMPLES

The clinical validity of the TREC-RPP30-SMN1 triplex
assay was examined in a double-blind testing of DBS
made from 26 blood samples from SMA patients and
their carrier parents. This sample set was analyzed inde-
pendently at the 2 collaborating laboratories (CDC and
Biogen Idec) using the triplex in situ DBS method. The
SMNTI categorical genotypes obtained by both laborato-
ries were identical and showed 100% concordance with
the clinical status of the patient (Table 2). All samples
showed typical amplification of the internal reference
control RPP30, and the TREC Cq values were within the
expected range for the age of the donor. Reagent blank
and blank filter paper punches (no template controls)
showed no amplification for any of the 3 targets.

Discussion

The early onset and precipitous clinical course of infan-
tile SMA make it a prime target for early detection
through NBS (7). Compared with other conditions cur-
rently recommended for NBS in the US (78 ), SMA has
a high birth prevalence, ranking just below the top 3 of
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29 NBS primary target conditions presently on the
Recommended Uniform Screening Panel (congenital
hypothyroidism, cystic fibrosis, and hemoglobinopa-
thy). As with SCID, early detection of SMA is likely to

provide the best opportunity for effective treatment.
With multiple therapeutics currently in clinical trials,
and more in development (7, 3, 19, 20), NBS labora-
tories are in an ideal position to facilitate presymptom-
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atic intervention that could maximize the benefits of
potential therapies.

Over the last 2 decades, the complex biology and
natural history of SMA have been largely delineated (2).
Although several factors influence pathogenesis, about
95% of diagnosed SMA cases are caused by the homozy-
gous absence of a functional SMNI gene through either
deletion or gene conversion. Various approaches to de-
tecting the SMNI null genotype have been developed,
and some have been validated in DBS samples, including
real-time PCR (8), high-resolution melting (27), and
microbead suspension arrays (22).

Two major considerations determined our approach
to developing an NBS assay for SMA. First, it would be
preferable to use an assay platform that is well established
in public health newborn screening. Although genotype-
based sickle cell disease screening had been performed
previously (23), until recently none of the primary
screening assays used in public health NBS programs
used molecular DNA methods. The incorporation of a
DNA-based assay has been prompted by the recom-
mended inclusion of SCID-NBS, which is based on mea-
suring TREC (24). The preferred platform for measur-
ing TREC is real-time PCR, and this technology is now
routinely used in screening the majority of newborns in
the US for SCID. Second, it would be advantageous to
multiplex the SMNI assay with an existing routine NBS
assay, thereby assuring its robustness and minimizing the
incremental cost for detecting SMA. We therefore ex-
plored the possibility that SMNI genotyping could be
multiplexed with the TREC assay developed at CDC,
which is used to characterize DBS reference materials for
global distribution to participants in the CDC Newborn
Screening Quality Assurance Program (25).

The main challenge in developing a PCR assay for
SMNI gene absence is caused by the near identity of the

SMNI and SMN2 gene sequences. Conventional real-
time PCR probes to any targeted SMNI sequence could
cross-react with the corresponding SMN2 sequence and
produce false amplification signals when the SMNI se-
quence is absent, as in an affected SMA sample. Other
investigators have previously reported successful reduc-
tion of cross-reacting fluorescent signals by using unla-
beled SMNZ2 probes as a blocker, in combination with a
labeled SMNI probe with a minor grove binder group at
the 3" end. We opted for an alternative approach to
achieve the required analytical specificity by increasing
the stringency of probe hybridization using a novel LNA
probe. LNA oligonucleotides increase assay specificity
through restriction of the ribose conformation in the oli-
gonucleotide backbone, allowing the use of higher an-
nealing temperatures. These shorter probes are known to
improve the ability to discern single-nucleotide polymor-
phisms (26), such as those that distinguish SMNI from
SMN2. LNA probes therefore simultaneously increase
both the specificity and sensitivity of the assay.

Another important concern in multiplexing PCR is
the potential for different amplicons to compete for PCR
reagents. Since TREC is present in a much lower concen-
tration than SMN1, the effect of competition would be a
decreased amplification for TREC. A serial dilution series
for the SMNI primers was analyzed to explore this possibil-
ity and showed no effect on the other multiplexed targets
(TREC and RPP30). However, with DNA extracts of nor-
mal UCB samples and carrier cell lines, higher primer con-
centrations did increase the plateau fluorescence for SMN1I,
increasing visual discrimination from the baseline fluores-
cence of SMN1-absent SMA patients.

In addition to familiar instrumentation and multiplex-
ing capability, another factor in developing an approach to
SMA-NBS was the high prevalence of SMA carriers. In our
assay, both normal and carrier SMNI genotypes showed
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Table 2. Results of blinded testing of DBS samples prepared from peripheral blood samples of 11 SMA patients and 15 parental
carriers by the multiplex TREC-SMN1-RPP30 DBS real-time PCR assay.

SMA status SMA type Age, years SMN1 result® SMN1, Cq® RPP30, Cq® TREC, Cq®
Patient M1 4 Absent No Cqg 23.8 30.2
Patient 1] 2 Absent No Cqg 24.2 31.7
Patient Il 50 Absent No Cq 25.1 34.6
Patient II 3 Absent No Cqg 23.5 29.6
Patient Il Absent No Cq 24.5 30.0
Patient I 22 Absent No Cqg 23.7 30.4
Patient M1 13 Absent No Cqg 23.2 31.3
Patient 1] 3 Absent No Cqg 23.2 29.5
Patient Il Absent No Cq 21.6 28.7
Patient II Absent No Cqg 22.6 28.5
Patient 1l 2 Absent No Cqg 22.5 291
Carrier® NAd 45 Present 24.2 23.3 343
Carrier NA 33 Present 26.9 25.0 34.3
Carrier NA 34 Present 25.6 24.8 33.9
Carrier NA 29 Present 25.0 23.8 34.0
Carrier NA 32 Present 24.2 23.2 34.4
Carrier NA 43 Present 23.3 22.2 34.8
Carrier NA 43 Present 22.7 21.9 33.0
Carrier NA 41 Present 23.0 22.4 35.0
Carrier NA 57 Present 255 24.9 34.4
Carrier NA 48 Present 22.7 22.3 353
Carrier NA 48 Present 22.5 22.8 34.4
Carrier NA 44 Present 25.8 25.1 36.7
Carrier NA 35 Present 21.1 21.1 31.3
Carrier NA 33 Present 22.6 22.6 No Cq
Carrier NA 25 Present 21.8 22.0 31.8

2 Concordant categorical results from CDC and Biogen-Idec laboratories.
® Cq results from CDC laboratory.

¢ Unaffected parent of SMA patient.

4 NA, not applicable.

robust SMN1 amplification, and the difference in Cq was
not sufficiently precise for reliable carrier identification. In
contrast, all of the homozygous SMNI-negative samples
failed to cross the cycle threshold, and they were clearly
discriminated from samples with one or more SMN1 copies.

The determination of SMN2 copy number is an es-
sential second-tier assay for following up screen-positive
samples. It is the most informative prognostic marker
and will guide selection criteria for clinical trials. SMN2
copy number may be determined by real-time qPCR
(27) as well as other methods (28 ). Ideally, public health
NBS laboratories could perform a single second-tier assay
that would both confirm the absence of SMNI and quan-
tify the SMN2 copy number, thereby identifying new-
borns at high risk for infantile onset. Preliminary studies
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in our laboratories suggest that digital droplet PCR (29)
will also be a useful platform for independent confirmation
and characterization of SMA screen-positive samples.

The rapid and increasingly widespread implementa-
tion of SCID-NBS has ushered real-time PCR technol-
ogy into the repertoire of NBS laboratories. Since its
inception in 2008, SCID-NBS has been implemented in
25 US public health NBS programs, collectively identi-
fying SCID at twice the previously estimated birth prev-
alence and achieving high survival rates in treated infants
(11). This experience strongly suggests that SMA-NBS
will be technically feasible and cost-efficient.

In conclusion, we developed a multiplexed real-time
PCR assay to simultaneously measure TREC and screen
for the absence of SMNI in a single reaction-well. The
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addition of SMNI genotyping to the TREC assay does
not require new equipment or any changes in sample
processing or the overall testing procedure. The addi-
tional reagent and supply costs beyond those of the cur-
rent TREC assay are limited to the SMNI primers and
probe, which amount to less than 5 cents per test. The
assay allows clear identification of the SMNI null geno-
type without quantifying copy number, thereby avoiding
carrier detection. NBS programs screening for SCID will
require evidence of effective presymptomatic interven-
tion in newborns with SMA before combining the 2 tests
into routine screening. However, as soon as an effective
therapy becomes available, SMA-NBS could be readily
implemented alone or in combination with TREC mea-

surements by public health programs already using real-
time PCR to screen for SCID.
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Pan-ethnic carrier screening and prenatal diagnosis
for spinal muscular atrophy: clinical laboratory analysis

of >72400 specimens

Elaine A Sugarman!, Narasimhan Nagan*!, Hui Zhu!, Viatcheslav R Akmaev!, Zhaoqing Zhou!,
Elizabeth M Rohlfs!, Kerry Flynn!, Brant C Hendrickson!, Thomas Scholl!, Deborah Alexa Sirko-Osadsa'

and Bernice A Allitto?

Spinal muscular atrophy (SMA) is a leading inherited cause of infant death with a reported incidence of ~1 in 10000 live
births and is second to cystic fibrosis as a common, life-shortening autosomal recessive disorder. The American College of
Medical Genetics has recommended population carrier screening for SMA, regardless of race or ethnicity, to facilitate informed
reproductive options, although other organizations have cited the need for additional large-scale studies before widespread
implementation. We report our data from carrier testing (=72 453) and prenatal diagnosis (n=121) for this condition.

Our analysis of large-scale population carrier screening data (=68 471) demonstrates the technical feasibility of high
throughput testing and provides mutation carrier and allele frequencies at a level of accuracy afforded by large data sets.

In our United States pan-ethnic population, the calculated a priori carrier frequency of SMA is 1/54 with a detection rate of
91.2%, and the pan-ethnic disease incidence is calculated to be 1/11 000. Carrier frequency and detection rates provided for
six major ethnic groups in the United States range from 1/47 and 94.8% in the Caucasian population to 1/72 and 70.5% in the
African American population, respectively. This collective experience can be utilized to facilitate accurate pre- and post-test
counseling in the settings of carrier screening and prenatal diagnosis for SMA.
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INTRODUCTION

Spinal muscular atrophy (SMA) is a severe neuromuscular disease
characterized by degeneration of the anterior motor neurons, leading
to progressive muscle weakness and paralysis. SMA is the leading
inherited cause of infant death! with an incidence of ~1/10000.2
Childhood SMA is subdivided based on age of onset and clinical
severity into three types.> Approximately 60% of SMA patients have
type I (Werdnig—Hoffman) disease,* with severe generalized muscle
weakness and hypotonia presenting at birth or within the first few
months of life and respiratory failure leading to death or permanent
ventilator support by 2 years of age. Type II accounts for ~27% of
SMA,* and is variable, with some children having severe respiratory
insufficiency and transient ability to sit, whereas others have milder
respiratory involvement and are mobile with mechanical support.
Individuals with type III SMA (Kugelberg-Welander) experience
delayed motor milestones, mild muscle weakness and fatigue.

SMA is caused by mutations in the survival motor neuron 1
(SMN1) gene.* The SMNI gene is located in a complex region of
5q13 containing SMN2, a homologous pseudogene of SMNI. SMNI
and SMN2 differ by five nucleotides, one of which is in the coding
region, in exon 7. This sequence change affects splicing resulting in
reduced expression of full-length functional protein from the SMN2
gene.> The homozygous absence of SMNI, due to deletion or gene
conversion (of SMNI to SMN2) is responsible for ~95% of SMA.

Most of the remaining patients are compound heterozygotes with a
deletion/gene conversion of the SMN1 gene paired with an intragenic
mutation. Affected individuals lacking functional SMNTI retain at least
1 copy of SMN2. An inverse relationship between disease severity and
SMN?2 copy number in affected individuals has been observed.® Other
modifying factors, including SMN2 sequence variants, may also
influence phenotypic variability.”

Among normal alleles, 1-copy and 2-copy chromosomes are desi-
gnated as ‘I’ (b) and 2’ (), respectively.® Chromosomes resulting
from a deletion or gene conversion are referred to as a ‘0’ (a), whereas
those with subtle SMNT intragenic mutations are referred to as 1% (d)A

Determination of SMNI copy number in a general carrier screening
population permits identification of the majority of SMA carriers
before the birth of an affected child. Initial reports of SMNI copy
number quantification focused on diagnostic testing for affected
individuals without a homozygous deletion and carrier testing for
individuals with a family history of SMA.” In 2002, Ogino et al?
reported testing 663 asymptomatic individuals by SMNI copy number
analysis, the majority (71%) of whom had a family history of
confirmed or suspected SMA. Subsequently,!%12 studies from around
the world including Australia,'® Korea,'* Taiwan,!! Israel,'>!® China!”
and the United States'® have called for screening individuals without a
family history of SMA for carrier status, citing disease severity and a
high pan-ethnic carrier frequency. In 2008, the American College of
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Medical Genetics (ACMG) issued practice guidelines recommending
all couples be offered SMA carrier screening, regardless of race or
ethnicity, with the goal of allowing identified carriers to make
informed reproductive choices.!” The guidelines identified SMA as
meeting generally accepted criteria for a successful screening program
including clinical severity, a high frequency of carriers in the screened
population, reliable testing with high sensitivity and specificity, avail-
able prenatal diagnosis and access to genetic counseling. In 2009, a
conference at the US National Institutes of Health reviewed the
scientific basis of SMA carrier screening and concluded that pan-
ethnic carrier screening for SMA is technically feasible.2’ Recently, the
Association for Molecular Pathology (AMP) issued a statement
recognizing the utility and feasibility of population-based SMA carrier
screening.?! Among the specific recommendations identified were the
needs to offer pilot screening programs and determine SMA carrier
frequency among different ethnic groups so as to improve risk
assessment and post-test counseling. In 2009, the American College
of Obstetricians and Gynecologists (ACOG) recommended restricting
carrier screening to individuals with a family history of SMA. ACOG
asserted that assessment of pilot programs, educational materials, cost
effectiveness of screening and absence of laboratory standards and
guidelines should be considered before widespread implementation of
a carrier screening program for SMA.?? Several recent reports address
these issues.!®20

We report our SMA carrier screening data for > 68400 individuals
without a family history of SMA. Our findings indicate a rapid test
uptake beginning before the ACMG guidelines, and further support
patient interest in the availability of SMA carrier screening. Further-
more, our data permit refinement of carrier frequency and detec-
tion rate information for six major ethnic groups and the general,
pan-ethnic population and address the call for a large-scale population
screening study.

MATERIALS AND METHODS

Patient’s samples

Clinical laboratory data were reviewed for 72453 individuals and 121 fetal
samples referred for SMNI copy number analysis over a 12-month time
period beginning in May 2008. Relevant information including the clinical
indication for testing, family history and ethnicity was obtained by review of
the test requisition forms. All individuals referred for testing were reportedly
asymptomatic. For clinical testing, it is standard for the referring physician
to obtain informed consent, therefore an ethics approval was not required.
Individuals referred for testing spanned 44 US states, the District of Columbia
and Puerto Rico.

Quantitative real time PCR analysis and sequencing

DNA was isolated from blood specimens, using a modification of the Qiagen
QIAmp 96 DNA Blood Kit (Qiagen GmbH, Hilden, Germany, http://www.
qiagen. com). DNA from prenatal cultured AF or CVS specimens was isolated
using a modified salting-out method. Multiplex amplifications and qPCR
measurements were performed on the ABI Prism 7900HT Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA). Each reaction utilized
standard Tagman PCR reagents in total volume of 20 ul containing 180 ng of
DNA, 09um of SMNI primers (SMN1FP-5-ATAGCTATTTTTTTTAACTT
CCTTTATTTTCC-3" and SMN1RP-5"-CTTACTCCTTAATTTAAGGAATGTG
AGCA-3’) and each of two internal standard reference gene primers (SMA
RCCI1FP-5"-AGGTACCACTGGAATTGGTTGAA-3’, SMARCCIRP-5-CATATA
TTAACCCTGTCCCTTAAAAGCA-3’, SUPTSHFP-5-CACGTGAAGGTGATT
GCTGG-3’, SUPT5HRP-5-CGACCCTTCTATCCACCTACCTC-3"), 0.2 um
each of the SMN1-specific FAM-TAMRA hydrolysis probe (5-AGGGTTTCAG
ACAAAATCAAAAAGAAGGAAG-3"), reference gene-specific VIC-TAMRA
hydrolysis probes (SMARCC1-5-AGTACAAGAAGCAGCACGAGCCTCTG-3
and SUPT5-5"-CGTTATCCTGTTCTCTGACCTCACCATG-3’) and a competitive,
non-fluorescent, non-hydrolysable probe specific for SMN2 (5-AGGGTTTTA
GACAAAATCAAAAAGAAGGAAGG-3’). Thermal cycling conditions included
an initial denaturation of 10 min at 95 °C followed by 40 cycles of 15s at 95°C
and Imin at 60°C. Sequencing of primer and probe binding sites was
performed on all prenatal specimens, and blood specimens with an
SMN1 copy number of <2, by bidirectional sequence analysis using BigDye
Terminator Cycle Sequencing Kit (version 3.1) followed by capillary electro-
phoresis (Applied Biosystems, Carlsbad, CA, USA).

Data evaluation was performed using the Cy (quantification cycle)
data exported from SDS 2.2 software (Applied Biosystems, Foster City, CA,
USA). The formula (2).(2)24C, where AACy=(SMN1 Cg-reference gene
Cy)-average ACy of 2-copy calibrators, was utilized to estimate the SMNI
copy number. Each control and test sample included a copy number CV
(coefficient of variation) cutoff of 0.15 between replicate measurements. All
results could be assigned to validated, non-overlapping genotype groups of 0, 1,
2 or >3 copies of SMNI.

Statistical analysis

The 95% confidence intervals around genotype frequency estimates (Table 1)
were calculated based on the exact beta distribution model. The derived allele
frequencies (Table 2) are maximum likelihood estimates calculated from
observed genotype data under assumption of Hardy—Weinberg equilibrium.
An EM algorithm was employed to account for missing observations of 0-copy
SMNI genotype in the screening population. The algorithm converged to six
significant digits in estimating allele frequencies after two iterations. The 95%
confidence interval around allele frequency estimates and the previous risk
estimates (Tables 2 and 3) were calculated as the corresponding percentiles of
simulated populations of allele frequencies and risk estimates. These Monte
Carlo simulations were based on 10000 random genotype observations
generated from the posterior beta distribution followed by maximum

Table 1 Observed SMN1 genotype frequencies among carrier screening referrals (=68471)

I-copy 2-copy > 3-copy

Ethnicity n % 95% Cl n 95% ClI n % 95% Cl Total

Pan-ethnic? 1162 1.7 (1.6-1.8) 58094 84.84 (84.6-85.1) 9215 13.46 (13.2-13.7) 68471
Caucasian 494 2.02 (1.9-2.2) 22252 90.93 (90.6-91.3) 1725 7.05 (6.7-7.4) 24471
Ashkenazi Jewish 78 1.34 (1.1-1.7) 4913 84.62 (83.7-85.5) 815 14.04 (13.2-15.0) 5806
Asian 73 1.57 (1.3-2.0) 4148 89.26 (88.4-90.1) 426 9.17 (8.4-10.0) 4647
Hispanic 101 1.32 (1.1-1.6) 6406 83.68 (82.9-84.5) 1148 15.0 (14.2-15.8) 7655
Asian Indian 17 1.74 (1.1-2.8) 808 82.79 (80.4-85.1) 151 15.47 (13.4-17.9) 976
African American 48 0.98 (0.7-1.3) 2536 51.94 (50.5-53.3) 2299 47.08 (45.7-48.5) 4883
Not provided 290 1.68 (1.5-1.9) 14645 84.97 (84.4-85.5) 2300 13.35 (12.8-13.9) 17235

Abbreviation: Cl, confidence interval.
22798 individuals of mixed or other ethnicity are included in the pan-ethnic total of 68471.
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Table 2 Derived SMN1 allele frequencies
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Ethnicity (number of individuals)? O-copy (%) (a) 95% Cl (%)

1-copy (%) (b)

95% Cl (%) 2-copy (%) (c) 95% Cl (%) 19(%) (d)

Pan-ethnic (N=68471) 0.92 (0.87-0.98) 92.02 (91.86-92.17) 7.04 (6.90-7.18) 0.02
Caucasian (N=24471) 1.06 (0.97-1.16) 95.3 (95.09-95.48) 3.63 (3.47-3.80) 0.02
Ashkenazi Jewish (N=5806) 0.73 (0.59-0.91) 91.91 (91.36-92.39) 7.34 (6.88-7.84) 0.02
Asian (N=4647) 0.83 (0.66-1.05) 94.42 (93.90-94.87) 4.74 (4.31-5.19) 0.02
Hispanic (N=7655) 0.72 (0.59-0.88) 91.4 (90.92-91.86) 7.86 (7.43-8.31) 0.02
Asian Indian (N=976) 0.96 (0.60-1.54) 90.88 (89.36-92.09) 8.15 (6.98-9.48) 0.02
African American (N=4883) 0.68 (0.52-0.91) 71.79 (70.73-72.76) 27.51 (26.57-28.51) 0.02
Not provided (N=17 235) 0.91 (0.81-1.03) 92.09 (91.78-92.38) 6.98 (6.71-7.26) 0.02

Abbreviation: Cl, confidence interval.

2Number of individuals with no family history of SMA referred for SMN1 copy number analysis by ethnic background.

Table 3 Carrier frequency and risk reduction by ethnicity

Reduced Reduced
Detection a priori risk? risk for risk for

Ethnicity rate (%) (95% Cl) 2-copy result > 3-copy result
Pan-ethnic 91.2 1:54 (1:51-1:57) 1:527 1:5400
Caucasian 94.8 1:47 (1:43-1:51) 1:834 1:5600
Ashkenazi Jewish 90.5 1:67 (1:54-1:83) 1:611 1:5400
Asian 93.3 1:59 (1:47-1:74) 1:806 1:5600
Hispanic 90.0 1:68 (1:57-1:83) 1:579 1:5400
Asian Indian 90.2 1:52 (1:33-1:82) 1:443 1:5400
African American 70.5 1:72 (1:54-1:94) 1:130 1:4200
Not provided 91.3 1:54 (1:48-1:161) 1:536 1:5450

ag priori risk includes the [1+0], [1+19], [2+0] and [2+19] allele pairings for individuals with no
family history of spinal muscular atrophy.

likelihood estimation of the allele frequencies under Hardy—Weinberg assump-
tion. The y2-test with Yates correction was used for comparison of 1-copy
genotype frequencies between populations.

RESULTS

Population-based carrier screening

Approximately 95% of the 72453 individuals referred for carrier
testing had no family history of SMA. This ethnically diverse carrier
screening population was comprised of 68471 individuals, 94% of
whom were female. For analysis purposes, our study population was
categorized by ethnicity according to information provided on the
test requisition. Ethnicity-specific risk calculations were generated for
six ethnic groups (Caucasian, Ashkenazi Jewish, Hispanic, African
American, Asian, Asian Indian) and for individuals for whom
ethnicity was ‘Not Provided’ resulting in a total of seven categories.
Pan-ethnic calculations included individuals from these categories as
well as those reporting multiple or other ethnicities (n=2798). The
SMNT1 allele frequencies (a,b,c) derived from the observed genotype
frequencies (Table 1) are listed in Table 2. For the purpose of this
study, the allele frequency of intragenic SMNI point mutations (d),
was presumed to be constant across ethnic groups based upon an
earlier report describing SMNI deletion/gene conversion and point
mutation distribution among 501 affected patients.?> The calculated
SMA carrier frequency and SMNI deletion detection rate for the
pan-ethnic population and each of seven categories are listed in
Table 3. The calculated carrier frequency is the a priori risk for an
individual to be a carrier and includes the probability of the most
likely allele pairings expected to occur among carriers in the general
population, namely [1+0], [1+14], [2+0] and [2+19]. The SMN1

deletion detection rate (or sensitivity of the carrier test result) is
the percentage of carriers with the [1+0] genotype (who will be
identified by a 1-copy result), among all carriers of SMA (as deter-
mined by the carrier frequency). The reduced carrier risk following
a 2- or 3-copy result in an individual with no family history of SMA
is listed in Table 3.

The calculated pan-ethnic carrier frequency of 1/54 (Table 3) is
consistent with the frequency of 1/40-1/60 frequently cited in the
literature.'® The carrier frequencies among each of the ethnic groups
ranged from 1/47 in the Caucasian population to 1/72 in the African-
American population. The carrier detection rate in the pan-ethnic
screening population is 91.2%. Among the seven categories for whom
prior carrier risk and carrier detection rate is calculated (Table 2), all
but African Americans have a detection rate exceeding 90% and an a
priori risk in the range of 1/47-1/68.

The carrier detection rate in the African American population is
70.5%. This finding from our large scale clinical experience confirms
our earlier observation?* of a decreased carrier detection rate (Table 3)
due to an associated increased 2-copy (c) allele frequency (Table 1) in
the African American population. Furthermore, the estimated nega-
tive predictive value of the carrier test as calculated by the derived
allele pairings, was >99% for both the pan-ethnic group as well as
each of the six major ethnic subgroups.

Other carrier test indications

Among 72453 individuals referred for carrier testing, greater than
95% (n=68945), had an indication for testing provided by the
referring physician. The 4.8% (#=3508) of referrals for whom no
indication was provided, were excluded from further analysis,
although they were most likely referred for carrier screening, as 95%
of these samples were from women of reproductive age. Fewer
than 1% (n=329) of individuals referred for carrier testing had
indications of a family history of SMA (including obligate carriers)
or abnormal fetal ultrasound findings. Of the 71 individuals referred
for an indication of abnormal fetal ultrasound findings, the most
frequent findings were increased nuchal translucency (n=17) and
cystic hygroma (n=4) in the first trimester and joint contractures
(n=18) and increased nuchal fold (n=10) in the second trimester.
Three individuals were identified as carriers; all others, including
the partners of these carriers, had a 2- or 3-copy result. Among the
three carriers, only one had fetal SMA testing in our laboratory and
the fetus had 2 SMNI copies. These results indicate that SMA may
be included as a differential diagnosis following identification of
suggestive abnormal fetal ultrasound findings.

29
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Prenatal diagnosis

A total of 121 fetal samples (51 cultured chorionic villi and 70
amniocyte) were received for SMNI copy number analysis. Of the
54 fetuses at a 25% risk to be affected with SMA, 47 were based on a
previous affected child, four on identification of parental carrier status
following carrier screening and three had both parents identified as
carriers at other laboratories. Fifteen of the 54 (27.8%) were predicted
to be affected with SMA, based on a 0-copy result from testing. This
result is consistent with the expected 25% frequency given autosomal
recessive inheritance (P=0.26).

In all, 59 fetuses were tested after identification of carrier status in one
parent, with the other parent having a 2- or 3-copy result determined
concurrently or before fetal testing. Of these, 27 fetuses had 1 copy and 32
had 2 copies of SMNI. At least 53 of the 59 had an indication for CVS or
amniocentesis that was unrelated to the parental SMA carrier testing (eg,
advanced maternal age, abnormal maternal serum screen). The remaining
six samples were received as cultured cells from outside laboratories. The
indication for the prenatal diagnostic procedure in these cases was not
readily available, although the average age of these mothers was 37 years.
Seven of the 121 fetal samples were referred based on abnormal
ultrasound findings such as joint contractures suggestive of SMA, and
all had 2-copy fetal results. Lastly, one sample was tested due to a
reported family history of SMA, although neither parent was identified as
a 1-copy carrier and the fetus had 2 copies of SMNI.

Sequence variants that interfere with SMNI copy number
determination

To rule out false positive results due to the presence of sequence
variants under the primer and probe-binding sites used in our
analysis, follow-up sequencing restricted to these sites was performed
on all samples with 1 copy of SMNI and all prenatal specimens
regardless of SMNI copy number. This led to the identification of a
recurrent variant, NT_006713.14:c.865T >A (g.29631T >A; p. C289S),
in a heterozygous state among 35 individuals. This variant was
most frequent among Hispanic individuals (n=19) but was
also identified in Ashkenazi Jewish and Caucasian (n=9 combined)
individuals and in individuals for whom ethnicity information
was not provided to the laboratory (n=7). Another variant,
NT_006713.14:c.867C>T (g.29633C>T; p.C289C) was identified in
a heterozygous state in one Hispanic individual. Both these variants
resulted in a 1-copy result by our real time PCR methodology and
were subsequently identified by sequence analysis to be present in a
heterozygous state within the SMNI gene as evidenced by presence
of the nucleotide ‘C’ at the critical position, c.840 that distinguishes
SMN1 from SMN2. Neither of these variants was observed in a homo-
zygous state among individuals analyzed. Our practice of restricting
follow-up sequence analysis to individuals identified to have 1 copy of
SMN1 precludes an accurate estimation of the general population
allele frequency of these variants.

DISCUSSION

SMA affects individuals of all ethnicities. The estimated pan-ethnic
disease frequency, (a+d),> derived from our carrier frequency data
(1/11 000, Table 2) is consistent with the reported prevalence estimate
of 1/10000 reported for clinically typical SMA derived from larger
population studies.* Previous reports on SMA carrier frequen-
cies in limited populations have identified a discrepancy between
the estimated disease prevalence (1/10000) and that extrapolated
from observed carrier frequency estimates (1/6000) under Hardy—
Weinberg equilibrium. Although possible explanations for the earlier
discrepancies have been proposed,* our present study is the first to
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report a pan-ethnic carrier frequency that is most consistent with the
reported incidence of SMA.

For purposes of genetic counseling within the setting of population-
based carrier screening, pan-ethnic carrier frequency (1/54) and
carrier detection rate (91%) data are particularly useful when ethnicity
is unknown or reflects admixture. When ethnicity is known, however,
it may be possible to further refine the carrier frequency or detection
rate provided in pre-test education and counseling, as well as provide
more accurate estimates of residual risk following identification of a
2- or 3-copy SMNT result. For instance, a Caucasian individual with a
2-copy result following carrier screening would have an ~1/800
residual risk to be a carrier, whereas an African American individual
with the same result would have a 1/130 risk to be a carrier.

Testing 4883 African American individuals with no family history of
SMA confirmed earlier observations?* of a higher frequency of the 2-copy
allele (¢) in this population as compared with other populations. This
suggests a higher frequency of [2+0] carriers who would not be identified
by an assay designed to detect deletion carriers who have 1 copy of
SMNI1. This is accurately reflected by the lower detection rate of 71% in
this population. The a priori risk for an African American individual to
be a carrier (1/72) is, however, comparable to other populations and
supports the inclusion of African Americans among those being offered
carrier screening for SMA, with appropriate counseling regarding the
limitations of testing and associated residual risks.

In this study of 7655 Hispanic individuals, the observed SMNI
1-copy frequency did not differ significantly from that observed in our
earlier study?* of 1030 individuals (P=0.1869). In the Asian carrier-
screening population, pair-wise comparison of observed SMNI 1-copy
frequency between our current data set (n=4647) and those of our
earlier study?* (n=1027), as well as studies in native Chinese!”
(n=1712) and Korean'* (n=326) populations, also did not yield
significant differences at 1% (P-values=0.7776, 0.0366, 0.5674, respec-
tively). Among individuals identified as Asian Indian (1=976), the
1-copy genotype frequency was 1.74% with a calculated a priori carrier
frequency of 1/52. We are not aware of previous studies of SMA carrier
frequency in the general Asian Indian population. Similarly, the SMN1
1-copy genotype frequency distribution in our Ashkenazi Jewish
population was not significantly different from that reported in the
Israeli population!® (P=0.6575). Finally, an evaluation of genotype
frequencies for individuals whose ethnic background was ‘Not Pro-
vided’ on the ordering test requisition supports the conclusion that
the ethnicity distribution of this group does not differ from that of the
pan-ethnic population as a whole as the 1-copy genotype frequencies
are similar (P=0.9217).

At least seven couples with no family history of SMA in our carrier-
screening population were identified as carriers with a 25% risk to
have an affected child. As a reference laboratory we do not have
complete ascertainment of family samples, and it is possible that some
partners of individuals identified as carriers via screening were tested
at other laboratories. Additionally, we could have incomplete ascer-
tainment if partners were not identified as such on ordering paper-
work or if a fetal sample from carrier parents was tested at another
laboratory. Of the seven couples, four had fetal testing in our
laboratory and no affected fetuses were identified in this small group.

Among individuals with a family history of SMA, there have
been case reports of first-degree relatives with an SMN1 copy number
of 0 who are asymptomatic or mildly affected.?> This raises the
question of the frequency of individuals with 0 copies of SMNI in
the general population. Among the 72453 samples tested, we did
not identify any individuals referred for carrier testing with an
apparent 0-copy SMNT result.



The identification of 36 individuals with sequence variants in the
primer/probe region underscores the importance of this additional
quality assurance measure to identify potential false positive results.
These individuals could be misclassified as being carriers of a deletion/
gene conversion within the SMNT gene. At present, there is insufficient
evidence to classify these variants as either disease causing or benign.
Therefore, although the SMN1I copy number of individuals identified
with these variants can be reclassified, their SMA carrier status
and associated residual risk cannot be accurately determined at
present. Follow-up options, such as carrier testing of the partner
can be explored. In the absence of follow-up sequencing, the estimated
pan-ethnic-positive predictive value of our carrier analysis (TP (1162)/
TP (1162)+FP (36)) would have been 97%.

In our prenatal testing cohort, as expected, ~25% of the at-risk
fetuses were found to have 0 copies of SMNTI and were predicted to be
affected with SMA. Among 54 fetal samples referred for testing due to
a 25% risk to be affected, 47 were from obligate carrier parents with
a previous affected child. Of these, eight obligate carriers (8.5%) had
2 copies of SMNI and a partner with 1 copy of SMN1. This frequency
is consistent with the frequency of 7/117 (6.0%) obligate carrier
parents identified to have 2 copies of SMNI as reported by Smith
et al'® (P=0.79). In our study, additional studies to distinguish the
[24+0] versus [1+1] status of these 2-copy obligate carrier parents were
not performed. Therefore, the exact frequency of 2-copy chromo-
somes in our obligate carrier parent cohort cannot be determined.

A lack of agreement exists among the limited number of
studies investigating a relationship between abnormal ultrasound
findings and SMA. Some reports suggest an association between
increased nuchal translucency and SMA,?® although this associa-
tion has not been supported by all studies.”’” The inclusion of
abnormal ultrasound findings among indications for carrier testing
and prenatal diagnosis within our study suggests possible physician
interest in including SMA among the differential diagnoses for
select ultrasound abnormalities, although we are unable to determine
the frequency with which parents or fetuses with these findings are
referred for SMA testing.

The most frequent indication for fetal testing (49%) was having
one carrier parent identified during screening. In these circumstances,
the other parent was identified as having 2 or 3 copies of SMN1 or was
tested for carrier status concurrently with the fetal SMNI copy
number analysis. In all but six samples for which clinical indication
could not be confirmed, invasive prenatal diagnosis was performed for
a reason unrelated to the carrier parent’s SMNT status. It is presumed
that fetal testing was pursued in the interest of time in these cases, as
was the case for individuals in whom the fetal sample and the untested
parent were analyzed at the same time, or for additional reassurance.

The a priori risk for a fetus to be affected with SMA, when
one parent is identified as a 1-copy carrier and the other parent has
an SMNI copy number of 2, can vary by ethnic background. In
a Caucasian couple, the risk to have an affected fetus is 1/2528.
In contrast, the risk for an African American couple with the same
parental results is 1/264. SMNI copy number analysis for a fetus in
this circumstance could reveal a 0-copy SMNT result, consistent with
a prediction for the fetus to be affected. In addition, such a result
would set the parental phase for the 2-copy parent as a [2+0] carrier.
Alternatively, a 1-copy fetal result in this situation would be associated
with an ~ 1/4000 risk for the fetus to be affected with SMA, due to
compound heterozygosity for a 19 (d) allele.

In a pilot study of general population carrier screening in the
United States, Prior et al'8 reported ~60% of individuals seeking
prenatal genetic counseling accepted carrier testing for SMA. After
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result disclosure, 98.7% of patients were glad they pursued testing.
In Israel, among women electing carrier screening for cystic fibrosis
and fragile X syndrome, a large-scale population screening study
found 93% requested SMA testing as well.!> Our clinical laboratory
analysis of >68000 individuals without a family history of SMA,
starting before the 2008 ACMG guideline, demonstrates (1) rapid test
uptake by physicians and further supports patient interest in the
availability of carrier screening for this disorder; (2) the feasibility of
high throughput carrier testing for SMA; and (3) new
and valuable information regarding SMNI copy number in the
general United States population to permit more accurate residual
carrier risk calculations based on ethnicity-specific carrier frequencies
and detection rates.

Furthermore, these data address specific recommendations set forth
by professional organizations such as the AMP and ACOG and fully
support the ACMG recommendations to offer SMA carrier screening
to all, regardless of race or ethnicity.
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Spinal muscular atrophy is a neurodegenerative disease that
requires multidisciplinary medical care. Recent progress in the
understanding of molecular pathogenesis of spinal muscular
atrophy and advances in medical technology have not been
matched by similar developments in the care for spinal muscu-
lar atrophy patients. Variations in medical practice coupled with
differences in family resources and values have resulted in vari-
able clinical outcomes that are likely to compromise valid meas-
ure of treatment effects during clinical trials. The International
Standard of Care Committee for Spinal Muscular Atrophy was
formed in 2005, with a goal of establishing practice guidelines
for clinical care of these patients. The 12 core committee mem-
bers worked with more than 60 spinal muscular atrophy experts
in the field through conference calls, e-mail communications, a
Delphi survey, and 2 in-person meetings to achieve consensus
on 5 care areas: diagnostic/new interventions, pulmonary,

gastrointestinal/nutrition, orthopedics/rehabilitation, and pal-
liative care. Consensus was achieved on several topics related to
common medical problems in spinal muscular atrophy, diagnos-
tic strategies, recommendations for assessment and monitoring,
and therapeutic interventions in each care area. A consensus
statement was drafted to address the 5 care areas according to 3
functional levels of the patients: nonsitter, sitter, and walker. The
committee also identified several medical practices lacking con-
sensus and warranting further investigation. It is the authors’
intention that this document be used as a guideline, not as a
practice standard for their care. A practice standard for spinal
muscular atrophy is urgently needed to help with the multidisci-
plinary care of these patients.

Keywords: spinal muscular atrophy; standard of care;
consensus statement

Current Problems in the Medical Care of
Patients With Spinal Muscular Atrophy

Spinal muscular atrophy is a recessively inherited neuro-
muscular disease characterized by degeneration of spinal
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cord motor neurons, resulting in progressive muscular atro-
phy and weakness. The clinical spectrum of spinal muscular
atrophy ranges from early infant death to normal adult life
with only mild weakness. These patients often require com-
prehensive medical care involving multiple disciplines. There
is, however, no published practice standard for the care of
these patients. Disparity in family resources, medical practi-
tioners’ knowledge, and regional and cultural standards pro-
duces wide variation in care and clinical outcome. Spinal
muscular atrophy, as a field, has recently seen major
advances in molecular diagnosis and clinical therapeutics
that have not been matched by wide understanding and
application. Parents of children newly diagnosed with spinal
muscular atrophy often seek care over the Internet or outside
of their geographic area to obtain expert care needed for their
children, albeit in a costly and inefficient manner. This also
undermines trust in local practitioners and their potential to
render good clinical care during acute illness. Another conse-
quence of these variations in practice is loss of trust in tradi-
tional medicine and increase in the attractiveness of untested
and potentially harmful unconventional therapies. The large
variation of clinical care in spinal muscular atrophy also
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results in challenges for future therapeutic trials. For all
these reasons, we have identified an urgent need to establish
a practice guideline, both to improve patient care and to pro-
vide a baseline standard for future clinical trials in spinal
muscular atrophy.

The International Standard of Care
Committee for Spinal Muscular Atrophy

Committee Formation

In September 2004, the National Institute of Neurological
Diseases and Stroke sponsored an International Spinal
Muscular Atrophy Conference in Bethesda, Maryland, with
the goal of formulating strategies to coordinate future clinical
trials in spinal muscular atrophy.! During the conference, it
became clear that the wide variation of medical care received
by spinal muscular atrophy patients likely increases the
variability of outcomes in clinical trials. Thus, this Spinal
Muscular Atrophy Standard of Care Committee was formed
in January 2005, as a standing committee of the International
Coordinating Committee for Spinal Muscular Atrophy clini-
cal trials, to investigate the current state of science in clinical
practice in spinal muscular atrophy and to attempt to achieve
consensus on the standard of care for these patients.

Committee Structure

The Standard of Care Committee for Spinal Muscular
Atrophy is cochaired by a US and a European neurologist.
There are 12 core members and 3 consultants on the
committee. Eleven of the core members are currently prac-
ticing pediatric neurologists, and 1 is a pediatric pulmonolo-
gist. The 3 consultants consist of 1 National Institute
of Neurological Diseases and Stroke liaison and 2 repre-
sentatives from patient advocacy groups. The committee
is subdivided into 4 working groups: diagnostics/new
interventions, pulmonary, gastrointestinal/nutrition, and
orthopedics/rehabilitation. Each group is headed by a leader
from the United States and a coleader from Europe. All
committee members participated voluntarily, without pay.
They were either nominated by their peers or have volun-
teered themselves for this task force. Each working group is
composed of 6 to 11 experts in the field for that particular
care issue (please see the Web site http://smascc.stanford
.edu for a current roster of committee members).

Committee Missions

The committee has identified the following goals for all 4
working groups: (1) to identify current care issues in spinal
muscular atrophy clinical practice, (2) to search for existing
practices in spinal muscular atrophy clinical care and the
rationale or data supporting such practices, (3) to achieve
consensus of the most appropriate medical practice in caring

for patients with spinal muscular atrophy, (4) to use this
standard of care consensus to establish clinical care guide-
lines for future spinal muscular atrophy clinical trials, (5) to
identify future research directions in the care of patients
with spinal muscular atrophy, and (6) to publish the consen-
sus as guidelines for clinical care of patients with spinal mus-
cular atrophy.

Methods of Achieving Consensus
on Standard of Care for Spinal
Muscular Atrophy

Standards of medical practice are ideally established upon
evidence-based clinical trial data. Unfortunately, committee
core members found little data from well-designed clinical
studies upon which evidence-based practice parameters in
spinal muscular atrophy could be drafted (please see litera-
ture reviews in each care topic in the following sections).
The absence of well-designed clinical trial data requires sub-
stitution of widely held opinion drawn from a survey of
experts in the field. It is hoped that this consensus statement
will serve both as an initial practice guideline for the care of
spinal muscular atrophy and an outline of areas where
needed clinical investigation may be best focused. We
describe here the process leading to the drafting of this con-
sensus statement.

Periodic Conference Calls and
Literature Review

Since the inception of the committee in early 2005, the
members have held periodic conference calls to discuss the
ways to establish practice guidelines for spinal muscular
atrophy. Group leaders were tasked with conducting litera-
ture reviews in their particular care areas. A password-
protected Web site was established during this time.
References of literature reviews were uploaded to the Web
site. Having concluded that there were not enough published
data to allow drafting of an evidence-based practice parame-
ter, the group explored the possibility of using a Delphi sur-
vey to achieve consensus among experts in the field.

The Delphi Survey

The Delphi technique® was initially used to explore consen-
sus expert opinion in government and education. More
recently, it has been used in medicine, notably in rheuma-
tology and neurology.*® The goal of the Delphi technique is
to identify if in aggregation there is a rank-ordered cluster of
answers from respondents that reflects group consensus on
that particular question. It also serves to identify if no con-
sensus is present and where topics need further study. It
presents group opinions anonymously, avoids domination by
a few strong voices in the group, and can be completed by



electronic communications within a few weeks. Exploratory
use of the Delphi technique was performed during an initial
committee meeting in Philadelphia in June 2005. This
served to familiarize the attending committee members with
the mechanics of the Delphi technique and of its strengths
and limitations. Having completed 2 rounds of pilot surveys
among the committee members, the group concluded
that the Delphi technique was suitable for establishing a
consensus opinion among experts in spinal muscular
atrophy. Group leaders then met by conference calls and
e-mail communications to construct a formal Delphi sur-
vey questionnaire. During the first round of the Delphi sur-
vey, a set of open-ended questions was constructed for each
of the 5 spinal muscular atrophy care topics (diagnostic/
new interventions, pulmonary, gastrointestinal/nutrition,
orthopedics/ rehabilitation, and palliative care). Each topic
is divided into 3 parts: presenting signs and symptoms,
diagnostic testing, and intervention options. The inter-
vention part is then divided into acute management and
health maintenance. These open-ended questions are
named Question #1 (Q#1, available on the Web site
http://smascc.stanford.edu). The Q#1 was distributed by
ane-mail attachment to survey participants. A total of 86
spinal muscular atrophy experts were invited to partici-
pate in the survey. They were invited from 4 medical dis-
ciplines: 18 from the gastrointestinal/nutrition group, 21
from the pulmonary group, 25 neurologists from the diag-
nostic/new interventions group, and 22 from the orthope-
dics/rehabilitation group. Thirty-four of them were from
Europe, and 52 were from the United States and Canada.
All invited participants were recommended by committee
members. The participants were allowed 3 weeks to
respond to the questionnaire. Neurologists were encour-
aged to answer all 5 care topics. Respondents in the other
3 working groups generally limited their responses to
respective areas of expertise. Fifty-six of the original 86
invited participants (65%) completed this Q#1. Twenty-
two of them were from Europe, and 34 were from the
United States and Canada. To ensure the anonymity of
the process, a numeric code was assigned to each respon-
dent by the survey coordinator upon receipt of answers to
Q#1. Analysis and presentation of the data were performed
by the survey coordinator using these numeric codes. The
answers from Q#1 were collected and analyzed. The most
frequent occurring answers to these Q#1 questions were
chosen to construct the Question #2 (Q#2, available on the
Web site http://smascc.stanford .edu) during the second
round of the Delphi survey. In this second round, the ques-
tions were the same as those in Q#1 except that respon-
dents were asked to rank order from the highest to the
lowest importance among a list of choices. Forty-four (79%)
respondents who answered the Q#1 also completed Q#2.
These responses were summarized and presented to com-
mittee participants at the Standard of Care Conference
described in the following section.
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The International Conference on the Standard
of Care for Spinal Muscular Atrophy

This conference was held May 5-6, 2006, at Stanford
University Medical Center, Palo Alto, California. Thirty-five
members of the committee and Delphi survey participants
gathered to work on a consensus statement for spinal mus-
cular atrophy standard of care. First, leaders and designated
members of each working group presented a critical review of
the literature. The individual working group then reviewed
the results of the Delphi survey in their care areas during
breakout sessions. The final consensus within each working
group was achieved by using the Delphi data as a guideline,
incorporating the available data in the literature and the
opinions of group members. These results were presented
by group leaders to all conference participants for com-
ments. The group leaders and coleaders then worked with
each working group to draft the consensus statement on
each care area. The summaries of these statements are
listed in the following sections.

Diagnostic Testing and Care of
New Spinal Muscular Atrophy Patients

Clinical Diagnosis and Classification of Spinal
Muscular Atrophy

Physicians encountering children with hypotonia and
weakness should maintain a high index of suspicion for
the diagnosis of spinal muscular atrophy. Certain physical
characteristics are readily identifiable. The weakness is
usually symmetrical and more proximal than distal.
Sensation is preserved. Tendon reflexes are absent or
diminished. Weakness in the legs is greater than in the
arms. The severity of weakness generally correlates
with the age of onset. The most severe type presents in
infancy. The infant may appear normal at birth. Weakness
evolves within the first few months of life. Occasionally,
decreased intrauterine movements suggest prenatal onset of
the disease and present with severe weakness and joint con-
tractures at birth.® Milder types of spinal muscular atrophy
present with later onset, and the course is more insidious.
Some children sit but never walk, whereas others show
delayed walking but may be able to maintain walking until
adult years. For the purpose of clinical care and discus-
sion, individuals manifesting different levels of weakness
due to spinal muscular atrophy have been divided into 4
groups defined by functional ability. We list typical clinical
features of spinal muscular atrophy in Table 1. The first 3
types are classified according to criteria established by the
International Spinal Muscular Atrophy Consortium.”® Type
4 spinal muscular atrophy is a mild form that presents
in adulthood. It can be expected that some patients
will manifest features that are at the margins between
groups.
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Clinical Classification of Spinal Muscular Atrophy

Highest Function Natural Age of Death

Table 1.
SMA Type Age of Onset
Type 1 (severe) 0-6 mo
Type 2 (intermediate) 7-18 mo
Type 3 (mild) >18 mo

Type 4 (adult) Second or third decade

Never sits Ly
Never stands >2y
Stands and walks Adult
Walks during adult years Adult

NOTE: SMA = spinal muscular atrophy.

In addition to these defining criteria, unique clinical
features of each spinal muscular atrophy type include the
following: (1) Type 1 spinal muscular atrophy. This type is
also called Werdnig-Hoffmann disease. Children with this
disease have impaired head control, with a weak cry and
cough. Swallowing, feeding, and handling of oral secretion
are affected before 1 year of age. The tongue may show atro-
phy and fasciculation. Weakness and hypotonia in the limbs
and trunks are eventually accompanied by intercostal mus-
cle weakness. Combining intercostal weakness with initial
sparing of the diaphragm, the infants exhibit characteristic
paradoxical breathing and a bell-shaped trunk with chest
wall collapse and abdominal protrusion. Early morbidity
and mortality are most commonly associated with bulbar
dysfunction and pulmonary complications. (2) Type 2 spinal
muscular atrophy. These children have delayed motor mile-
stones. Some learned to achieve independent sitting,
whereas others need help to sit up. The defining character-
istic is an ability to maintain a sitting position unsupported.
At the strongest end of this category are those who can stand
with a standing frame or long leg braces but are not able to
walk independently. Bulbar weakness with swallowing diffi-
culties may lead to poor weight gain in some children.
Intercostal muscles are weak, and some are also
diaphragmatic breathers. They have difficulty coughing
and clearing tracheal secretion. They have fine tremors
with extended fingers or when attempting hand grips.
Kyphoscoliosis eventually develops, and bracing or spinal
surgery is needed. Joint contractures commonly evolve over
years. (3) Type 3 spinal muscular atrophy. This type is also
called Kugelberg-Welander disease or juvenile spinal muscu-
lar atrophy. These patients have later but variable age of
onset. All achieve independent walking. Some patients lose
the ability to walk in childhood, yet others maintain walking
until adolescence or adulthood. Scoliosis can develop in these
patients. Swallowing, cough, and nocturnal hypoventilation
are less common than in type 2 spinal muscular atrophy but
may occur. Muscle aching and joint overuse symptoms are
common. (4) Type 4 spinal muscular atrophy. The onset of
weakness is usually in the second or third decade of life.
Motor impairment is mild without respiratory or gastroin-
testinal problems.

Within each spinal muscular atrophy type, subclassifi-
cations have been proposed and can add to prognostic sig-
nificance. For example, only 22% of patients with type 3a,

with onset of symptoms before age 3 years, were still
ambulatory at age 40 years, whereas 58.7% of the
patients with type 3b, with onset after age 3 years, were
still walking by age 40 years.” Type 1 patients have also
been subclassified into types la (neonatal or antenatal
onset), 1b (typical Werdnig-Hoffmann disease with onset
after neonatal period), and lc (later onset, better head
control in supported sitting, mild feeding or respiratory
difficulties during the first 6 months of life).'®!" However,
these subclassifications have not been widely used among
clinicians.

During the preparation of the Delphi survey, the com-
mittee decided that the most appropriate care for patients
with spinal muscular atrophy should be tailored according to
their current functional status rather than the original clas-
sification of disease types because these represent the best
level of function rather than the present status. Therefore,
the committee decided to use the classification of current
functional level in the form of nonsitters, sitters, and walk-
ers. The nonsitters include the group of children who cur-
rently are not able to sit independently. The sitters include
those who can sit independently but cannot walk independ-
ently. The walkers can walk independently.

Other Forms of Spinal Muscular Atrophy

There are other inherited motor neuron disorders, not caused
by mutation of the SMN gene (non-5q spinal muscular
atrophy), that present with early denervation weakness
but different clinical symptoms than those stated above.'?
These atypical symptoms include joint contractures, dis-
tal rather than proximal weakness, diaphragmatic paraly-
sis with early respiratory failure, and pontocerebellar
degeneration. DNA testing has become available for some
but not all of these disorders. If a child with clinical fea-
tures of spinal muscular atrophy is found not to have an
SMN deletion on either chromosome 5, the child should
be reexamined and receive additional diagnostic testing.
(Please see the next section for the diagnostic strategies
for these patients.) Table 2 lists some spinal muscular
atrophy variants that exhibit early symptoms overlapping
with 5q spinal muscular atrophy. Several later-onset
motor neuron diseases overlap with milder 5q spinal mus-
cular atrophy. These are beyond the scope of this docu-
ment and are not listed here.



Consensus Statement / Wang et al 1031
Table 2. Other Forms of Severe Spinal Muscular Atrophy Not Linked to SMN Gene
SMA Variants Inheritance/Linkage/Gene Clinical Presentation Reference
Scapuloperoneal spinal Autosomal dominant Congenital absence of muscles, progressive (13, 14)
muscular atrophy 12q24.1-q24.31 weakness of scapuloperoneal and laryngeal muscles
Pontocerebellar hypoplasia Autosomal recessive Onset 0-6 mo, cerebellar and brainstem hypoplasia, (15-19)
with spinal muscular atrophy absent dentate nucleus, neuronal loss in basal ganglia,
cortical atrophy
X-linked infantile spinal muscular X-linked Onset at birth or infancy, contractures, death less (20, 21)
atrophy with arthrogryposis Xpl1.3-q11.2 than 2y
Spinal muscular atrophy with Autosomal recessive Onset within the first 3 mo of life, eventration of the (22, 23)

respiratory distress type 1 11q13.2-q13.4

IGHMBP2

right or both hemidiaphragms, finger contractures,
pes equines foot deformities

NOTE: SMA = spinal muscular atrophy.

Diagnostic Procedures

The stepwise algorithm of the diagnostic procedure is sum-
marized in Figure 1. Briefly, the first diagnostic test for a
patient suspected to have spinal muscular atrophy should be
the SMN gene deletion test. This test is currently performed
by several diagnostic laboratories, and the result can be
obtained within 2 to 4 weeks. The test achieves up to 95%
sensitivity and nearly 100% specificity***> A homozygous
deletion of SMIN1 exon 7 (with or without deletion of exon
8) confirms the diagnosis of SMN-associated spinal muscu-
lar atrophy (5q spinal muscular atrophy). The next group of
tests following a negative SMN test result includes repeat
clinical examination of the patient for atypical clinical fea-
tures as listed in Table 2. Laboratory tests should include
muscle enzyme creatine kinase, electrophysiological testing
such as electromyography (EMG), and nerve conduction
study with repetitive stimulation. This will help to identify
muscle diseases, motor neuropathies, and disorders of neu-
romuscular junctions. If EMG suggests a motor neuron dis-
ease, then further testing for SMN mutations should be
pursued. Some laboratories are currently offering SMN1
gene copy number testing. If the patient possesses only a sin-
gle copy of SMNI (missing 1 copy), then it is possible that
the remaining copy contains subtle mutations, including
point mutations, insertions, and deletions, rendering
homozygous dysfunction of the gene. Sequencing of the cod-
ing region of the remaining SMNI copy may identify the
mutation on the remaining copy and confirm the diagnosis
of 5q spinal muscular atrophy. Unfortunately, sequencing
the coding region of SMN is currently not widely available
and is usually performed only in a few diagnostic or research
laboratories. If the patient possesses 2 copies of SMINI, then
other motor neuron disorders such as spinal muscular atro-
phy with respiratory distress, X-linked spinal muscular atro-
phy, distal spinal muscular atrophy, and juvenile amyotrophic
lateral sclerosis should be considered. If EMG, nerve con-
duction study, and repetitive stimulation reveal characteris-
tic patterns associated with diseases in muscle, nerve, or
neuromuscular junction, then further diagnostic tests,

including muscle or nerve biopsy and edrophonium test, may
be performed. When disease of the neuromuscular system is
ruled out, then one should pursue diagnostic tests to identify
spinal cord or brain anomalies by imaging studies such as
magnetic resonance imaging or computed tomography
scans. Other diagnostic tests should then be performed to
identify systemic diseases, such as metabolic disorders or
other genetic disorders.

Clinical Management of Newly Diagnosed
Spinal Muscular Atrophy Patients

Many care issues arise when a patient is newly diagnosed
with spinal muscular atrophy. Clinicians need to address
the various aspects of care issues as soon as possible.

Family Education and Counseling

Because of the complexity of medical problems associated
with the diagnosis of spinal muscular atrophy, the committee
suggests that medical providers designate a person to meet
with the family. This person is usually a pediatric neurologist
or a geneticist. The primary care physician (pediatrician or
family physician) should be well informed of the multidisci-
plinary needs of these patients and play a central role in
coordinating follow-up care. During the first meeting with
parents, it is important to explain the disease process, patho-
genesis, phenotype classification, and the patient’s prognosis.
The physician should also formulate a plan of multidiscipli-
nary intervention with the family. This usually includes refer-
ral to a pediatric neuromuscular clinic and/or pediatric
subspecialties such as genetics, pulmonary, gastroenterology/
nutrition, and orthopedic/rehabilitation. The families will
appreciate online resources for further information
regarding spinal muscular atrophy. Providing information
on spinal muscular atrophy patient advocacy groups has
proved to be the most useful to help families cope with
the diagnosis (please see the acknowledgments section
for links to some patient support group Web sites).
Several clinical trials are currently in progress both in the
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Figure 1.

Diagnostic evaluation for spinal muscular atrophy. A diagnostic algorithm for spinal muscular atrophy and other neuromuscular disorders. The

Standard of Care Committee recommends the stepwise diagnostic procedure outlined in this flow chart when encountering patients with clinical symp-

toms of spinal muscular atrophy (SMA). Please see text for detailed explanation of this diagram. EMG = electromyography; NCS = nerve conduction study;
RNS = repetitive nerve stimulation; CK = creatine kinase; NMJ = neuromuscular junction; MRI = magnetic resonance imaging; SMARD = spinal muscu-
lar atrophy with respiratory distress; X-SMA = X-link SMA; ALS = amyotrophic lateral sclerosis.

United States and in Europe. Physicians should provide
information regarding these trials or refer families to clinical
trial Web sites (www.clinicaltrials.gov provides a current list-
ing of open clinical trials). Many factors can influence the
families’ choice to participate in a clinical trial. The families
should be encouraged to contact as many study sites as pos-
sible before they decide to participate in any trial.

Genetic lopics

Several genetic topics should be addressed with the diagno-
sis of spinal muscular atrophy. This is often done by a neu-
rologist or geneticist. Topics related to the genetics of spinal
muscular atrophy, such as autosomal recessive inheritance
and genomic structure of SMN—SMNI and SMN2



copies—should be explained to the family. The current
literature suggests SMIN2 copy numbers correlate with spinal
muscular atrophy clinical phenotypes.***” However, although
a higher copy number of SMIN2 is correlated with milder phe-
notype, phenotypes can vary substantially given SMIN2 copy
number. Therefore, predicting clinical phenotype using
SMN2 copy number can be risky and is not currently recom-
mended. Other important genetic topics include sibling
recurrence risk, carrier testing, and information that may help
with reproductive planning (prenatal diagnosis or preimplan-
tational diagnosis). Presymptomatic diagnosis of unaffected
siblings is controversial. According to American Society of
Human Genetics guidelines, presymptomatic diagnosis in
children should be considered only if early intervention can
delay the onset or slow the progression of the disease.”® The
committee agrees that presymptomatic diagnosis of at-risk
siblings of spinal muscular atrophy patients may lead to early
intervention and improve clinical outcome. Therefore,
parental request of testing unaffected siblings of the spinal
muscular atrophy patient should be granted. The current
SMNI deletion test will detect the SMINI copy number and
provide the information of whether the sibling is affected (0
copy) or is a carrier (1 copy). The topic of neonatal screening
is also controversial. Although there is currently no proven
therapy in spinal muscular atrophy, the committee recognizes
the utility of neonatal screening as a tool for identifying effec-
tive treatments. Furthermore, in view of recent therapeutic
advances, it is possible that in the future, spinal muscular
atrophy may be treated more effectively if presymptomatic
patients are detected through neonatal screening and treat-
ment is started prior to weakness becoming apparent.

Consensus on Pulmonary Care

Overview of Pulmonary Problems in Spinal
Muscular Atrophy

The key respiratory problems in spinal muscular atrophy
are as follows:

1. impaired cough resulting in poor clearance of lower
airway secretions;

2. hypoventilation during sleep;

. chest wall and lung underdevelopment; and

4. recurrent infections that exacerbate muscle weakness.

w

Pulmonary disease is the major cause of morbidity and
mortality in spinal muscular atrophy types 1 and 2 and may
occur in a small proportion of patients with spinal muscular
atrophy type 3. Without respiratory support, infants who are
unable to sit usually die before the age of 2 years.®* Pulmonary
compromise is caused by a combination of inspiratory and
expiratory muscle weakness, with greater involvement of expi-
ratory and intercostal muscles. The diaphragm is relatively
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spared. In nonsitters, the result is a bell-shaped chest with
sternal depression. In older sitters and walkers, respiratory
function may be compromised further by scoliosis. Swallow-
ing dysfunction and reflux are important contributors to pul-
monary morbidity. Individuals tend to progress to daytime
respiratory failure via a sequence of recurrent chest infec-
tions, nocturnal oxygen desaturation, nocturnal hypoven-
tilation, and then daytime hypercarbia.**' In contrast to
Duchenne muscular dystrophy, there is no strong correlation
between pulmonary functional score and need for mechani-
cal ventilation in spinal muscular atrophy.** However,
baseline assessment and longitudinal monitoring can identify
those at risk for sleep-disordered breathing and ineffective
clearance of secretions. There are several case series of the
natural history of severe to mildly affected spinal muscular
atrophy patients but no large prospective study of treatment
intervention.”** The evidence base is limited by heteroge-
neous groups of patients with a mixture of neuromuscular
disorders in natural history and intervention studies, vari-
able classification of spinal muscular atrophy subtypes,
and different respiratory support protocols employing a
range of ventilators and cough assistance techniques.?*?*3¢
Case series*****%” and consensus conference**** evidence
demonstrate that ventilatory support should be added at
night if sleep-disordered breathing is present and cough
assistance provided if cough efficiency is reduced. Figure 2
shows a flow chart for pulmonary natural history, assess-
ment, and intervention in spinal muscular atrophy.

Assessment and Monitoring

There is no formal study evaluating any protocol for routine
pulmonary assessment of patients with spinal muscular atro-
phy. However, consensus was achieved within the pulmonary
working group on current standard of care for spinal muscu-
lar atrophy. The following assessments should be used dur-
ing baseline and subsequent evaluations of respiratory status
and are listed by order of importance as identified by the
Delphi survey. Assessment frequency depends on the clinical
status and rate of progression of disease for each individual.
Suggested frequency of evaluation is every 3 to 6 months,
less often in stable walkers, and more frequently in clinically
unstable nonsitters.

Nonsitters

Recommendations for respiratory assessment include evalu-
ation of cough effectiveness, observation of breathing, and
monitoring gas exchange. Respiratory muscle function tests
are indirect measures of cough effectiveness and include
peak cough flow, maximal inspiratory pressure, and maximal
expiratory pressure. The majority of nonsitters with spinal
muscular atrophy may be too weak or too young to perform
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Figure 2. Summary of the natural history of pulmonary problems, assessment, and intervention in spinal muscular atrophy. The progression of pul-

monary problems is accompanied by appropriate assessment and intervention strategies. REM = rapid eye movement; NREM = non-rapid eye movement.

pulmonary function testing. Therefore, the most useful eval-
uation of respiratory muscle function may be observation of
cough ability. The physical examination also provides an
important assessment of respiratory status including respira-
tory rate, work of breathing, presence of paradoxical breath-
ing, chest wall shape, and skin color (cyanosis or pallor). Gas
exchange monitoring, including pulse oximetry, can be used
as a spot check during the day for hypoxemia and as a guide
to direct airway clearance. For example, if oxygen saturation
is less than 94%, airway clearance techniques should be
used. Overnight pulse oximetry with chart recording can be
used to screen for nocturnal hypoxemia. Routine overnight
monitoring using pulse oximetry may help identify unsus-
pected hypoxic events but is usually very disruptive to the
family due to frequent false alarms. Currently there are no
data to support routine continuous oximetry monitoring.
Further research is needed before recommending this as part
of routine clinical care.

End-tidal carbon dioxide, transcutaneous CO,, and
serum bicarbonate measurement were also identified as
important assessment tools. However, serum bicarbonate
may give a false sense of reassurance, as normal values may
exist despite significant respiratory compromise during sleep.
End-tidal carbon dioxide and transcutaneous CO, are
frequently difficult to obtain and not available routinely. If
available, these measurements can be used to assess for
sleep-related hypoventilation. The onset of hypoventilation is
insidious, and patients may be clinically asymptomatic.
Initially hypoventilation will occur in sleep (particularly rapid
eye movement sleep), but as deterioration progresses, day-
time respiratory function will be impacted.**' Polysomnog-
raphy is a diagnostic tool during which respiration and sleep
state are continuously monitored,* and thus it identifies
the presence and severity of sleep-disordered breathing.*!
Polysomnography is useful in nonsitters, even in children
without obvious symptoms, and can be used to initiate and



titrate respiratory support. When polysomnography is not
available, an alternative is to use a 4-channel sleep study that
records end-tidal carbon dioxide or transcutaneous CO,,
oxygen saturation, heart rate, nasal airflow, and chest wall
movement during sleep. In cases where neither polysomnog-
raphy nor 4-channel study is available, overnight pulse
oximetry with continuous CO, monitoring may provide
useful information about nighttime gas exchange. However,
this will not detect sleep-disordered breathing not associated
with oxygen desaturation or CO, retention. Further study
to better identify the optimal methods for evaluation and
monitoring is recommended. Additional screening tests
include a baseline chest x-ray to provide an initial refer-
ence point and for comparison during respiratory deterio-
ration or unexplained hypoxemia due to unsuspected
atelectasis. Although formal radiologic evaluation of swal-
lowing was not ranked very highly for routine evaluation
during this Delphi survey, the risk for dysphagia and aspi-
ration is high in nonsitters. Therefore, formal evaluation
of swallowing is indicated in cases of acute unexplained res-
piratory deterioration and recurring pneumonia. Arterial
blood gases for routine monitoring of respiratory function
are not recommended because the discomfort could result
in apnea or spurious hyperventilation.

Sitters

Recommendations of respiratory assessment for sitters are
similar to nonsitters and include physical examination and
evaluation of cough effectiveness with respiratory muscle
function tests (maximal inspiratory pressure, maximal expi-
ratory pressure, and peak cough flow) as described above. In
addition, sitters should be evaluated for presence and sever-
ity of scoliosis and consider further evaluation with radi-
ographs. Additional recommended assessments include
forced vital capacity and lung volume measurements during
pulmonary function tests, assessment of sleep-disordered
breathing, and pulse oximetry monitoring. Less important
assessments identified for sitters include blood gas, CO,
monitoring, and chest x-ray. Routine swallow study was not
recommended for sitters unless clinically indicated.

Walkers

In general, spinal muscular atrophy walkers have rela-
tively preserved pulmonary function until late into their
disease course. Recommendations for routine assessment
include complete pulmonary function tests, including
spirometry, lung volumes, and respiratory muscle function
tests. In addition, cough effectiveness and the physical exam-
ination are important routine assessments. Further evalua-
tion should be directed by clinical symptoms and indications.

Anticipatory Respiratory Care

Providing families with information about options for care
and anticipating future needs are crucial to respiratory
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management of spinal muscular atrophy. Nonsitters are
the most fragile group, and early discussions should
include the option of noninvasive ventilation and secre-
tion management because of the rapid progression of the
disease. Ongoing discussion of the family’s desires for
support should occur, and the result should be a negoti-
ated care plan with maximums and minimums outlined.*

In addition, anticipatory guidance and education for
chronic care, illness management, and perioperative care
should be provided. Day-to-day management should include
understanding the child’s baseline and deviations from his
or her baseline, routine cough and secretion management
techniques, understanding hypoventilation, and interven-
tion. Illness management includes rapid access to specialty
medical care providers, airway clearance and secretion man-
agement techniques, respiratory support (including noninva-
sive ventilation), nutrition and hydration management, and
a low threshold to start antibiotics. Routine immunizations,
including influenza vaccine, pneumococcus vaccine, and
respiratory syncytial virus prophylaxis (palivizumab), are
recommended.

Chronic Management

Essential to chronic management is discussion of the
family’s goals, which includes balancing caring for the
child at home for as long as possible, long-term survival,
quality of life and comfort, and the availability of resources.
Goals of chronic management are to normalize gas
exchange, improve sleep quality, facilitate home care, reduce
hospitalizations and intensive care unit care, and reduce the
burden of illness on the family. There is insufficient evi-
dence, but based on experience and consensus, early aggres-
sive and proactive intervention may prolong life without
compromising quality of life.

Airway Clearance

Airway clearance is very important in both acute and chronic
management of all patients with spinal muscular atrophy.
Caregivers of these patients should learn to assist coughing
in all patients with ineffective cough. These techniques
include manually and mechanically assisted cough.***
Availability of mechanically assisted cough devices (mechan-
ical insufflation-exsufflation) varies by country but is now
widely accepted in management of neuromuscular disease in
the United States.*” Daily assisted cough is recommended in
more severely affected patients. Secretion mobilization tech-
niques are also helpful and include chest physiotherapy and
postural drainage. Oximetry should be used to provide feed-
back to guide therapy. Oral suctioning can assist in secretion
management after assisted coughing. There is no evidence to
support specific secretion mobilization devices such as high-
frequency chest wall oscillation and intrapulmonary percus-
sive ventilation in the spinal muscular atrophy population for
chronic management.
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Respiratory Support

In patients with daytime hypercapnia, respiratory support
is clearly indicated. In children with sleep-disordered breath-
ing, nocturnal noninvasive ventilation reduces symptoms
of sleep disturbance, nocturnal sweating, and morning
headaches and improves appetite and concentration.?
Objectively, noninvasive ventilation reduces respiratory dis-
turbance index, improves sleep stage distribution,® and
enhances quality of life. In a randomized controlled trial
using mixed groups of patients with neuromuscular disease
who showed nocturnal hypoventilation and daytime normo-
capnia, noninvasive ventilation significantly improved noc-
turnal blood gas tensions.** Noninvasive ventilation with
bilevel positive pressure support has been studied most fre-
quently, although there is no evidence to suggest any 1 type
of ventilator interface is superior. In addition, the optimal
settings for noninvasive ventilation have not been estab-
lished. In general, noninvasive ventilation settings are indi-
vidualized to achieve adequate inspiratory chest wall
expansion and air entry and normalization of oxygen satura-
tion and end-tidal carbon dioxide or transcutaneous CO,
measurements. Noninvasive ventilation should be combined
with airway clearance techniques.

In nonsitters, care without ventilation support is an
option if the burden of treatment outweighs benefit.
Noninvasive ventilation can be used palliatively to facilitate
discharge to home from a hospital and reduce work of
breathing. Continuous positive airway pressure may be an
option in a very young nonsitter infant who is not synchro-
nous with bilevel positive airway pressure and can be used
with the goal of transitioning to bilevel positive airway pres-
sure. Use of noninvasive ventilation with high-span bilevel
positive airway pressure, even for short daytime periods,
may improve chest wall and lung development and reduce
ribcage and sternal deformity in nonsitters and sitters,*
resulting in potential beneficial effects on pulmonary
function. Uncommonly, adult walkers may develop sleep-
disordered breathing or acute ventilatory failure at the time
of a chest infection or intercurrent event (eg, surgery).
Noninvasive ventilation is an appropriate intervention and
may be required during sleep chronically.

Tracheotomy for chronic ventilation is a decision that
needs to be carefully discussed if requested by parents. In
nonsitters, this is controversial and an ethical dilemma.
There is a large spectrum of options that can be provided,
ranging from no respiratory support to noninvasive ventila-
tion to tracheotomy and mechanical ventilation. Our rec-
ommendation is to explore options with the family
regarding the child’s potential, quality-of-life issues, and
family’s desires.*® Palliative care is an option for nonsitters.
It should be noted that noninvasive ventilation can be used
as a routine therapy or as a palliative tool. A key goal is to
prevent pediatric intensive care unit stays and avoid tra-
cheotomy if possible. If supportive ventilation is chosen by
the family, noninvasive ventilation is recommended.

Additional Management

Recommended additional therapies are routine vaccina-
tions, appropriate nutritional support orally or via a feeding
tube, hydration management, and medical or surgical gas-
troesophageal reflux disease management. In addition,
medical management for saliva control may be consid-
ered. Inhaled bronchodilators should be considered in
children with asthma or bronchial hyperresponsiveness.
Use of these agents in other situations requires further
evaluation. There is no evidence to support the use of
mucolytics on a chronic basis.

Perioperative Care

Patients with spinal muscular atrophy are at high risk for
postanesthesia complications, which may lead to prolonged
intubation, nosocomial infections, tracheotomy, and death.
Perioperative complications include upper airway obstruc-
tion, hypoventilation, and atelectasis from impaired cough
and impaired mucociliary clearance due to anesthetic
agents. Postoperative pain may exacerbate respiratory com-
promise. Noninvasive ventilation associated with aggressive
airway clearance techniques can successfully treat hypoven-
tilation and airway secretion retention.

It is crucial that the patient’s respiratory status be opti-
mized before surgery. Preoperative evaluation, including
pulmonary consultation, is strongly recommended. The
assessment of respiratory function should include a physical
examination, measurements of respiratory function and
cough effectiveness, chest x-ray, and, if at risk, an evaluation
for sleep-disordered breathing. In addition, complicating
factors should be considered, including oropharyngeal aspira-
tion, gastroesophageal reflux, and asthma. If measurements
of respiratory function and/or sleep study are abnormal, noc-
turnal noninvasive ventilation and assisted coughing tech-
niques may be indicated before surgery. The patient should
become familiar with these techniques prior to surgery. The
anesthesiology preoperative evaluation should include
assessment for possible difficult intubation due to jaw anky-
losis. If present, intubation should be performed by fiberoptic
bronchoscopy.

Postoperative management should be determined by pre-
operative respiratory function and the type of surgery per-
formed. Patients with normal cough clearance and relatively
preserved muscle function are not at an increased risk for
postoperative complications. Patients with decreased respi-
ratory muscle strength require close monitoring and aggres-
sive respiratory management. Any patient who requires
respiratory support during sleep will require similar respi-
ratory support in the immediate postoperative course.
Extubation in the recovery room to noninvasive ventilation
should be planned as a bridge to weaning to the patient’s
baseline respiratory support. Careful planning and coordina-
tion with the hospital respiratory therapists are crucial for
success in this setting. Patients with continuous ventilator



support requirements (either via noninvasive interface or via
tracheotomy tube) or patients who receive muscular block-
ing agents during surgery are best transferred directly from
the operating room to the intensive care unit. Patients are
encouraged to bring their personal devices, such as noninva-
sive ventilation and mechanical insufflation-exsufflation-E
machines, to use in the postoperative period because the
availability of these devices in hospitals may be limited.
Although oxygen is used frequently in the postoperative set-
ting, it must be applied with caution in the patient with
spinal muscular atrophy. Hypoxemia secondary to hypoven-
tilation may be mistaken with hypoxemia due to other
causes, such as mucus plugging and atelectasis. End-tidal
carbon dioxide or transcutaneous CO, monitoring or arterial
blood gas analysis will facilitate appropriate oxygen use.
Adequate pain control will aid in preventing hypoventilation
secondary to splinting. Postoperative pain management
should be titrated to promote airway clearance and minimize
respiratory suppression. Transient increased respiratory sup-
port may be needed while controlling postoperative pain.

Acute Care Management

The goal of acute management is to normalize gas
exchange by reducing atelectasis and enhancing airway
clearance where possible by noninvasive respiratory sup-
port. Blood gas monitoring may be of benefit.

Airway Clearance

For nonsitters, sitters, and walkers experiencing acute illness,
airway clearance with manual cough assist or mechanical
insufflation-exsufflation, together with oral or airway suction-
ing, chest physiotherapy, oximetry feedback to guide airway
clearance, and postural drainage, are important and recom-
mended. Assisted cough techniques are preferred over deep
suctioning and bronchoscopy.

Respiratory Support

Nonsitters. In acute illness, a vicious cycle of added ventila-
tory load, increased respiratory muscle weakness, and
ineffective secretion clearance leads to ventilatory decom-
pensation. Acute use of noninvasive ventilation reverses
these features. Continuous positive airway pressure is not
indicated in this situation because it does not reduce the
ventilatory load. In nonsitters and sitters already using noc-
turnal noninvasive ventilation, daytime use may be required
during acute illness, and airway clearance techniques can be
carried out during noninvasive ventilation. Noninvasive ven-
tilation in combination with airway clearance techniques
may reduce the need for intubation. Oxygen therapy
entrained into the noninvasive ventilation circuit should be
used to correct oxygen desaturation, after inspiratory and
expiratory positive pressure settings are optimized and airway
clearance techniques are optimally utilized. If a noninvasive
approach fails, nonsitters can be intubated and mechanically
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ventilated as a short-term measure. After recovery from the
acute illness and arterial oxygen saturation on room air has
normalized, they should be extubated back to noninvasive
ventilation. Decision making about escalation to intubation
should be carried out in advance as part of anticipatory care
planning. In nonsitters with increasingly frequent acute pul-
monary infections, tracheotomy and ventilation can be con-
sidered but may not improve quality of life or reduce
hospitalizations. A tracheotomy is not an acute intervention.
A noninvasive approach is preferred where feasible. In some
nonsitters, with deteriorating function, it may be appro-
priate to redirect care to a palliative approach.

Sitters. For those already using nocturnal noninvasive venti-
lation, daytime noninvasive ventilation may be needed dur-
ing acute illness. Noninvasive ventilation in combination
with airway clearance techniques may reduce the need for
intubation. Oxygen therapy and need for transient intuba-
tion should be carried out as outlined above for nonsitters.
Continuous positive airway pressure and/or a tracheotomy are
not appropriate interventions in sitters.

Walkers. Walkers may need noninvasive ventilation during an
acute illness. Noninvasive ventilation in combination with
airway clearance techniques may reduce the need for intuba-
tion. Oxygen therapy and need for transient intubation
should be carried out as outlined above for nonsitters. If non-
invasive ventilation was needed during an acute illness, non-
invasive ventilation should be considered for home use.
Continuous positive airway pressure and/or a tracheotomy
are not appropriate interventions in walkers.

Additional Management

For nonsitters, sitters, and walkers, recommended addi-
tional therapies are antibiotics, adequate nutritional sup-
port via nasogastric or nasojejunal or gastrostomy tube,
hydration, and gastroesophageal reflux management
(see more details in the next section). In patients with
bronchial hyperresponsiveness or asthma, bronchodilator
therapy and inhaled steroids may be indicated. Uses of
inhaled mucolytics, bronchodilators, and corticosteroids
are areas in need of further research.

Conclusion

Pulmonary disease is the major cause of morbidity and mor-
tality in spinal muscular atrophy types 1 and 2. Respiratory
muscle weakness results in impaired cough and ability to
clear lower airway secretions, lung and chest wall underde-
velopment, and hypoventilation. Respiratory care of patients
with spinal muscular atrophy is essential to their survival and
quality of life. The pulmonary working group has achieved
the following consensus recommendations:

1. Referral for respiratory care evaluation and discussion of
options should occur shortly after diagnosis. Key com-
ponents of the respiratory assessment include evaluation
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of cough effectiveness, observation of breathing, and
monitoring gas exchange.

2. Chronic respiratory management includes providing
methods for airway clearance, including mechanical
insufflation-exsufflation or manual cough assist and
noninvasive ventilatory support. Routine immuniza-
tions are also recommended.

3. Discussion with families about the options for respira-
tory care and identifying the goals for chronic and
acute respiratory care should occur early in the disease
course and continue in an ongoing dialogue.

4. Acute respiratory illness management requires increased
airway clearance and secretion management techniques
using mechanical insufflation-exsufflation or manual
cough assist, increased respiratory support (including
noninvasive ventilation), nutrition and hydration man-
agement, and a low threshold to start antibiotics.

5. Perioperative care includes a thorough preoperative
evaluation of respiratory status, ideally by a pulmo-
nologist, and anticipatory guidance of the surgical
team and postoperative management team regarding
optimal care.

Future Research Directions

The following topics were identified as areas in which no
consensus could be achieved because research data are
lacking. These areas are in need of further study:

1. Optimal methods for evaluation and monitoring of
hypoventilation.

2. Use of pulse oximetry in the home.

3. Optimal secretion mobilization techniques (eg, chest phys-
iotherapy, postural drainage, high-frequency chest wall
oscillation, and intrapulmonary percussive ventilation).

4. Optimal ventilatory support settings.

5. Effectiveness of inhaled and nebulized medications,
including bronchodilators, mucolytics, and corticosteroids.

Consensus on Gastrointestinal and
Nutritional Care

Overview of Gastrointestinal and Nutritional
Complications in Spinal Muscular Atrophy

The key clinical problems associated with gastrointestinal
and nutritional complications in spinal muscular atrophy
are as follows:

1. Feeding and swallowing problems. Bulbar dysfunction is
universal in spinal muscular atrophy patients with severe
weakness and can result in feeding and swallowing diffi-
culties and aspiration pneumonia, which often results in
death. The severity of bulbar dysfunction is variable in
patients with spinal muscular atrophy of intermediate
severity and rare in those who are mildly affected.

2. Gastrointestinal dysfunction. Gastroesophageal dysmotility
problems include constipation, delayed gastric emptying,

and potentially
reflux.

life-threatening  gastroesophageal

3. Growth and wundernutrition/overnutrition problems.
Without optimal management, growth failure is uni-
versal in nonsitters, whereas excessive weight gain is
more common in sitters and walkers.

4. Respiratory problems. The presence of respiratory compli-
cations (weak cough, increased work of breathing, dysp-
nea, pneumonias, and cyanosis or desaturation with
feeds) raises concern for gastrointestinal problems of
aspiration and gastroesophageal reflux, which can be seri-
ous and life-threatening. Increased work of breathing
may also result in increased energy expenditure.

In the following sections, we will take a problem-
oriented approach to discussing the evaluation and man-
agement of these problems during chronic care and acute
illness.

Feeding and Swallowing Problems

Feeding and swallowing difficulties are common in nonsitters
and sitters but are rarely a concern in walkers. Key symptoms
of feeding difficulties include prolonged mealtime, fatigue
with oral feeding, and evident choking or coughing during or
after swallowing. The presence of recurrent pneumonias is a
potential indicator of aspiration, which may be silent (ie,
without evident choking or coughing). Articles in the litera-
ture addressing the role of oral motor structures and specific
chewing and swallowing impairments that impact oral feed-
ing performance in spinal muscular atrophy are limited to
class IIT and IV evidence. One review found a 36% preva-
lence of at least 1 feeding-related issue in children with spinal
muscular atrophy.”’ Several other population studies and
case series report swallowing problems in patients with spinal
muscular atrophy.’'”* Difficulties in the preoral phase
included limited mouth opening and difficulties in getting
food to the mouth for self-feeding.” In the oral phase, diffi-
culties included weak bite force, reduced range of mandibu-
lar motion limiting mouth opening, and increased fatigue of
masticatory muscles.>* This affects biting and chewing abili-
ties and can lead to prolonged mealtimes and fatigue, pre-
cluding sufficient intake. Masticatory and facial muscle
weakness affects oral bolus control, chewing, and bolus
propulsion, all of which contribute to reduced feeding effi-
ciency. Difficulties with strength and efficiency are reported
in the oral and pharyngeal phase of the swallow. Poor coordi-
nation of the swallow with airway closure can lead to pene-
tration and aspiration of the airway. Poor head control may
also be a factor in the development of feeding difficulties,
precluding neck tuck or other compensatory postures to
enhance the safety of swallowing.” The psychosocial impact
of feeding difficulties on these children and their family should
not be underestimated. Prolonged mealtimes can put time
pressure on other activities. In addition, their inability to feed
themselves can make these children seem more dependent



than their peers and lead to a sense of loss of control. In the
weakest children, tube feeding can limit the nurturing role
parents perceive from being able to orally feed their child.>

Evaluation of Feeding and Swallowing Problems

Assessment of feeding problems should be performed by
a feeding specialist, most commonly a speech or occupa-
tional therapist. Routine clinical evaluation of feeding
and swallowing difficulties should include a feeding
assessment. Videofluoroscopic swallow studies should be
performed when indicated. A feeding case history with
mealtime observation is desirable. Examination of oral
structures that influence feeding efficiency and consider-
ation of the effect of positioning and head control on
feeding and swallowing are essential. Videofluoroscopic
swallow studies should be carried out after initial assess-
ment if there are concerns about swallow safety.”!33>%>"
Laryngeal aspiration requires specific assessment, as it is
sometimes silent (ie, no clearing cough is triggered).’® In
severely affected children, vocal fold paralysis and conse-
quent inability to protect the airway may be a diagnostic
sign.””>® A videofluoroscopic swallow study is not simply
a diagnostic test of aspiration but is an opportunity to
evaluate therapeutic strategies, such as adapted food tex-
ture and positioning, to assess impact on swallow func-
tion. As position and consistency can affect swallow
physiology, it is important that the videofluoroscopic
swallow studies procedure is as representative of the
child’s usual meal and feeding position as possible.

Management of Feeding and Swallowing
Difficulties

Treatment should aim at reducing the risk of aspiration
during swallow and optimizing efficiency of feeding and
promote enjoyable mealtimes. A Cochrane review® of treat-
ment of swallowing difficulties in chronic muscle disease
concluded it was not possible to determine the benefit or
otherwise of dietary and feeding advice, surgical intervention
(cricopharyngeal myotomy or upper esophageal dilatation),
and enteral feeding. Changing food consistency and opti-
mizing oral intake are appropriate treatment strategies. The
literature suggests there is currently widespread use of con-
sistency modification in helping to optimize oral intake.’"
A semisolid diet can be used to compensate for poor chew-
ing and reduce length of mealtimes. Thickened liquids may
protect against aspiration of thin fluids. Preferably, this inter-
vention would be evaluated objectively on videofluoroscopic
swallow studies. In 1 study, complete restriction orally to
eliminate risk of aspiration during swallowing was not found
to significantly affect the clinical course in severe spinal
muscular atrophy.®® This study failed to consider the risk
of aspiration due to concomitant gastroesophageal reflux.
Positioning and seating alterations and orthotic devices (eg,
Neater Eater, elbow support, valved straw) to enhance self-
feeding ability may improve swallow safety and efficiency.”!
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Such interventions should be planned in liaison with an occu-
pational therapist and/or physiotherapist as required. There is
currently no supporting evidence that oral motor treatment
programs impact safety or efficiency of oral feeding.

The gastrointestinal/nutrition working group did not
reach consensus regarding when to refer a patient with spinal
muscular atrophy for consideration for gastrostomy tube
placement and whether one should supplement or replace
oral feeding with tube feeding in a nonsymptomatic patient.
Some practitioners prefer a proactive approach, particularly in
the nonsitters, whereas others believe that exposing such
patients to the risk of surgery is inappropriate prior to the onset
of symptoms. However, 1 clear consensus is that optimal man-
agement requires proactive nutritional supplementation as
soon as inadequate oral intake is recognized. Whether a gas-
trostomy tube is placed in a particular child often requires
extensive discussion with multiple caregivers. It usually takes
time to schedule a surgical procedure like gastrostomy tube
placement. In the interim, nutritional supplementation via
nasogastric or nasojejunal feeding is desirable. Nasojejunal
feeding may be preferable in circumstances when gastroe-
sophageal reflux with aspiration is a concern, especially when
the patient is on ventilatory support. However, technical diffi-
culty may prevent its feasibility. Gastrostomy tube feeding is
the optimal method of feeding when insufficient caloric intake
or unsafe oral feeding is of concern. It prevents the potential
morbidity associated with prolonged use of either nasogastric
or nasojejunal tubes. The presence of a nasojejunal or naso-
gastric tube may also result in a less-than-ideal mask fit when
there is a need for the use of noninvasive ventilation such as
bilevel positive airway pressure.

There are several options for gastrostomy tube place-
ment, including insertion via percutaneous methods with
endoscopic guidance, or placement via open or laparo-
scopic surgical techniques®' together with an antireflux
procedure such as Nissen fundoplication. The open sur-
gical technique is associated with a relatively large upper
abdominal incision, increased postsurgical pain, and risk
for respiratory complications due to diaphragmatic splint-
ing. A laparoscopic surgical technique provides the best
possible setting for immediate or early postoperative extu-
bation.®> Such procedures are typically performed with
general anesthesia, although placement using percuta-
neous methods with endoscopic guidance is performed in
some centers with conscious sedation and local anesthe-
sia. Care should be taken to minimize the amount of fast-
ing preoperatively and to resume full nutritional support
as quickly as possible following the procedure. Possible
pulmonary complications of sedation should be antici-
pated and may require treatment with noninvasive venti-
lation (see “Pulmonary Care”).

Gastrointestinal Dysfunction

Children with spinal muscular atrophy suffer from the
following gastrointestinal problems: gastroesophageal
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reflux, constipation, and abdominal distension and bloat-
ing. Gastroesophageal reflux is an important determinant of
mortality and morbidity in patients with spinal muscular
atrophy. It can be associated with silent aspiration and
results in pneumonias and, at times, life-threatening
events.®® Frequent “spitting up” or vomiting after meals,
complaints of chest or abdominal discomfort, bad breath,
or obvious regurgitation of feeds may indicate gastroe-
sophageal reflux. Some children may refuse feeds when
they develop discomfort with swallowing, placing them at
risk for undernutrition. High-fat foods delay gastric empty-
ing and increase the risk of gastroesophageal reflux.
Constipation is a frequently reported problem and is likely
multifactorial in origin (ie, abnormal gastrointestinal motil-
ity, reduced intake of dietary fiber, inadequate fluid intake,
low muscle tone of the abdominal wall). Infrequent bowel
movements can lead to abdominal distention and bloating.
In children dependent on their abdominal muscles to assist
with respiration, desaturation or respiratory distress in asso-
ciation with attempted bowel movements may occur.

Evaluation of Gastrointestinal Dysfunction

The symptoms of gastroesophageal reflux (emesis, regur-
gitation, gurgling after feeds) should be sought early. A
routine upper gastrointestinal series is recommended for
presurgical evaluation for gastrostomy tube placement to
primarily rule out anatomic anomalies and secondarily to
document reflux. In rare cases, esophageal stricture, for-
eign body, or other abnormality may contribute to swal-
lowing difficulties or gastrointestinal dysmotility. Motility
studies, including scintigraphy, can be helpful in docu-
menting delayed gastric emptying, which may contribute
to gastroesophageal reflux and early satiety. There are no
data to support the routine diagnostic use of pH probe
studies in documenting reflux.

Management of Gastroesophageal Reflux

Medical management of gastroesophageal reflux typically
involves the use of acid neutralizers (eg, magnesium or cal-
cium carbonate) and/or inhibitors of acid secretion. This latter
category includes both histamine blockers and proton pump
inhibitors (eg, famotidine, ranitidine, omeprazole). Short-term
use of these agents is reasonable for symptomatic manage-
ment. However, increasing evidence suggests that prolonged
use of these agents may be associated with a greater risk for
gastroenteritis and pneumonia.®*** When delayed gastric emp-
tying or diminished motility is present, prokinetic agents may
be useful (eg, metaclopramide, erythromycin). Use of probi-
otics such as acidophilus or lactobacillus to help maintain a
healthy gastrointestinal flora, particularly after antibiotic treat-
ment or in the setting of prolonged use of acid inhibitors, is
an area deserving further study.

Gastrostomy tube feeding does not ameliorate gastroe-
sophageal reflux. This is of particular concern in nonsitters

who are the least able to protect their airway via a triggered
cough. Determining whether aspiration has occurred during
swallow or as a result of gastroesophageal reflux is often dif-
ficult, and sometimes both may contribute. A laparoscopic
antireflux procedure (eg, Nissen fundoplication) is com-
monly performed as a combined procedure during the same
general anesthesia for gastrostomy tube insertion. Although
some physicians support a proactive combined laparoscopic
Nissen and gastrostomy tube procedure in those children
with spinal muscular atrophy who are deemed at greatest
risk for aspiration, there is as yet no published data nor
consensus to support this strategy. However, in the spinal
muscular atrophy patient with medically refractory gastroe-
sophageal reflux, and in whom the benefit is deemed to
outweigh the associated surgical and anesthetic risks, laparo-
scopic Nissen fundoplication during gastrostomy tube place-
ment is supported as an appropriate intervention.

Growth and Undernutrition/Overnutrition
Problems

Children with spinal muscular atrophy are at risk for
growth failure or excessive weight gain. Growth failure is
commonly seen in nonsitters and some sitters, whereas
obesity is a problem of the stronger sitters and walkers.
There are no articles in the literature that specifically
address body composition and growth expectations or
typical anthropometric measures in children with spinal
muscular atrophy. However, data can be extrapolated
from literature on patients with spinal cord injury.
Individuals with spinal cord injury have been shown to
have lower lean tissue and higher percentage body fat
than controls. Body mass index significantly underesti-
mates body fat in these patients.®>* Children with spinal
muscular atrophy may have acceptable fat mass but may
plot as underweight based on weight/height criteria due
to the decrease in lean body mass.”® Hence, normal body
mass indexes may not represent the ideal weights for
children with spinal muscular atrophy. Decreased activity
and lean body mass will lead to reduced resting energy
expenditure and increased risk of obesity.

Management of Growth and Undernutrition or
Overnutrition Problems

Routine history, physical examination, and monitoring of
growth velocity measures (growth charts) form the evalua-
tion process to detect signs and symptoms of growth failure
or excess. This will influence decisions regarding when and
how to intervene. The goal is to maintain each child on his
or her own growth velocity. Growth velocity curves (weight,
height/length, weight/height) followed over a period of time
are, for the most part, the most accurate indicator of nutri-
tional status. Difficulty in obtaining accurate standing
height measurements due to contractures or inability to



stand may complicate growth monitoring in these children.
Recumbent length, segmental measurements, or arm span
may be useful surrogate markers for linear growth in these
children. Other methods for monitoring body composition
include skinfold measurements, muscle circumference, or
bioelectric impedance analysis.®” Assessment of nutritional
intake by a dietitian or other health care provider proficient
in nutrition is recommended at each visit. A 3-day dietary
record is a simple and accurate tool that can help assess
whether nutritional intake is adequate.”® A 24-hour food
recall is a practical method to highlight major nutritional
concerns and to obtain information regarding use of any
special supplements. Analysis should target adequacy of
macronutrient (including fiber intake) as well as micronu-
trient intake. Currently, there is no indication for increasing
or decreasing specific nutrients (ie, protein, fat, or selected
vitamins or minerals). Until more specific data are available,
nutrient intake should meet the daily recommended intakes
for age. Supplements to provide more than the dietary rec-
ommended intake for vitamin, mineral, protein, or fat
should be discouraged. Although anecdotal benefit with the
use of elemental or semi-elemental formulas has been
reported by some families and care providers (satisfactory
growth and decreased secretions), there is currently insuffi-
cient data to make specific recommendations regarding
their use. If an elemental formula is used, a dietitian should
be involved to help ensure the child does not receive insuf-
ficient or excessive amounts of nutrients, to perform labo-
ratory assessments as needed, and to monitor adequate
growth.®® As previously mentioned, with a reduction in lean
body mass, calculated body mass index will significantly
underestimate body fat.®® Children with spinal muscular
atrophy may have acceptable fat mass but may be perceived
as underweight based on weight/height criteria because of
their decreased lean body mass. This will result in inappro-
priate dietary recommendations that could lead to relative
obesity.”® The spinal muscular atrophy patients at risk for
obesity should have growth parameters in the lower per-
centiles for weight/height and body mass index. In any case,
each child should be evaluated individually on a routine
basis, with the goal of following their established growth
curves and avoiding inadequate or excessive intake. There is
some evidence that decreased bone mineral density may
occur in nonsitters and sitters, resulting in recurrent frac-
tures in a subset of patients.*®” There is preliminary evidence
that dual energy x-ray absorptiometry could be a useful
technique for estimating lean versus fat mass in spinal mus-
cular atrophy patients.”””® However, insufficient data are
available at this time to recommend the routine use of dual
energy x-ray absorptiometry scans for monitoring bone min-
eral density or body composition. Instead, the importance of
documenting appropriate intake of calcium and vitamin D
was emphasized. There is no consensus regarding perform-
ing biochemical tests to monitor nutritional status for
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patients with spinal muscular atrophy. However, considera-
tion should be given to checking prealbumin levels to help
assess adequate protein status.’?

Management of Nutrition in the Acutely Sick
Spinal Muscular Atrophy Patient

Spinal muscular atrophy patients are particularly vulnerable
to catabolic and fasting states. Patients with severe muscle
wasting from any disorder, including spinal muscular atro-
phy, are more likely to develop hypoglycemia in the setting of
fasting.”*”> A number of case series and individual case
reports have documented secondary mitochondrial dysfunc-
tion and abnormalities of mitochondrial fatty acid oxidation
in spinal muscular atrophy patients.”*® Significant abnor-
malities are most likely in nonsitters and sitters, increasing
their vulnerability for metabolic decompensation in the set-
ting of a catabolic state. Thus, it is necessary to avoid pro-
longed fasting, particularly in the setting of acute illness, in
all spinal muscular atrophy patients. Nutritional intake
should be optimized to meet full caloric needs within 4 to 6
hours after an admission for acute illness, via enteral feed-
ing, parenteral feeding, or a combined approach as neces-
sary. Prompt postoperative caloric supplementation is
recommended to avoid muscle catabolism, particularly in a
child with reduced fat store. If enteral intake is not immi-
nent, then intravenous caloric feeding should be considered.

Conclusion and Future Directions

Because nutritional problems associated with spinal mus-
cular atrophy influence the patient’s pulmonary status and
general well-being, optimal management of these problems
by a multidisciplinary or interdisciplinary team of physi-
cians, speech therapists or occupational therapists, dieti-
tians, and pediatric surgeons should greatly improve survival
and quality of life.®?

The following topics were identified as areas in need
of further study:

1. Use of elemental formulas to support/refute perceived
benefits of optimal growth and decreased oral and air-
way secretions.

2. Need for a reduced fat intake, in view of the concern
for mitochondrial fatty acid oxidation abnormalities.

3. Need for protein supplementation beyond dietary rec-
ommended intake, in view of the problem of muscle
wasting/atrophy.

4. Need for checking biochemical tests for metabolic/
mitochondrial fatty acid abnormalities, in view of the con-
cern for mitochondrial fatty acid oxidation abnormalities.

5. Need to determine body composition and establish
growth charts for the population of patients with spinal
muscular atrophy to enable optimal growth monitoring in
these patients.
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Consensus on Orthopedic Care and
Rehabilitation

Overview of Orthopedic Care and Rehabilitation
Strategies in Spinal Muscular Atrophy

Key Problems

Muscle weakness of varying severity limits motor function
of trunk and upper and lower extremities, resulting in con-
tracture formation, spinal deformity, limited mobility and
activities of daily living, and increased risk of pain, osteope-
nia, and fractures.

Key Evaluation Procedures

These include evaluating range of motion, strength, func-
tion, seating and mobility, orthotics, radiographs (spine and
other joints), and dual energy x-ray absorptiometry. The
value of these procedures varies by degree of functional
impairment.

Key Interventions

In nonsitters, nutritional support, posture management,
seating, contracture and pain management, therapy for
activities of daily living and assistive equipment, wheel-
chairs for mobility, limb orthotics, and developmental
therapies are important. In sitters, wheelchair mobility,
contracture management, physical therapy, and occupa-
tional therapy are of highest value, with strong consider-
ations for spine and limb orthotics and spine surgery. In
walkers, the highest emphasis is on provision of physical
therapy, occupational therapy, and wheelchair/mobility,
although orthotics, scoliosis surgery, and pain manage-
ment figured prominently. In the United Kingdom and
some other European countries, chest physiotherapy is
often done by physical therapists.

Literature Review

Rehabilitation and Orthopedic Problems in Spinal
Muscular Atrophy

Literature review pertinent to these rehabilitation and ortho-
pedic concerns reflects similar musculoskeletal and func-
tional problems to those presented in “Key Problems”.!+5¢
Hip subluxation is a common comorbidity in patients with
spinal muscular atrophy.*”** As patients with spinal muscular
atrophy age, there is a significantly higher prevalence of
kyphoscoliosis, difficulty coughing, joint contractures, and
voice/speech problems in types 1 and 2. In type 3, there is also
a significantly higher prevalence of fatigue and hypermobility
of the hand.* Scoliosis develops in more than 50% of chil-
dren with spinal muscular atrophy, most commonly in non-
ambulatory children or in those who lose the ability to walk.”

Evaluation

Traditional measurements of strength are not possible in
severely affected infants and children; thus, emphasis is on
observation of function. Evaluation procedures that address
rehabilitation/orthopedic concerns include the CHOP-
INTEND,’! the Hammersmith Functional Motor Scale for
Spinal Muscular Atrophy,’*** the Modified Hammersmith
Functional Motor Scale for Spinal Muscular Atrophy,™ the
Gross Motor Function Measure,” and the Motor Function
Measurement scale for neuromuscular disease.**”* Most
children with spinal muscular atrophy require help or
supervision with bathing and dressing and assistance with
mobility. Stairs present a major obstacle.” Early and gener-
alized joint contractures and scoliosis correlate with level of
motor function and walking with support, rolling by 5 years
of age correlates with eventual walking, and inability to roll
correlates with severe disease (greater weakness).”” Muscle
strength can be quantified using myometers, videotaped
movements,”™ handheld dynamometers,” and quantitative
muscle testing in children with the type 2 or 3 forms of the
disease.!"192 Flexion contractures, which affect almost half
of spinal muscular atrophy patients, are often noted during
periods of inactivity and are considered intractable if greater
than 45° Activities of daily living are hampered, and con-
tractures are perceived to be associated with disability in
about half. Pain increases in frequency and severity over
time and correlates with decreased scores on quality-of-life
indicators.'”® In all studies of scoliosis, spine radiographs
were routinely used for diagnosis. A retrospective review of
spinal full-length radiographs revealed a predominance of
right-sided thoracic and thoracolumbar curves and left-
sided lumbar curves.'*

Interventions

No studies directly address physical therapy and occupa-
tional therapy as general therapies, although a case report
documented the ability of a 20-month-old girl with spinal
muscular atrophy to learn to operate a power wheelchair
independently in 6 weeks and demonstrated developmen-
tal gains in all domains of the Batelle Developmental
Inventory over the ensuing 6 months.®> Regarding other
interventions, 3 case series discussed the use of knee-
ankle-foot orthoses in patients with spinal muscular atro-
phy. Evans'® presented 5 cases (3 who had lost the ability
to walk) who were treated with serial casting and bracing
and were still ambulatory 2 to 5 years later. Granata pre-
sented 7 cases and later 12 cases of patients with type 2
spinal muscular atrophy. All were able to stand independ-
ently with knee-ankle-foot orthoses, and 7 achieved
assisted ambulation. When compared with a historical
control group, the treatment group had less scoliosis.
There may have been a trend toward greater hip subluxa-
tion in the treatment group.'*



Consensus Recommendations on Evaluation and
Treatment by Functional Levels

The natural history of the disorder should be considered
along with the results of the examination and the goals of
the patient and family in planning treatment. Intervention
should address the problems that were identified through a
thorough history and examination. On the basis of the liter-
ature review, the results of the Delphi survey, and our group
conferences, we list recommendations in this care area by
the functional levels of these patients.

Nounsitters

These patients present in early infancy to rehabilitation
providers with impairments in respiratory function and pro-
found weakness. Limited range of motion, head control,
postural control and alignment, and progressive scoliosis are
found. There is significant fatigue during and after medical
care and with therapies. Weakness leads to varying func-
tional deficits that interfere with caretakers’ abilities to per-
form activities of daily living and that also limit participation
in developmental activities and later in school. A multidisci-
plinary approach to evaluation and management includes a
strong partnership between therapists, patients and fami-
lies, and physicians. Assessments include physical and
occupational therapy and speech therapy if swallowing is
impaired or if speech production is affected by jaw contrac-
tures and inadequate ventilatory support of voice. Play and
occupational support should include lightweight toys and
assistive technology with variable controls and a myriad of
activation systems. Consideration of the patient’s primary
posture should direct choice of equipment and devices that
support function. Upper extremity orthotics to aid in func-
tion include the use of mobile arm supports or slings that
augment active range of motion and functional abilities.
Use of linear elastic elements to balance out the effects of
gravity in multiple dimensions can aid those with proximal
weakness and improve control of distal function. Upper
extremity or hand orthoses should be considered with cau-
tion because attempts to correct postural deviations and
compensations with an orthosis may result in reduced func-
tion. Compensations due to hypermobility and lack of
power should not always be discouraged. Splinting to pre-
serve range of motion and prevent pain may be indicated.

Sitters

Weakness, contractures, respiratory dysfunction, and scolio-
sis characterize the main problems of this group. These
impairments contribute to limitations in mobility, endurance,
and activities of daily living. Evaluations by physical thera-
pists, occupational therapists, and orthopedic surgeons
include measurement of contractures and strength by
goniometry, manual muscle testing, or myometry, with
judicious use of spine and hip radiographs. Equipment
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evaluation includes seating and mobility, positioning, and
equipment for self-care. The need for assistive technology
and adaptive aids should be determined in the context of
improved function. Pulmonary evaluation should be con-
ducted, as it pertains to exercise tolerance and endurance.
Evaluations for manual and power mobility may be con-
ducted as early as 18 to 24 months of age. Contracture man-
agement and exercise are a major focus of treatment, with
implementation of a regular stretching and bracing program
to preserve flexibility. Serial casting for contractures may
improve participation in a standing program and improve tol-
erance of bracing. Regular exercise should be encouraged to
maintain fitness and endurance and might include swim-
ming and adaptive sports. Lightweight ischial weight-bearing
knee-ankle-foot orthoses or reciprocal gait orthoses should
be considered for standing or assisted ambulation with a
walker for patients with sufficient strength. Where this is not
possible, a standing frame or mobile stander with ankle-foot
orthoses should be considered. Upper extremity orthotics
with mobile arm supports or slings augment active range of
motion and functional abilities. Assistive technology and
other adaptive equipment to enhance independent work and
play should be considered.

Walkers

The combination of proximal weakness and impaired bal-
ance results in frequent falls. Limitations are found in
transitions between the floor, sitting and standing, dis-
tance ambulation, changes in terrain, and stair climbing.
There are consistent complaints of fatigue with activity.
Musculoskeletal deformities and pain are most commonly
reported in late childhood and early adolescence, and with
their onset, functional limitations become more pro-
nounced. Patients may present acutely for management of
fractures or other musculoskeletal injury. Balance and
ambulation evaluations include a specific survey of environ-
mental adaptability and access. Evaluation of joint range of
motion and spinal alignment as they affect function, com-
fort, and balance guides more specific orthotic and spinal
assessment and x-rays. Physical and occupational therapy
assessments to determine appropriate mobility aids, adap-
tive equipment, assistive technology, and environmental
access will allow patients to maintain independence and
mobility and to conserve energy. Activities of daily living
assessment for equipment and adaptation may improve
independence and access to home and community environ-
ment. Nonspine x-rays and dual energy x-ray absorptiome-
try are considered in the event of acute musculoskeletal
injuries as a result of overuse, an accident, or a fall.
Treatment and interventions should consider goals of the
family and/or caretakers and should be problem-driven.
Physical therapy consultation helps to maximize safety,
endurance, and independence or to prolong ambulation.
Orthotics also support functional walking. Wheelchair
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mobility for longer distance transportation adds mobility
and independence. Walkers appear less likely to develop
scoliosis; thus, continued walking should be encouraged.
Contracture management and education to maximize joint
protection should be a part of any treatment program.
Maximum functional activity includes access to leisure,
adaptive sport, and play activities. Regular exercise to main-
tain fitness and stamina should be encouraged and may
include swimming, aquatic therapy, horseback riding, and
adaptive sports. Weight management with attention to
fitness and education about nutrition are necessary.
Equipment needs related to activities of daily living and
assistive technology and other adaptive equipment may
be useful to enhance abilities for independent work and
play. Environmental controls and home modifications to
allow for safe accessibility and optimal independence
should be explored. Driver’s education alternatives and
consideration of customized driving controls should be
part of the overall rehabilitation management of the
adult with spinal muscular atrophy.

Orthotics

In selecting and fabricating an orthosis for patients with
spinal muscular atrophy, it is important that the orthotist,
therapist, and family work together to ensure that the
appropriate orthosis is fabricated and allows wearers to
meet their functional goal. For patients with spinal muscu-
lar atrophy, it is particularly important that the orthotist has
a good background and experience in working with patients
with neuromuscular disorders. Familiarity with patterns of
weakness and compensations allows the orthotist to choose
proper materials and to make adaptations that allow for
“best” fit and function.

Spinal orthoses may be used for postural support, but
there is insufficient evidence to support delayed curve
progression. When used, spinal orthoses should be fabri-
cated with an abdominal cutout to allow appropriate
diaphragmatic excursion and access to gastrostomy tubes
where present.

Orthopedic Surgery

Surgical correction of scoliosis should be considered based on
the patient’s curve progression, pulmonary function, and
bony maturity. Scoliosis surgery in children with prolonged
survival provides benefits in sitting balance, endurance,
and cosmesis.'”!”!!! Evidence suggests that earlier surgery
results in better outcome. Beneficial effects on pulmonary
function remain controversial, but the rate of pulmonary
decline may be slowed.''? Intraoperatively, excessive bleeding
may occur. Postoperatively, complications include loss of cor-
rection, pseudarthrosis, a requirement for prolonged ventila-
tory support, and chest and wound infections. Careful

consideration is warranted for the spinal muscular atrophy
patient who is still ambulatory because altered function,
balance, and respiration may result in loss of independent
walking. Pelvic obliquity may require surgical fixation.'"?
Intraoperative neurophysiologic monitoring may detect tem-
porary abnormalities during scoliosis surgery.''*A survey of
patient/parent satisfaction and clinical/functional outcome
was sent to 21 patients with spinal muscular atrophy who
underwent operations for scoliosis. Of those who returned
the surveys, all found benefit from scoliosis surgery regard-
ing cosmesis, quality of life, and overall satisfaction.'"”
Although there is a higher rate of hip subluxation in spinal
muscular atrophy, few are painful. Surgical reduction and
osteotomy are frequently followed by redislocation.''®!'"” In
most circumstances, this surgery is avoidable. Ankle and foot
deformities make conventional shoes difficult to wear, and
orthopedic surgeons may consider soft tissue releases at the
child and family’s request. In walkers, if soft tissue releases
are performed, rapid and aggressive physical therapy may
improve outcome.

Perioperative Management in Spinal
Muscular Atrophy

Perioperative management and the role of rehabilitation
should be customized according to the specifications and
needs of the patient and family, therapist, and surgeon. In
general, preoperative management includes appropriate
modification of the individual’s environment, a plan for
orthotic intervention, and confirmation of timing and
modification of orthoses. New wheelchairs or wheelchair
modifications of the seat, back, arm, leg, or headrests are
likely to be required. One may anticipate increased sitting
height after scoliosis surgery, resulting in the need for van
modifications. Families need instruction in transfers,
including arrangements for a mechanical lift, if necessary.
Arrangements for bathing, toileting, and dressing equip-
ment and potential modifications to clothes for ease in
donning and doffing over, under, and/or around casts or
orthoses are necessary. Two small studies found that non-
invasive positive pressure ventilation, 1 with mechanical-
assisted cough training prior to surgery, resulted in
successful extubation.''®!'"? Incentive spirometry practice
may be initiated and coordinated with preoperative non-
invasive pulmonary supports, such as bilevel positive air-
way pressure and exsufflator (cough-assist) devices.

Postoperatively, one must confirm timing of appropriate
casting and fitting of orthoses, allowed range of motion, and
activity and that appropriate adaptive equipment is available.
Therapists can ensure appropriate use of incentive spirome-
try and instruction of nursing staff and family on bed mobil-
ity, transfers, dressing, bathing, and toileting. The individual
should be mobilized as soon as possible, as allowed by the
procedure and surgeon.



Conclusion

Infants and children with spinal muscular atrophy should
have appropriate evaluation for their presenting muscu-
loskeletal and functional deficits. Goals of therapy and sur-
gery depend on functional level and the family’s wishes.
Even young children should be offered independent mobil-
ity and activities of daily living, which includes play.
Whenever possible, walking should be encouraged with
appropriate assistive devices and orthotics. Hip subluxation
is rarely painful, and there is a high risk of recurrence
despite surgical correction. Spinal orthoses may provide
postural support but do not prevent curve progression and
may impair respiratory effort. Scoliosis surgery appears to
benefit patients who survive beyond 2 years of age when
curves are severe and progressive and should be performed
while pulmonary function is adequate. Preliminary studies
show the benefit of preoperative training with noninvasive
ventilation and cough-assist devices. Intraoperative neuro-
physiologic monitoring detects early neurologic compromise
in some and may improve outcome.

Recommendations for Future Direction

The optimal evaluation procedure to assess motor function
in very weak infants is evolving, with ongoing research
efforts under way. Many questions remain regarding best
practices in therapeutic interventions. There is a need for
the development of creative technology to improve inde-
pendent function. Further research is suggested to evaluate
the effects of spinal bracing and surgery on function, bal-
ance, and respiratory function. The role of bone density
evaluation and treatment of osteopenia must be further
examined.

Palliative Care Issues

In most circumstances in the course of medical practice,
the goal of therapy—to further quality and extent of life—is
straightforward. In the case of patients with spinal muscu-
lar atrophy, however, the appropriate goal of therapy may
not be clear. Some therapies may be perceived as placing
quality of life in conflict with duration of life, prolonging
suffering rather than relieving the burden of disease. Thus,
there is little national or international consensus about the
appropriate level of care, and local experience, training,
habit, and resource availability appear to have a large effect
upon recommendations and ultimately family decisions
about interventional support.'**'** Although not surveyed
formally, the committee is aware of a similar broad range of
practice regarding appropriate pulmonary, nutritional,
orthopedic, and other forms of therapy.

Optimal clinical care for these patients should be
mindful of potential conflict of therapeutic goals. This
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conflict is made more difficult by the need for surrogate
decision makers for a dependent infant and the fact that
many—including parents, siblings, other relatives, care-
givers, payers, and the wider community—will be affected
by and thus have some valid interest in care decisions.
The committee reached consensus that these conflicts
are real and that there is no moral imperative to any ther-
apy. There is, however, a deep responsibility to present
care options in an open, fair, and balanced manner.

A choice for or against interventional supportive care is
not a single binary choice, nor must it be unchanging with
circumstance. There are, however, some interventions that
are better done early so as not to constrain later potential
assistance. For example, placement of a gastrostomy tube is
better done relatively early, when associated risks are lower,
to provide more stable and comfortable nutritional support
later when feeding is more tenuous. Similarly, it is impor-
tant to discuss and determine the appropriate response to
potential life-threatening respiratory insufficiency, as emer-
gency resuscitation and endotracheal intubation during
times of crisis without prior respiratory support are associ-
ated with many more problems in care than when decisions
are made in advance. If appropriate, other forms of nonin-
vasive respiratory device that might reduce the potential for
emergent respiratory support should be introduced accord-
ing to increasing need. Whenever possible, caregivers
should ideally permit sufficient time after diagnosis prior to
discussing these difficult issues; in all cases, sufficient time,
honest appraisal of the choices, openness to revisiting deci-
sions made, and personal rapport are essential to these dis-
cussions. If appropriate, other family members or trusted
friends or spiritual advisors should be invited. End-of-life
care decisions need to be defined and neither delayed nor
aggressively foisted upon unsuspecting, grieving, and
stunned parents.

Care for patients with spinal muscular atrophy is often
best accomplished with a multispecialty team approach,
when possible. Successful teams have a point person who is
mindful of the many needs and can obtain appropriate med-
ical, social, and spiritual assistance as appropriate. In addi-
tion, hospice referral or other provision for the specific
issues regarding terminal care, grief, and bereavement sup-
port is important. In the circumstance of a choice against
mechanical ventilatory support, appropriate provision for
management of terminal dyspnea can be of comfort to the
patient and family alike. Use of nebulized narcotics can
avoid much of the concern that overdosing contributes to
death and provide comfort to the patient.
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Observational study of spinal muscular

atrophy type I and implications for clinical
trials

ABSTRACT

Objectives: Prospective cohort study to characterize the clinical features and course of spinal
muscular atrophy type | (SMA-1).

Methods: Patients were enrolled at 3 study sites and followed for up to 36 months with serial clin-
ical, motor function, laboratory, and electrophysiologic outcome assessments. Intervention was
determined by published standard of care guidelines. Palliative care options were offered.

Results: Thirty-four of 54 eligible subjects with SMA-I (63%) enrolled and 50% of these com-
pleted at least 12 months of follow-up. The median age at reaching the combined endpoint of
death or requiring at least 16 hours/day of ventilation support was 13.5 months (interquartile
range 8.1-22.0 months). Requirement for nutritional support preceded that for ventilation sup-
port. The distribution of age at reaching the combined endpoint was similar for subjects with
SMA-I who had symptom onset before 3 months and after 3 months of age (p = 0.58). Having 2
SMNZ2 copies was associated with greater morbidity and mortality than having 3 copies. Baseline
electrophysiologic measures indicated substantial motor neuron loss. By comparison, subjects
with SMA-Il who lost sitting ability (n = 10) had higher motor function, motor unit number estimate
and compound motor action potential, longer survival, and later age when feeding or ventilation
support was required. The mean rate of decline in The Children’s Hospital of Philadelphia Infant
Test for Neuromuscular Disorders motor function scale was 1.27 points/year (95% confidence
interval 0.21-2.33, p = 0.02).

Conclusions: Infants with SMA-I can be effectively enrolled and retained in a 12-month natural
history study until a majority reach the combined endpoint. These outcome data can be used
for clinical trial design. Neurology® 2014;83:810-817

GLOSSARY

CHOP INTEND = The Children's Hospital of Philadelphia Infant Test for Neuromuscular Disorders; Cl = confidence interval;
CMAP = compound motor action potential; IQR = interquartile range; MUNE = motor unit number estimate; SMA = spinal
muscular atrophy; SMN1 = survival of motor neuron 1, telomeric.

Proximal spinal muscular atrophy (SMA) is an autosomal recessive motor neuron disorder with
an incidence of 1:11,000 live births.! Mutations in the survival of motor neuron 1, telomeric
(SMNT) gene cause SMA.> A nearly identical gene, SMN2, harbors an exonic splicing enhancer
mutation that limits inclusion of exon 7.7 This results in a reduced amount of functional full-
length SMN protein. The SMN2 copy number is inversely related to clinical severity.* SMN
protein functions within a spliceosomal complex and is important in RNA processing.” SMA is a
clinical continuum, divided into 4 phenotypes based on maximal motor function achieved: type
I (SMA-I, onset by 6 months, nonsitter), type II (SMA-II, onset 6-18 months, sitter),
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ambulatory type III children, and type IV
adults.®” Prior natural history studies have
demonstrated shortened lifespan for SMA-I,
with 68% succumbing within 2 years and
82% by 4 years of age.*” SMA-I has been
further subdivided into 3 groups: type IA (or
zero, in some reports®), presentation at birth
with joint contractures and respiratory com-
promise; type IB, onset of symptoms before
age 3 months; and type IC, onset after 3
months of age.”'® Recent utilization of nutri-
tional and respiratory support has altered the
natural history of SMA-I, reducing mortality
to approximately 30% at age 2 years, with
approximately half of these survivors fully reli-
ant on noninvasive ventilation."

This prospective study was designed to
describe the current natural history of SMA-I
and guide planning of clinical trials for SMA-I.

METHODS This study was performed by the Pediatric Neuro-
muscular Clinical Research Network for SMA, with clinical sites
at Columbia University Medical Center (New York), University
of Pennsylvania (The Children’s Hospital of Philadelphia), and
Harvard University (Boston Children’s Hospital). Data manage-
ment and statistical analysis were performed by the Biostatistics
Center of the Muscle Study Group at the University of Rochester
(New York).

The overall study design and data on subjects with SMA types
IT and III have been reported separately.'>'* The diagnosis of
SMA and subtype classification were made by the principal inves-
tigator at each site (R.F., P.K., B.D.). Confirmation of the SMN1
exon 7/8 common deletion was performed by PCR amplification
and restriction digest of DNA using primers flanking SMNT and
SMN?2 exon 7, and SMN2 copy number was determined as pre-
viously described.’> Only patients with homozygous deletions
were included.

Previously identified patients followed in our clinics and
newly diagnosed patients were enrolled. All eligible patients were
offered participation. Study visits were scheduled at baseline and
at 2,4, 6,9, and 12 months and every 6 months thereafter. The
SMA standard of care guidelines published in 2007 were used as a
basis for providing uniform care among the study sites.'* For
purposes of this study, sitting (for SMA-II) was defined as being
able to sit independently for >10 seconds. To permit an analysis
on the basis of function, rather than SMA type, subjects with type
II (n = 45) were included and divided into type IIA, having lost
the ability to sit (n = 10), and type IIB, having maintained the
ability to sit (n = 35).

Demographic information included age, sex, and ethnicity.
SMA history included age at symptom onset (by parental recollec-
tion and by verification of medical records when available), age at
clinical diagnosis, means of diagnosis (clinical impression, molec-
ular genetic confirmation), history of motor developmental mile-
stones gained and/or lost, and family history of SMA. Other
relevant medical and surgical history was captured, with attention
to feeding/nutrition and respiratory function, hospitalizations,
therapy received, and medication/supplements taken (none were
disallowed). The primary outcomes of interest were age at death

and age at reaching the combined endpoint of either death or

requiring at least 16 hours/day of noninvasive ventilation support
for at least 14 days in the absence of an acute reversible illness or
perioperatively (as a surrogate for death).' Physical examination
findings included weight, length/height, head and chest circum-
ference, vital signs, motor function, scoliosis, and joint contrac-
tures. Measurement of the serum comprehensive metabolic panel
and complete blood count was performed at each study visit.
Laboratory abnormalities were determined based on each hospital
laboratory’s normal values for age.

Motor function testing utilized The Children’s Hospital of
Philadelphia Infant Test for Neuromuscular Disorders (CHOP
INTEND), a validated 16-item, 64-point scale shown to be reli-
able and sensitive to change over time for SMA-I.'>'¢ The CHOP
INTEND was performed on all subjects with SMA-I and, for
comparison, 5 subjects with SMA-II. Motor function testing was
performed by clinical evaluators after a training and reliability
session and reliability was re-established annually.'?

Electrophysiologic measurements, the compound motor action
potential (CMAP) and motor unit number estimate (MUNE, mul-

tipoint method), were obtained as previously described.'?

Standard protocol approvals, registrations, and patient
consents. All guardians of participants provided written
informed consent approved by the individual institutional review

boards at the participating sites.

Statistical analysis. For purposes of analysis, subjects with
SMA-T were subdivided into types IB and IC, and classified as
“recent” if enrolled within 3 months of diagnosis or “chronic”
if beyond 3 months. The distributions of age at death and age at
reaching the combined endpoint of either death or requiring at
least 16 hours/day of noninvasive ventilation support for at least
2 weeks were described using Kaplan-Meier curves. The
distributions of age at reaching the combined endpoint were
compared between subjects with type IB and type IC, boys and
girls, and those with 2 and 3 SMN2 copies using log-rank tests.
The mean rate of change over time (slope) in CHOP INTEND
score was estimated using a mixed-effects linear regression model
with random slopes and intercepts. The mean slopes were
compared between subjects who were recently diagnosed and
those with chronic SMA-I, as well as between subjects with
type IB and type IC, by adding the subgroup variable and its
interaction with time to the mixed-effects model and testing for
significance of the interaction term. The distributions of
electrophysiologic variables (CMAP and MUNE) at baseline
were compared between various subgroups (type IB vs type I1C;
recently diagnosed vs chronic SMA-I) using Wilcoxon rank sum
tests. SMA-I subjects with 2 vs 3 copies of SMN2 were compared
regarding baseline variables using Wilcoxon rank sum tests or x*
tests, as appropriate. Fisher exact tests were used to compare
SMA-T and SMA-II subgroups regarding the percentage of

subjects with abnormal laboratory values.

RESULTS All ages are listed in months. Descriptive
results for several variables are expressed as median
and interquartile range (IQR). Seventy-nine subjects
(34 SMA-I and 45 SMA-II) were enrolled between
May 2005 and April 2009. The baseline subject
characteristics are summarized in table 1, and
longitudinal data are summarized in table 2.
Figure e-1 (available on the Neurology® Web site at
Neurology.org) depicts the relationship between age
at symptom onset and time between symptom onset

and enrollment for subjects with SMA-I, and indicates
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[ Table 1 Baseline demographic and clinical characteristics of study participants

Type IB Type IC Type Il
Recent Chronic Recent Chronic Type IIA Type IIB
No. 8 10 6 10 10 B85)
Sex, M/F, n 2/6 4/6 5/1 8/2 2/8 16/19
Age at symptom onset, mo, median (IQR) 1.5 (1-2.5) 3.0 (2-3) 4.0 (4-5) 4.0 (4-6) 11.0 (7-12) 8.5 (6-12)
Age at clinical diagnosis, mo, median (IQR) 3.5 (1.8-6) 6.0 (4-7) 5.5 (5-7) 6.0 (6-8) 11.5 (9-14) 13.0 (10-18)
Age at enrollment, mo, median (IQR) 5.0 (2.5-6.5) 59 (17-184) 6.5 (6-8) 30.5 (22-78) 200 (137-298) 64 (38-90)
Screen failures,® n (%) 20/54 (37) 32/77 (42)
SMN2 copy number, n
2 7 6 3 7 1 1
3 1 3 3 2 9 34
Percent receiving nutritional support, 50 (4/8) 100 (10/10) 17 (1/6) 90 (9/10) 50 (5/10) 14 (5/35)
no. by nasogastric tube/
gastrostomy tube
Percent receiving ventilation support, 0 (0/8) 80 (8/10) 0 (0/e) 80 (8/10) 60 (6/10) 23 (8/35)
no. by noninvasive ventilation/
tracheostomy and ventilator
Percent receiving both nutritional and 0 (0/8) 80 (8/10) 0 (0/6) 80 (8/10) 40 (4/10) 11 (4/35)
noninvasive ventilation support
CHOP INTEND score, median (IQR), n 32.5(31-33), 11.0 (6.5-18), 28.5 (26.5-31), 28.0(11-30), 33, (h=1) 45.5 (42.5-53),
n=6 n=28 n=4 n=9 n=4
Maximum CMAP (negative peak 329 (250-429), 238 (200-400), 300 (300- 400 (300-600), 1,200 (659.5- 1,200 (767-
amplitude, pnV), median (IQR), n n=4 n=29 800), n=6 1,550), 1,600),
n=3 n=28 n=29
MUNE, (IQR), n 3.8 (2.3-6.9), 3.4 (2-5.1), 6.4 (5.2-7.4), 7.5 (5.6-9.9), 9.2 (7.9-13.9), 11.7 (1.6-79.9),
n=4 n=29 n=3 n=6 n=28 n=29

Abbreviations: CHOP INTEND = The Children's Hospital of Philadelphia Infant Test for Neuromuscular Disorders; CMAP = compound motor action poten-
tial; IQR = interquartile range; MUNE = motor unit number estimate.
Type IB = symptom onset younger than 3 months of age; type IC = symptom onset older than 3 months of age; type IIA = lost independent sitting; type
IIB = retained independent sitting.
2Reasons given by caregivers for screen failure/nonparticipation for patients with spinal muscular atrophy type | (1 or more/subject): declined (n = 7), too
weak/ill to participate (n = 3), sought palliative care (n = 1), distance (n = 1), expense (n = 1), wanted a treatment trial (n = 1), and undecided/no reply

(n =10).
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the type of supportive care received at baseline.
Nutritional support (nasogastric tube or gastrostomy
tube; median 8.0, IQR 6-13) was initiated
approximately 3 months earlier than ventilation
support (noninvasive ventilation or intubation leading
to tracheostomy; median 11.0, IQR 5-19). At baseline,
all subjects with SMA-I older than 12 months required
feeding or combined feeding and ventilation support,
and 14 required 16+ hours/day of ventilation support
(11 with bilevel positive airway pressure by mask, 3
with tracheostomy). For the entire SMA-I cohort, the
age at symptom onset (median 3.0, IQR 2-4) was
approximately 3 months before the age at diagnosis
(median 6.0, IQR 4-7) and the interval from
diagnosis to enrollment (median 9.0, range 0.3-252)
reflects that many chronic patents were included.
Mortality and combined endpoint data are pre-
sented in figure 1 and vendlation support data are
detailed in table 1. Nine subjects with SMA-I died dur-
ing follow-up: 6 with type IB and 3 with type IC.

Causes of death were acute pulmonary infection

Neurology 83 August 26, 2014

(n = 6), airway obstruction (n = 2), and bradycardic
arrest (n = 1). The median age at reaching the combined
endpoint in subjects with SMA-I was 13.5 (IQR 8.1-
22.0). This distribution did not differ significantly by sex
(p = 0.19) or SMA-I subtype (figure 1B, p = 0.58): the
median age at the combined endpoint for subjects with
type IB was 11.9 (IQR 7.0-22.0) and for subjects with
type IC was 13.6 (IQR 8.8-20.1). SMN2 copy number
data were obtained in 31 of 34 subjects and are summa-
rized in table 1. Nine subjects had an SMN2 copy num-
ber of 3; none died and 4 required 16+ hours of
ventilation for at least 2 weeks during the course of this
study. The distribution of the age at reaching the com-
bined endpoint differed by SMN2 copy number (figure
1C, p = 0.002): the median age at the combined end-
point for subjects with 2 SMN2 copies was 10.5 IQR
8.1-13.6), but the 25th percentile was 22.0 for those
with 3 SMN2 copies (not enough events occurred to
permit estimation of the median age).

Motor function as measured by the CHOP
INTEND is summarized in table 1. CHOP



[ Table 2 Follow-up data for subjects with SMA-I by subtype (IB and IC) and by recent/chronic status (see text) ]

Type IB Type IC Type Il

Recent Chronic Recent Chronic Type IIA Type IIB
Percentage of scheduled study visits completed 100 (92-100) 75 (50-83) 45 (17-83) 75 (67-100) 92 (67-100) 83 (67-100)
(maximum 12 mo), up to time of censoring, death,
or withdrawal, median (IQR)?
Subjects withdrawn from the study (excluding 1(12.5) 3(30) 1(16.7) 2 (20) 4 (40) 4(11.4)
deaths), n (%)
Off-label “SMA medication™ use, n (%) 1(12.5) 5(50) 3(50) 1(10) 3(30) 8(22.9)
Gastrostomy tube placement, % 62.5 90 50 90 30 26
Age when gastrostomy tube was placed 6.0 (4-7) 9.0 (8-14) 6.0 (6-15) 8.0 (7-13) 30.0 (15-36) 55 (42-58)
Receipt of NIV, intubation, or ventilation at any 12.5 100 50 100 100 57.1
time, %
Age when NIV started median (range) 6 59 (12-184) 11 (9-24) 18.5 (12-22) 170 (68-279) 62 (42-80)
Bi-PAP or intubation for 16+ h/d for 14+ d, % 25 80 50 70 10 3
Age when Bi-PAP or intubation for 16+ h/d for 3.5 (2-5) 13.5(8-21.5) 10(8-18) 13 (8-21) 28 16
14+ d was attained
Mortality, % 62.5 10 333 10 0 29
Age at death for individual subjects (median) 2,6,6,11,12(6.00 177 9,14 (11.5) 32 NA 46

Abbreviations: Bi-PAP = bilevel positive airway pressure; IQR = interquartile range; NA = not applicable; NIV = noninvasive ventilation; SMA = spinal
muscular atrophy.

The subjects with recent and chronic SMA-Il are combined. Ages are reported as median (IQR) in months, unless otherwise specified.

@Duration of follow-up (months) to the point of withdrawal (including death) or end of the study was shorter for subjects with SMA-I (median 6.5, IQR 1-28)
than for those with SMA-II (median 33, IQR 18-37).

b Medications and supplements taken (number of subjects, SMA-I/SMA-l, 7 subjects with SMA-Il were on 2 medications): albuterol (3/4), carnitine (2/4),
creatine (1/4), hydroxyurea (3/2), sodium phenylbutyrate (0/1), valproic acid (1/3).

INTEND scores did not differ significantly at base-
line whether or not nutritional support was required,

were required (table e-1). Seventeen subjects with
SMA-T (4 recent, 13 chronic) were evaluated on at
least 2 occasions using the CHOP INTEND (figure 2
by study visit and figure e-2 by age). The mean rate of

while the age was older and the scores were notably

lower when both nutritional and ventilation support

[ Figure 1 Time-to-event curves for SMA-I ]
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Kaplan-Meier curves for SMA-I. (A) Probability of survival with advancing age by SMA-I subtype (type IB, n = 18; type IC, n = 186). (B) Probability of not
reaching the combined endpoint of death or the need for a minimum of 16 hours/day of noninvasive ventilation support for a minimum of 14 continuous days,
in the absence of an acute reversible illness or perioperatively, with advancing age by SMA-I subtype. (C) Probability of not reaching the combined endpoint
with advancing age by SMN2 copy number (2 copies, n = 23; 3 copies, n = 9). SMA-| = spinal muscular atrophy type I.
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change over time in the CHOP INTEND score over-
all was —1.27 points/year (95% confidence interval
[CI] —2.33 to —0.21, p = 0.02). The mean rate of
change was similar (p = 0.90) for the recently diag-
nosed subgroup (—1.24 points/year, 95% CI —2.39
to —0.09, p = 0.03) and the chronic subgroup
(—1.07 points/year, 95% CI —3.53 to 1.39, p =
0.39). The mean decline was slightly worse among
type IB subjects (—1.83 points/year, 95% CI —3.35
to —0.32, p = 0.02) than among type IC subjects
(—0.83 points/year, 95% CI —2.18 to 0.52, p =
0.22), but the group difference in mean rate of
change was not significant (p = 0.32).

Of the 54 eligible subjects with SMA-I screened, 34
(63%) were enrolled, with an average of 1.20 subjects
with  SMA-I screened/month and 0.74 subjects
enrolled/month among the 3 study sites. Overall,
50% of subjects with SMA-I and 84% of subjects with
SMA-II completed at least 12 months of follow-up. Of
those who lived for at least 12 months after enrollment,
5 of 25 (20%) completed all 6 scheduled study visits
and 15 of 25 (60%) completed at least 4 of the 6 visits
for the initial 12 months. Missed visits were attribut-
able to illness, surgery, and travel difficulties. Early
withdrawal occurred in 16 of the 34 subjects (47%):
9 because of death (all within the first 12 months)
and 7 for other reasons (1 illness, 2 noncompliant, 2
enrolled in a treatment study, 1 time constraints for
the caregivers, 1 withdrew consent).

Study procedures were well tolerated. Of the 34
adverse events that were reported, 65% were related
to the pulmonary system (respiratory syncytial virus
in 3), 21% to gastrointestinal issues, and 6% were
perioperative in nature. All were determined to be
related to progression of disease or to scheduled hos-
pital admissions for surgery or testing; none were
attributed to the study assessments or travel to the
study site. No primary cardiac events were identified.
The duration of study visits was approximately
4 hours, including breaks.

Most laboratory values were within normal ranges or
were slightly outside the range of normal (alanine amino-
transferase, hemoglobin, creatinine, glucose; table e-2).

CMAP and MUNE responses were obtained at
the baseline visit in 20 of 34 subjects with SMA-I
(59%) and were omitted otherwise upon parental
request. The ulnar CMAP amplitude (median =
300 pV, range 41-1,100 wV) and MUNE (median
5, range 1-18) responses were substantially reduced
relative to reference data for the lower limit of normal
in infants from neonate to 2 years of age (CMAP:
1,800-5,000 wV; MUNE: 100-250). Normative
CMAP values rise with development before plateau-
ing at adult levels by the end of the first decade.
Cross-sectional MUNE norms have been reported
in infants and some age groups, although the trajec-
tory of MUNE values during normal development
has not been as well charted.'”” There were no

[ Figure 2 CHOP INTEND motor function in SMA-I: Longitudinal data ]
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significant differences in CMAP and MUNE between
the recently diagnosed and chronic SMA-I subgroups
(CMAP: p = 0.80; MUNE: p = 0.97), nor was there
a significant difference in CMAP between the type IB
and type IC subgroups (p = 0.35), but the MUNE
values tended to be higher in the type IC subgroup
than in the type IB subgroup (p = 0.04, table 1).

DISCUSSION We have demonstrated that a prospec-
tive, longitudinal natural history study of SMA-I can
be performed effectively among 3 clinical sites. We
found that subjects with type IB and type IC fare
similarly regarding time to the combined endpoint.
The need for gastrostomy tube placement and
noninvasive ventilation was not significantly different
in these SMA-I subgroups. Thus, it would be
sensible to include both subgroups in a clinical trial
that used time to reach the combined endpoint as
the primary outcome variable, and there would
appear to be no advantage of stratifying by subgroup
in the randomization or statistical analysis. In a
different study, time to the combined endpoint in
patients with SMA-I did not differ between those
receiving supportive nutritional care only vs proactive
respiratory support.'®

For purposes of clinical trial planning, our data
suggest that the probability of reaching the combined
endpoint at age 12 months (i.e., after 6-9 months of
trial participation) is approximately 50%. A sample
size of 63 subjects per group (126 total) would be
required in a 2-group trial to provide 80% power to
detect a relatively large group difference of 50% vs
75% regarding event-free survival (not reaching the
combined endpoint), corresponding to a hazard ratio
of 0.42, using a log-rank test and a 5% significance
level (2-tailed), assuming a 10% dropout rate. An
additional 6 months of follow-up would increase
the probability of reaching the combined endpoint
to approximately 65%, possibly allowing for detec-
tion of a smaller treatment effect, but one would have
to consider the increased risk of dropout with longer-
term follow-up in sample-size planning.

Mortor status, as measured by the CHOP INTEND
total score, declined over time in subjects with SMA-I
but the mean rate of decline was not significantly differ-
ent between the type IB and type IC subjects or
between the recently diagnosed and chronic subgroups.

Despite advanced denervating disease, CMAP and
MUNE could be obtained at baseline in the majority
of subjects in this cohort. CMAP amplitudes, how-
ever, were similar across groups in patients with
SMA-I and therefore less informative, likely because
they were very low at the time of baseline evaluation.
The baseline MUNE, however, while still quite low,
was relatively higher in the type IC than in the type
IB subgroup. CMAP amplitude and MUNE from

the distal ulnar nerve may serve as useful markers in
early-phase trials if an intervention causes some rescue
of motor neurons, hastens deterioration, or promotes
collateral reinnervation. However, the absence of
change in these measures does not necessarily indicate
a lack of benefit because they do not reflect motor
neuron pools that control bulbar or respiratory func-
tion and may be limited because of very advanced
denervation.

SMN?2 copy number was associated with severity
of disease and with the time to reach the combined
endpoint in our cohort. Limiting a clinical trial to
subjects with a copy number of 2 will yield a higher
number of participants who reach the combined end-
point; however, this could make recruitment more
difficult. It would seem useful, however, to stratify
by SMN2 copy number in the randomization of par-
ticipants in future trials.

The elevated alanine aminotransferase findings may
reflect muscle atrophy (creatine kinase levels were not
evaluated here, but have been reported to be elevated
in SMA"). Reduced serum bicarbonate may reflect
an underlying metabolic acidosis, as has been described
previously.”® Reduced serum creatinine values reflect
reduced muscle mass; these tended to occur more fre-
quently in subjects with SMA-II than in subjects with
SMA-I (p = 0.08). The use of serum cystatin C may
be better than serum creatinine for evaluation of renal
function. Random blood glucose levels were abnor-
mally reduced or elevated in 8 of 26 subjects with
SMA-I (30.8%) and in 23 of 43 subjects with
SMA-II (53.5%). Both hypo- and hyperglycemia war-
rant close monitoring, especially in time of illness or
perioperatively, as has been demonstrated.”!

Limitations to the interpretation of these data
include the relatively small sample size, incomplete
retention, and having a mixture of recently diagnosed
and more chronic subjects. The latter group (20 of 34
subjects, 59%) is more likely to have milder disease
and to have longer-term survival. While all subjects
with SMA were included, focusing on the recently
diagnosed group may give a clearer picture of the nat-
ural history of SMA-I using contemporary support
options.

Patients with SMA-I can be effectively enrolled in
a longitudinal study. Subjects should be enrolled in
trials shortly after diagnosis, before age 8 months,
by which time about half of the subjects already
need feeding support. Enrollment within 1 month of
diagnosis is feasible but will be a challenge. The subjects
tolerated extensive testing with appropriate rest periods.
Retention was variable for the subjects with SMA-I,
who missed many study visits because of illness. The
frequency of study visits was challenging for many sub-
jects with SMA-I and their parents. To maximize reten-
tion, study visits should be minimized; the use of
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remote assessments in lieu of some study visits should
be considered. Multiple pulmonary-related adverse
events and minor laboratory abnormalities should be
anticipated in an intervention study. SMN2 copy num-
ber serves as a predictive biomarker potentially useful
for stratification, in contrast to SMA-I subtype (IB and
IC). The composite endpoint of death or the need for at
least 16 hours/day of noninvasive ventilation support
for at least 2 weeks accurately captures the milestone of
sustained respiratory failure, a surrogate for death. The
CHOP INTEND may serve as a useful secondary out-
come measure.
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SMA Infant Biomarker Study

Motor Performance Items (TIMPSI) and the Children’s Hospital of Philadel-
phia Infant Test of Neuromuscular Disorders (CHOP-INTEND) revealed signif-
icant differences between the SMA and control infants at baseline. Ulnar
compound muscle action potential amplitude (CMAP) in SMA infants
(1.4 £ 2.2 mV) was significantly reduced compared to controls (5.5 £ 2.0
mV). Electrical impedance myography (EIM) high-frequency reactance slope

(Ohms/MHz) was significantly higher in SMA infants than controls SMA
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infants had lower survival motor neuron (SMN) mRNA levels in blood than
controls, and several serum protein analytes were altered between cohorts.

Interpretation: By the time infants were recruited and presented for the base-
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Introduction

Spinal muscular atrophy (SMA) is the leading genetic
cause of death in infants, exhibits a wide range of clinical
severity and has an incidence of one in 11,000 live
births."? SMA is caused by homozygous deletion or
mutation in the SMNI (survival motor neuron 1) gene
and retention of the nearly identical gene, SMN2 (survival
motor neuron 2), which results in reduced expression of
full-length SMN protein.>® In humans, SMN2 is present
in the same genomic region and differs from SMNI by a
single-nucleotide substitution that results in the exclusion
of exon 7 in approximately 90% of SMN transcripts.>®
The mRNA that results, SMNA7, produces a truncated
protein that is nonfunctional and targeted for degrada-
tion.”®

Clinically, SMA is characterized by skeletal muscle
weakness and, in a substantial majority of severely
affected individuals, respiratory insufficiency and prema-
ture death. Disease severity spans a wide range of pheno-
types divided into five categories based upon maximal
motor function: type 0, (neonates who present with sev-
ere hypotonia often with history of decreased fetal move-
ments), type 1 (never sit independently), type 2 (sit but
never stand independently), type 3 (ambulatory children),
and type 4 (ambulatory adults).”'® SMN2 copy number
correlates inversely with clinical severity in humans and
motor function and survival in murine models.""'* Thus,
SMN2 copy number is a prognostic biomarker that pre-
dicts future clinical outcome.

Clinical studies designed to increase the expression of
the SMN protein are underway in infants with SMA
(ClinicalTrials.gov: NCT02193074, NCT02292537, NCT02
386553, NCT02122952, NCT02462759, and NCT022
68552).'>'° Natural history studies in the SMA type 1
population demonstrated shortened lifespan, with 68%
mortality within the first 2 years of life.>'" With the
advent of standardized care guidelines,'” the mortality of

line visit, SMA infants had reduced motor function compared to controls.
Ulnar CMAP, EIM, blood SMN mRNA levels, and serum protein analytes were
able to distinguish between cohorts at the enrollment visit.

SMA type 1 infants has been reduced at 2 years of age to
30%, with nearly half of these infants dependent upon
noninvasive ventilation.'® In a recent observational study,
SMA infants who developed symptoms prior to 6 months
of age demonstrated very poor motor function and signif-
icant motor loss electrophysiologically at the enrollment
visit."” Thus, there is heightened need to identify and vali-
date physiological and molecular biomarkers in the SMA
type 1 population and to obtain longitudinal outcome
measures for use in future SMA infant clinical trials.

We sought to determine the feasibility and reliability of
testing specific putative physiological and molecular SMA
biomarkers in infants with SMA and in age-matched
healthy control infants. We performed a systematic, mul-
ti-center, longitudinal natural history study in SMA
infants designed to mimic a hypothetical phase 3 inter-
ventional clinical trial. Our goals were: 1) to determine
the natural history of motor function during the first 2
years of life in infants with SMA and in healthy infants,
2) to determine the natural history of putative electro-
physiological and molecular biomarkers in infants with
SMA and healthy infants 3) to determine the relationship
between putative electrophysiological and molecular
biomarkers to motor function in infants with SMA and
healthy infants.

Subjects and Methods

This study was performed and supported by the National
Network for Excellence in Neuroscience Clinical Trials
(NeuroNEXT) Clinical Trial Network and originated from
The Ohio State University Wexner Medical Center. The
NeuroNEXT infrastructure consists of 25 clinical centers
geographically distributed across the United States, a Cen-
tral Coordinating Center at Massachusetts General Hospi-
tal and a central Data Coordinating Center at University
of Iowa (Table S1). Fifteen sites (Table 1) began
enrollment in November 2012. Guardians of all subjects

© 2016 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 133
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provided written, informed consent approved by the
NeuroNEXT central institutional review board® at the
enrolling sites.

Study design

This was a prospective, longitudinal natural history study
of infants with genetically confirmed SMA and healthy
control infants. Enrollment was restricted to infants who
were 6 months of age or younger and were born between
36 and 42 weeks of gestation. The study was designed to
mimic the inclusion and timing of future SMA clinical
trials targeting treatment to SMA infants. Therefore, the
diagnosis of SMA was made by study investigators or
community neurologists and confirmed with clinical
genetic testing prior to enrollment. Asymptomatic sub-
jects who had been genetically tested prior to the enroll-
ment were permitted. Subjects were excluded if they
required noninvasive ventilatory support (i.e., BiPAP) for
more than 12 hours/day, had a comorbid illness or were
enrolled in an SMA therapeutic clinical trial. SMA infants
taking any therapies thought to increase SMN expression,
such as valproic acid, were excluded from the study. The
absence of an SMNI gene deletion/mutation was con-
firmed for each healthy control infant.

The baseline study visit occurred prior to the age of
6 months and as young as possible, following either genetic
confirmation of SMA (with or without clinical symptoms
at time of enrollment) or identification as a suitable normal
control subject. Thereafter, study visits were scheduled to
occur according to age at 3 (if applicable), 6, 9, 12, 18, and
24 months. In this report, we present the baseline visit

Table 1. Baseline characteristics of SMA and healthy control infant
cohorts.

SMA (N = 26) Control (N = 27)
Demographics N (%) N (%)
Females 15 (58) 14 (52)
White race 24 (92) 24 (89)
Hispanic 6 (23) 3(11)
Mean (SD) Mean (SD)
Age at enrollment (months) 701.7) 3(2.0)
Baseline visit weight (Ibs) 13 4 (2.2) 13 4 (3.3)
Gestational age (weeks) 38 8(1.5) 39 0(1.4)
Birth weight (Ibs) 2(1.2) 0(1.4)
Birth length (inches) 20 1(1.2) 20 0(1.0)
SMN2 copy number N (%) N (%)
1 0 12 (44)
2 16 (64) 13 (48)
3 5(19) 1(4)
4 1(4) 0
Unknown 4 (15) 1(4)
SMN2 gene modifier ¢.859G>C 0 0

S. J. Kolb et al.

results. Twenty-seven healthy infants were enrolled within
12 months; 26 infants with SMA were enrolled concur-
rently over 22 months. Confirmation of the SMN1 exon 7
deletion and SMN2 copy number were performed as previ-
ously described.”! In addition, DNA from SMA subjects
was screened for the SMN2 gene positive modifier muta-
tion ¢.859G>C.*

The order of study procedures was strictly adhered to
at all fifteen enrolling sites to minimize site-to-site and
visit-to-visit variability. Subjects were asked to present to
the visit in morning, fully rested. Funds were available for
family travel and accommodations near the study site to
reduce the confounder of travel time and time of day.
After a medical history and a brief general examination,
infant motor function testing was performed, followed by
electrical impedance myography (EIM) testing, followed
by ulnar compound muscle action potential (CMAP) test-
ing, followed by a single peripheral blood draw.

Motor function testing

Infant motor function was assessed by certified physical
therapists who were required to pass reliability training and
testing prior to enrollment. All subjects were evaluated
using the Test of Infant Motor Performance Screening Items
(TIMPSI), a 29-item, 99 point scale evaluation of infant
motor function that has been shown to be valid and reliable
in infants with SMA type 1.>> After testing, all subjects were
required to have a 20-minute rest period that could include
nursing/feeding. Subjects who scored less than 41 on the
TIMSPI were then evaluated using The Children’s Hospital
of Philadelphia Infant Test for Neuromuscular Disorders
(CHOP-INTEND) which is a validated 16-item, 64-point
scale shown to be reliable in SMA type 1 subjects.'** Sub-
jects scoring 41 or greater on the TIMPSI were evaluated
using the Alberta Infant Motor Scale (AIMS), a 58-item
observational scale developed to assess motor development
in children from birth until independent walking.>>

Compound muscle action potential (CMAP)

Ulnar CMAP measurements were obtained from the abduc-
tor digiti minimi (ADM) muscle by trained electromyogra-
phers using standardized electrode placement on the basis
of anatomical landmarks. The low-frequency and high-
frequency filter settings were set to 10 Hz and 10 kHz,
respectively. Skin temperature was maintained at >33°C.
Two adhesive strip electrodes (Carefusion Disposable Ring
Electrode with Leads, order number 019-439300), trimmed
to the width of each subject’s ADM muscle, were used for
recording. The G1 recording electrode was placed on the
ADM muscle at 1/3 of the distance measured from the
pisiform bone to the fifth metacarpophalangeal joint with
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the length of the electrode-oriented orthogonal to the direc-
tion of the muscle fibers. The G2 reference electrode was
placed on the ulnar aspect of the fifth metacarpophalangeal
joint. An adhesive ground electrode (Carefusion Tab Elec-
trodes 1.0 meter leads, order number 019-406600) was
placed on the dorsum of the hand. The ulnar nerve was
supramaximally stimulated either at the wrist or just proxi-
mal to the ulnar groove at the elbow using pediatric sized
bipolar probe. Square-wave stimulations of 0.2 msec dura-
tion and gradually increasing intensity were delivered to
reach 120% of the intensity required to elicit a maximal
CMAP response. Maximum values for negative peak (NP)
amplitude and NP area were recorded.

Electrical impedance myography (EIM)

Measurements were obtained following the motor func-
tion tests using a multi-frequency (1000 Hz—10 MHz)
impedance system (Skulpt Inc. EIM1103, San Francisco,
CA). As this study was the first time EIM had been per-
formed in infants, a novel probe was designed specifically
for use in this population. Muscle groups were tested in a
specific order as follows: right biceps, right wrist exten-
sors, right quadriceps, right tibialis anterior, left biceps,
left wrist extensors, left quadriceps, and left tibialis ante-
rior muscles. Measurements were performed three times
on each muscle before moving on to the next and the
two closest sets of data averaged. All data were transferred
in a blinded fashion to a central database. Predetermined
EIM metrics based on data obtained in older healthy and
SMA-affected children®” were derived from the full set of
impedance data and transferred to the DCC for analysis.

Blood processing

A single peripheral blood draw was then obtained as the
last study procedure by an experienced pediatric phle-
botomist. Given the challenge and small blood volume of
infants, a strict order of blood samples was adhered to:
2 cc blood into a PAXgene tube for SMN mRNA determi-
nation, 8 cc blood into a CPT tube for plasma, and PBMC
isolation followed by a 2 cc into a purple top for DNA
extraction. The CPT tube was processed at each site as pre-
viously described®® and PBMCs resuspended in freezing
medium consisting of 10% DMSO in FBS prior to ship-
ment to the central processing laboratory (Kolb Lab).

SMN mRNA quantification

Total mRNA was isolated from the PAXgene tube as pre-
viously described.”® mRNA was converted to cDNA using
random hexamer primers and AMV-RT (7041Z, Affyme-
trix) according to the manufacture’s direction. SMN
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mRNA analysis was performed using Droplet Digital PCR
(ddPCR) (Bio-Rad Laboratories, Hercules, CA). The fol-
lowing primers were used for detection of full-length
SMN expression: hSMN_FL_Ex7_FP: 5 CAAAAAGAAGG
AAGGTGCTCA, hSMN_FL_Ex8 RP: 5 TCCAGATCT
GTCTGATCGTTTC, hSMN_FL_Ex7/8 probe: 5 FAM-TT
AAGGAGAAATGCTGGCATAGAGCAGCAC-MGB. SMN
expression was normalized to HPRT expression using the
PrimePCR™ ddPCR™ Expression Probe Assay for intron-
spanning  human  HPRT1  with HEX  assay
(dHsaCPE5192872, Bio-Rad). Mulitplex reactions were
performed with 2-5 uL of ¢cDNA as required to obtain a
sufficient number of positive droplets. Template, primers
(900 nM final), probes (250 nM final), and 2 x ddPCR
Supermix in 20 pL final volume were converted into dro-
plets with the QX200 droplet generator (Bio-Rad Labora-
tories) and PCR was run on a classic MJ thermal cycler
under standard conditions: 95°C for 10 minutes followed
by 40 cycles of 94°C for 30 seconds, 60°C for 1 minute,
and a final step of 98°C for 10 minutes. After PCR, dro-
plet counts were measured on the QX200 droplet digital
reader (Bio-Rad Laboratories). Concentration of sample
was determined by fitting droplet counts to the Poisson
distribution using QuantaSoft software (Bio-Rad Labora-
tories). SMN mRNA expression per sample was normal-
ized by dividing the SMN concentration by the HPRT
concentration and plotted as Relative Fluorescent Units
(RFU).

SMN protein levels

For the SMN protein measurements, peripheral blood
was drawn into a cell preparation tube and peripheral
blood mononuclear cells (PBMCs) were isolated as previ-
ously described.” PBMCs were cryopreserved at each
study site and then shipped to the central laboratory
(Kolb Lab) where they were stored at —80°C. Once all
baseline samples were collected, SMN protein was
measured at PharmOptima (Portage, MI) using the com-
pany’s proprietary electrochemiluminescence immunoas-
say based on the Meso Scale Discovery technology. The
assay is a quantitative sandwich immunoassay, where a
mouse monoclonal antibody (2B1°%) functions as the cap-
ture antibody and a rabbit polyclonal anti-SMN antibody
(Protein Tech, Cat. No. 11708-1-AP) labeled with a
SULFO-TAG™ is used for detection. SMN levels are
determined from a standard curve using recombinant
SMN protein (Enzo Life Sciences, Cat. No. ADI-NBP-
201-050). The dynamic range of the assay is 10 pg/mL to
10,000 pg/mL. PBMC samples were received by Phar-
mOptima, frozen and were maintained at —80°C until
thawed for enumeration. Samples were thawed quickly in
a 37°C water bath in batches of eight samples per thawing
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and enumeration event in order to avoid prolonged incu-
bation prior to cell lysis. Samples were diluted 10-fold
into PBS prior to enumeration via direct hemocytometric
counting. Finally, cells were lysed at a density of 1 X 107
cells/mL. Lysates were maintained at —80°C until the
time of assay.

SMA-MAP quantification

Plasma samples were isolated for the CPT tubes, frozen
immediately and stored at —80°C in cryovials. Frozen
samples were sent to a central processing laboratory at
Myriad and processed to quantify 25 plasma protein ana-
lytes that have been identified as putative serum SMA
biomarkers.”"** All samples were stored at —80°C until
tested. The samples were thawed at room temperature,
vortexed, spun at 4000 RPM for 5 minutes for clarifica-
tion and volume was removed for MAP analysis into a
master microtiter plate. Using automated pipetting, an
aliquot of each sample was introduced into one of the
capture microsphere multiplexes of the Multi Analyte
Profile. The mixture of sample and capture microspheres
were thoroughly mixed and incubated at room tempera-
ture for 1 hour. Multiplexed cocktails of biotinylated,
reporter antibodies for each multiplex were then added
robotically and after thorough mixing, were incubated for
an additional hour at room temperature. Multiplexes
were developed using an excess of streptavidin-phycoery-
thrin solution that was thoroughly mixed into each multi-
plex and incubated for 1 hour at room temperature. The
volume of each multiplexed reaction was reduced by vac-
uum filtration and the volume increased by dilution into
matrix buffer for analysis. Analysis was performed in a
Luminex 100 instrument and the resulting data stream
was interpreted using proprietary data analysis software
developed at Rules-Based Medicine. For each multiplex,
both calibrators and controls were included on each
microtiter plate. Eight-point calibrators were run in the
first and last column of each plate and 3-level controls
were included in duplicate. Testing results were deter-
mined first for the high-, medium-, and low controls for
each multiplex to ensure proper assay performance.
Unknown values for each of the analytes localized in a
specific multiplex were determined using 4 and 5 parame-
ter, weighted- and nonweighted-curve fitting algorithms
included in the data analysis package.

Statistical analysis

Continuous variables were summarized by means, stan-
dard deviation, minimum, and maximum values. Cate-
gorical variables were summarized by percentages.
Comparisons of continuous variables between the SMA
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and healthy control cohorts were performed using two
sample t-tests. Comparisons of categorical variables
between the two cohorts were performed using chi-square
tests. All statistical tests were two-sided and used a signifi-
cance level of 0.05. No adjustments for multiple compar-
isons were made.

Pearson’s correlation coefficients between subject’s age
at enrollment and all continuous outcomes were
estimated separately for each cohort. Similarly, the corre-
lations between motor function tests (TIMPSI and
CHOP-INTEND) and biomarkers (CMAP, EIM, SMN
mRNA, and SMA-MAP) were estimated separately for
each cohort. Additional analyses restricted to the sub-
group of SMA subjects with two copies of the SMN2 gene
were also performed. All analyses were performed using
SAS® version 9.3 or later.

Results

Baseline demographics

The first site was activated and enrollment began in
November 2012. All fifteen sites had passed certification
for MFTs and CMAP and were activated by February
2013. Enrollment of 27 healthy infants was completed in
October 2013 and enrollment of 26 SMA infants was
completed in September 2014. The baseline visit was
defined as the enrollment visit. Every infant was less than
6 months of age at the initial visit. The SMA and healthy
infant cohorts aligned well on baseline demographic char-
acteristics (Table 1). The average age of enrollment for
the SMA and healthy cohorts was 3.7 months (SD = 1.7)
and 3.3 months (SD = 2.0), respectively; 57.7% of the
SMA infants and 51.9% of the healthy infants were
female. Birth weight and height were nearly identical in
the two cohorts. In the SMA cohort, 15 infants were
found to have two copies of SMN2 gene, five had three
copies and a single infant had four copies. SMN2 copy
number was not determined in five SMA infants because
of a failure to obtain sufficient blood sample for DNA
testing on the baseline or subsequent visits. No infants in
the SMA cohort for whom DNA was tested had the
SMN2 ¢.859G>C mutation. In the healthy cohort, we
confirmed that no infant had a homozygous deletion or
mutation in the SMNI gene. There were four healthy
control infants who were carriers with one copy of SMNI
gene and all of these infants had siblings with the diagno-
sis of SMA. Three control infants had three copies of the
SMNI gene.

The month of onset of symptoms was obtained from
the parent or guardian during the baseline visit (Table 2).
The majority of SMA infants (9) had symptom onset in
the second month of life. There were six infants with
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Table 2. Age of symptom onset for SMA subjects.

SMA Infant Biomarker Study

<1 month 1-2 months 2-3 months 4-5 months Not recorded Total
SMA 6 9 1 6 26
SMA, SMIN2 = 2 6 5 3 1 1 16

symptom onset prior to 1 month of age and all of these
infants had two copies of SMN2. All but one SMA infant
for whom this data were collected had symptom onset
prior to the 3 months of age. This data was not recorded
in six SMA infants. When asked if the infants had feeding
or swallowing problems at the time of the baseline visit,
ten (38.5%) of parents or guardians responded, yes.

Motor function

All motor function values are plotted against age at time
of assessment in Figure 1. Motor function was measured
using the TIMPSI for all infants. The average TIMPSI
score for the SMA cohort, 34.9 (SD = 20.9, n = 26,
range = 14-94), was significantly lower than in the
healthy cohort, 66.1 (SD = 22.6, n = 27, range = 15-96,
P <0.01). SMA infants with two SMN2 copies had an
average TIMPSI score of 27.2 (SD =18.0, n =16,
range = 15-49), and there was no correlation with age
(Table S2). Moreover, at enrollment no SMA infant with
two copies of SMN2 had a TIMPSI greater than 51. In
the healthy control cohort, TIMPSI score had a positive
correlation with age (r = 0.80, P < 0.0001). There was no
difference noted in control infants with one, two, or three
copies of the SMNI gene. All healthy control infants older
than 10 weeks of age had TIMPSI scores above 51.

The CHOP-INTEND was utilized to measure motor
function in infants scoring less than 41 on the TIMPSI
after the TIMSPI and a mandatory 20-minute rest period.
As a result, a total of 23 SMA infants and 14 control
infants were assessed using the CHOP-INTEND. All 16
SMA infants with two copies of SMN2 were assessed using
the CHOP-INTEND. The average CHOP-INTEND score
for the SMA cohort, 21.4 (SD = 9.6, n = 23, range = 10—
52) was significantly lower than the control cohort, 50.1
(SD = 10.2, n = 14, ranged 32-62, P < 0.01). The average
CHOP-INTEND score for SMA infants with two copies of
SMN2 was 20.2 (SD = 7.4, n = 16, range = 10-33) and
the maximum score in this subgroup was 33. There was no
correlation between CHOP-INTEND scores and age in the
SMA or control cohorts. There was excellent correlation
between the CHOP-INTEND and TIMPSI scores for SMA
(r=10.866, n =22, P<0.0001) and control cohorts
(r=10.839, n =9, P =0.005).

The AIMS was assessed in infants scoring 41 or higher
on the TIMPSI following the mandatory 20-minute rest

period. Consequently, only three SMA infants and 13
control infants were assessed using the AIMS. No SMA
infants with two copies of SMN2 received the AIMS. The
average AIMS score for the SMA cohort (8.7, SD = 3.5)
was lower than the control cohort (13.8, SD = 4.5). There
was a positive correlation between AIMS scores and age
in the control cohort (r = 0.650, n = 13, P = 0.02).

Baseline putative physiologic biomarkers

Ulnar CMAP recordings were well tolerated. However,
the CMAP for one SMA infant was not obtained. The
peak amplitude (mV) for each subject is plotted against
age at assessment in Figure 2. The average CMAP peak
amplitude for the SMA cohort, 1.4 mV (SD = 2.2,
n = 25) was significantly lower than the control cohort,
5.5 mV (SD = 2.0, n = 27, P < 0.01). The average CMAP
peak amplitude for SMA infants with two copies of
SMN2 was 0.5 mV (SD = 1.0, n = 15). The CMAP values
obtained in the control infants did not correlate with the
motor function ability as measured by the TIMPSI
(r =0.006, n =27, P =0.9773) and the CHOP-INTEND
(r =0.4105, n =14, P =0.2725). The CMAP values
obtained in the SMA infants had a positive correlation
with motor function ability as measured by the TIMPSI
(r=0.785, n =25, P <0.0001) and the CHOP-INTEND
(r=0.556, n = 21, P = 0.0088). Interestingly, in the sub-
group of SMA infants with two copies of SMN2 there is
no correlation with TIMPSI (r =0.276, n =15,
P =0.3200 or CHOP-INTEND (r=0.283, n =15,
P = 306). The results for the ulnar CMAP area were also
analyzed and comparisons between groups and correla-
tions were consistent with the results for ulnar CMAP
amplitude.

Electrical impedance measurements were well tolerated.
The test was not performed in two control infants at
baseline. Predetermined EIM outcomes were analyzed
based upon prior studies using EIM in older children
with SMA.”” Baseline EIM outcomes are presented in
Table 3. EIM outcomes were analyzed using 1) the aver-
age value of all muscles tested, 2) the average value of the
proximal muscles tested (right and left biceps and quadri-
ceps), or 3) the average value of the distal muscles tested
(right and left wrist extensors and tibialis anterior mus-
cles). Of the outcomes measured, high-frequency reac-
tance slope (units) distinguished between SMA and
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Figure 1. Motor function assessments in SMA and healthy infants in the first 6 months of life. (A) Motor function testing paradigm. All infants
were tested using the TIMPSI. After the TIMPSI, a mandatory rest period of 20 minutes was followed by either the CHOP-INTEND or AIMS
assessment. Infants who scored less than 41 on the TIMPSI were tested using the CHOP-INTEND, otherwise the infant was tested using the AIMS
test. (B) Results of infant motor function tests for all infants as a function of the age at the time of enrollment visit. For the SMA cohort, the
SMN2 copy number for each infant is indicated by the color as indicated in the key by each graph. For the healthy cohort the SMNT copy
number for each infant is indicated by the color as indicated in the key by each graph.
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Figure 2. Ulnar compound muscle action potential is significantly reduced in SMA infants compared to healthy infants. Ulnar CMAP peak
amplitude (mV) in SMA and healthy control infants as a function of the age at the time of enrollment visit. For the SMA cohort, the SMN2 copy
number for each infant is indicated by the color as indicated in the key by each graph. For the healthy cohort, the SMNT copy number for each
infant is indicated by the color as indicated in the key by each graph.

Table 3. Baseline electrical impedance myography results in SMA and healthy control infants.

SMA: 2 SMN2 P value P value
SMA N = 26 copy subgroup (N = 16) Control N = 25 SMA vs Control SMN2 = 2 vs Control
All muscles grouped
50k Phase (SD) 5.62 (2.54) 5.39 (1.67) 6.21 (1.64) 0.3317 0.1314
50k Resistance (SD) 104.8 (21.09) 108.0 (23.83) 99.11 (21.13) 0.3367 0.2190
50k Reactance (SD) 16.48 (27.83) 10.81 (4.91) 10.90 (3.72) 0.3204 0.9493
HF phase slope (SD) 13.76 (7.87) 15.53 (2.96) 13.33 (3.90) 0.8073 0.0616
HF reactance slope (SD) 12.65 (4.39) 12.53 (4.50) 7.99 (3.82) 0.0002 0.0013
LF reactance slope (SD) —96.1 (2501) 426.1 (170.4) 336.2 (113.2) 0.3870 0.0487
Distal muscles grouped
50k Phase (SD) 5.04 (2.35) 4.84 (1.69) 5.7 (1.89) 0.2724 0.1452
50k Resistance (SD) 100.9 (19.93) 103.9 (21.95) 98.84 (33.77) 0.7926 0.5961
50k Reactance (SD) 17.23 (40.54) 9.35 (4.17) 9.58 (3.59) 0.3457 0.8636
HF phase slope (SD) 15.16 (5.95) 16.32 (2.80) 13.12 (6.11) 0.2315 0.0292
HF reactance slope (SD) 14.10 (4.75) 14.03 (5.16) 9.04 (4.22) 0.0002 0.0017
LF reactance slope (SD) 181 (2963) 426.6 (253.4) 317.2 (171.9) 0.4006 0.1069
Proximal muscles grouped
50k Phase (SD) 6.19 (2.96) 5.94 (1.78) 6.72 (1.62) 0.4309 0.1580
50k Resistance (SD) 109.0 (23.18) 112.0 (26.90) 99.33 (19.80) 0.1151 0.0895
50k Reactance (SD) 13.20 (7.86) 12.25 (5.81) 12.21 (4.01) 0.5725 0.9805
HF phase slope (SD) 12.35(10.18) 14.75 (3.50) 13.54 (3.55) 0.5767 0.2941
HF reactance slope (SD) 11.14 (4.86) 11.00 (4.79) 6.70 (4.37) 0.0016 0.0065
LF reactance slope (SD) 78.95 (1591) 425.7 (162.4) 354.7 (131.5) 0.3869 0.1317

Bold rows highlight outcomes where P value is equal to or less than 0.05.

control cohorts regardless of how the muscles were

grouped for analysis (Table 3).
Correlations of EIM outcomes
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grouped with age, TIMPSI and CHOP-INTEND are

tabulated in Table S2. In the control cohort, EIM out-

comes 50k Phase, Resistance and Reactance and high-fre-

muscles

quency reactance slope had a positive correlation with age
(Table S2). Similarly, in the control cohort there were
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many correlations between the TIMPSI motor function
score and EIM outcomes. TIMPSI scores in the control
infants had positive correlations with 50 kHz Phase
(r = 0.4968, n = 25, P = 0.0115), Resistance (r = 0.4769,
n =25, P=0.0159) and Reactance (r = 0.6506, n = 25,
P =0.0004). TIMPSI scores in the control infants had
negative correlations with high-frequency reactance slope
(r=—0.4892, n =25, P =0.0131). Interestingly, there
was no correlation between EIM outcomes and CHOP-
INTEND scores in control infants.

In the SMA cohort, there was a strong positive correla-
tion between 50k Resistance and age (r = 0.7649, n = 26,
P < 0.0001). This correlation also was seen in the sub-
group of SMA infants with two copies of SMN2
(r = 0.7484, n = 16, P = 0.0009). There were no correla-
tions between TIMPSI or CHOP-INTEND and any of the
EIM outcomes studied for the SMA cohorts (Table S2).

Baseline putative molecular biomarkers

Peripheral blood draws were tolerated although in some
cases an insufficient amount of blood was drawn for all
analyses. The SMN mRNA level, expressed as the ratio of
SMN to HPRT transcripts, for each subject is plotted
against age at assessment in Figure 3A. The average, base-
line SMN/HPRT ratio in the SMA cohort, was 0.50
(SD = 0.14, n = 19) and was significantly lower than the
SMN/HPRT ratio of control cohort, 1.27 (SD = 0.44,
n =19, P <0.0001). The average SMN/HPRT ratio for
SMA infants with two copies of SMN2 was 0.47
(SD = 0.13, n = 12) and was also significantly lower than
the control cohort (P < 0.0001). There was no correlation
in either cohort between age and SMN mRNA level
(Table S2). In the control cohort, there was no correlation
between the TIMPSI score and SMN mRNA levels
(r=10.244, n = 19, P = 0.315). In the subgroup of control
infants who were assessed using the CHOP-INTEND (these
infants scored < 41 on the TIMPSI), there was a positive
correlation between CHOP-INTEND score and SMN
mRNA level (r = 0.856, n =7, P=0.014). In the SMA
cohort, there were no correlations between the TIMPSI or
CHOP-INTEND with SMN mRNA levels (Table S2)

The SMN protein levels were measured from PBMC
samples. During the PBMC enumeration process involv-
ing direct microscopic examination, many samples were
found to have significant numbers of platelets in the sam-
ples, in two samples platelets were found to be in a
numerical excess of 10-fold to the PBMCs. Therefore, an
additional low-speed (200 x g) centrifugation step was
added resulting in a more purified PBMC sample. In
three baseline PBMC samples, there were too few cells to
count. The yield of the remaining samples ranged from 1
x 10° to 3 x 10’ PBMCs. The SMN protein level for each
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subject is plotted against age of assessment in Figure 3B.
The average, baseline SMN protein level in the SMA
cohort (6601.7 pg/lO7 PBMCs, SD = 3592.8, n = 18) and
was not significantly lower than the baseline SMN protein
level of control cohort (8967.8 pg/10’ PBMCs,
SD = 5441.3, n = 21, P = 0.1212). In contrast, the aver-
age baseline SMN protein level for SMA infants with two
copies of SMN2 (5367.4 pg/10’” PBMCs, SD = 3603.5,
n = 12) was lower than the control cohort (P = 0.0484).
There was no correlation in the control cohort between
age and SMN protein level (Table S2). However, there
was a negative correlation between age and SMN protein
levels in the SMA cohort (r= —0.632, n =18,
P = 0.0049). In the control cohort, there was no correla-
tion between the TIMPSI score and SMN protein level
(r=—0.101, n = 21, P = 0.664) or between the CHOP-
INTEND and SMN protein level (r= —0.245, n =38,
P = 0.559). In the SMA cohort, there were also no corre-
lations between the TIMPSI or CHOP-INTEND with
SMN protein levels (Table S2).

The concentration of 25 plasma protein analytes were
determined from 18 SMA infants and 20 control infants
at the baseline visit. The average baseline plasma analyte
concentrations are tabulated in Table 4. When compared
to the control cohort, the SMA cohort had lower concen-
trations of cadherin-13 (P = 0.0277), cartilage oligomeric
matrix protein (P = 0.0011), Insulin-like growth factor
binding protein 6 (P = 0.0135), peptidase D (P = 0.0236)
and tetranectin (P = 0.0493). When compared to the con-
trol cohort, the SMA cohort had higher concentrations of
myoglobin (P = 0.0220) and YKL-40 (0.0288). Compar-
isons between the control group and the SMA infants
with two copies of SMN2 improved the significance of
the differences between groups for all analytes except for
myoglobin (Table 4). In addition, significant differences
were found between the control group and the subgroup
of SMA infants with two copies of SMN2 for complement
component Clq receptor (P = 0.0227) and dipeptidyl
peptidase IV (P = 0.0260).

There were nine analytes that had a negative correla-
tion with age at enrollment in the control cohort and ten
analytes that had a negative correlation with age at enroll-
ment in the SMA cohort (Table S2). Only six analytes
(AXL receptor tyrosine kinase, cartilage oligomeric matrix
protein, complement component Clq receptor, Fibulin-
1C, Tenascin-X, and Thrombospondin-4) showed this
correlation in both the control and SMA cohorts. Inter-
estingly, there were no analytes that demonstrated a posi-
tive correlation with age at enrollment in either cohort.

In the control infant cohort, there were negative corre-
lations between the TIMPSI motor function score and the
plasma concentrations of complement component Clq
receptor (r = —0.681, n =20, P = 0.0010), osteopontin
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Figure 3. Peripheral blood SMN mRNA and protein levels in SMA and healthy control infants. (A) Full-length SMN mRNA levels from whole blood
measured using ddPCR expressed as a ratio of SMN to HPRT. (B) SMN protein levels detected in PBMCs measured by SMN-ECL ELISA expressed
as pg/107 cells. For the SMA cohort, the SMN2 copy number for each infant is indicated by the color as indicated in the key by each graph. For
the healthy cohort, the SMNT copy number for each infant is indicated by the color as indicated in the key by each graph.

(r=—0.528, n =20, P = 0.0168) and thrombospondin-4
(r=-0.521, n =20, P=0.0187). In the SMA cohort,
there were positive correlations between the TIMPSI
motor function score and the plasma concentrations of
AXL Receptor (r=10.586, n =18,
P =0.0107), cartilage oligomeric matrix protein
(r=10.834, n =18, P < 0.0001), dipeptidyl peptidase IV
(r=0.603, n=18, P =0.0081), endoglin (r = 0.535,

Tyrosine Kinase

© 2016 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

n=18, P=0.0223), HER2 (r=0.544, n=18,
P =0.0196), Insulin-like growth factor-binding protein 6
(0.580, n =18, 0.0117), PEPD (r = 0.6037, n =18,
P = 0.0080), thrombospondin-4 (r = 0.615,
n =18, P = 0.0066), and tetranectin (r = 0.669, n = 18,
P =0.0024). The only analyte that correlated with both
the TIMPSI and the CHOP-INTEND score in the SMA
cohort was cartilage oligomeric matrix protein (Table S2).
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Table 4. SMA-MAP levels from blood samples in SMA and healthy control infants.

SMA: 2 SMN2 P value P value
copy subgroup SMA vs SMN2 = 2
Analyte SMA (N = 18) (N=13) Control (N = 20) Control vs Control
Apolipoprotein B (Apo B) (ug/mL) 842.3 (310.3) 871.5(313.2) 645.2 (369.0) 0.0850 0.0779
AXL receptor tyrosine kinase (AXL) (ng/mL) 20.17 (6.57) 18.62 (5.87) 23.37 (7.59) 0.1752 0.0650
C-Reactive protein (CRP) (ug/mL) 1.94 (6.28) 0.58 (0.66) 0.48 (1.06) 0.3423 0.7623
Cadherin-13 (T-cad) (ng/mL) 6.83 (3.18) 6.67 (3.25) 9.72 (4.39) 0.0277 0.0399
Cartilage oligomeric matrix protein (COMP) (ng/mL) 388.4 (221.2) 298.1 (121.0) 617.5 (177.7) 0.0011 <0.0001
Cathepsin D (ng/mL) 412.3 (243.5) 358.2 (233.1) 486.8 (494.8) 0.5549 0.3242
Complement component C1q receptor (C1qR1) (zg/mL) 14.62 (8.54) 12.24 (6.78) 20.64 (13.17) 0.1075 0.0227
Complement factor H-related protein 1 (CFHR1) (ug/mL) 1005 (675.4) 1000 (738.2) 942.9 (566.0) 0.7588 0.8031
Dipeptidyl peptidase IV (DPPIV) (ng/mL) 232.4 (86.12) 215.1 (55.69) 282.1 (92.72) 0.0969 0.0260
Endoglin (ng/mL) 3.31(0.87) 3.08 (0.85) 3.32 (0.81) 0.9741 0.4143
Fetuin-A (ug/mL) 648.4 (187.2) 653.2 (163.7) 622.0 (141.5) 0.6241 0.5638
Fibulin-1C (Fib-1C) (ug/mL) 20.67 (4.95) 20.00 (5.58) 19.65 (5.62) 0.5596 0.8620
Human epidermal growth factor receptor 2 (HER-2) (ng/mL) 0.69 (0.23) 0.63 (0.18) 0.76 (0.29 0.4375 0.1571
Insulin-like growth factor binding 116.3 (48.25) 106.2 (44.21) 153.9 (40.92) 0.0135 0.0034
protein 6 (IGFBP6) (ng/mL)
Leptin (ng/mL) 3.46 (2.59) 3.39 (2.72) 2.58 (1.65) 0.2177 0.3476
Monocyte chemotactic protein 1 (MCP-1) (pg/mL) 255.4 (79.99) 252.2 (78.17) 336.7 (160.2) 0.0541 0.0529
Myoglobin (ng/mL) 32.71 (30.17) 30.56 (28.09) 14.46 (7.78) 0.0220 0.0645
Osteopontin (ng/mL) 151.0 (63.92) 136.8 (67.08) 168.4 (46.75) 0.3426 0.1204
Peptidase D (PEPD) (ug/mL) 9.39 (2.34) 8.84 (1.79) 11.15 (2.24) 0.0236 0.0038
Placenta growth factor (PLGF) (pg/mL) 19.00 (2.85) 18.54 (1.85 20.10 (5.04) 0.4080 0.2183
Serum amyloid P-component (SAP) (ug/mL) 3.53 (1.69) 3.70 (1.84) 3.01(1.72) 0.3564 0.2823
Tenascin-X (TN-X) (ng/mL) 184.8 (144.5) 151.5 (114.1) 351.0 (464.9) 0.1424 0.0798
Tetranectin (pg/mL) 7.39 (1.62) 6.78 (1.23) 9.06 (3.20) 0.0493 0.0078
Thrombospondin-4 (TSP4) (ug/mL) 22.51 (11.55) 18.86 (9.21) 28.66 (21.95) 0.2821 0.0876
YKL-40 (ng/mL) 10.11 (3.96) 10.45 (3.90) 7.58 (2.85) 0.0288 0.0204

Bold rows highlight analytes where P value is equal to or less than 0.05.

C-reactive protein plasma concentration correlated with
the CHOP-INTEND (0.776, n = 15, 0.0007) but not the
TIMPSI (r = 0.288, n = 18, P = 0.2457) in SMA infants.

Discussion

We were successful in our efforts to recruit SMA and
healthy control infants into the study using 14 clinical
sites geographically distributed across the US. Our ability
to enroll in this challenging and vulnerable population
illustrates the utility and power of the clinical trial infras-
tructure that the NeuroNEXT Network was designed to
provide. Importantly, while some sites within the network
had extensive experience in the SMA infant population,
many sites did not. Thus, our data set may provide natu-
ral history data which are most relatable to large, multi-
center SMA clinical trials involving sites with a heteroge-
neous experience level in infant SMA. Caution must be
made when using this data as a “historical control” in
future and current SMA infant clinical trials. The motiva-
tion of parents who enter their infant into an interven-
tional trial compared to those who elect not to

participate may bias the standard of care, the use of
aggressive support and the timing of the initiation of hos-
pice care.

By the time infants presented for the enrollment visit,
SMA infants have reduced motor function compared to
controls as reflected in both TIMPSI and CHOP-INTEND
enrollment scores for the SMA cohort. This finding, while
not surprising, is remarkably consistent with prior stud-
ies.'®* This consistency, obtained in a multicenter format
similar to what would be expected in a large clinical trial
context, is an important replication and validation of ear-
lier single center studies (Finkel, Krosschell, and Swoboda,
unpublished data). In addition, both the SMA cohort and
control cohort data provide an informed baseline expecta-
tion for motor function in Type I infants and may even-
tually help to inform what should be considered a
clinically important difference in the two motor function
tests following an intervention.

Ulnar CMAP and EIM assessed using multiple sites
bilaterally were both able to distinguish between cohorts
at the enrollment visit. The CMAP results in the SMA

infants closely match those seen in previous studies.”>** It
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will be important to see how these already low values
change as these infants age. The extent of the loss of
CMAP response at the enrollment visit may not indicate
that motor unit function is irreversibly lost at the baseline
visit; however, it is clear that urgency is required to
recruit infants into trials prior to significant CMAP loss,
if feasible, to ensure the best possible outcomes. For the
subgroup of SMA infants with two copies of SMN2, the
CMAP values do not correlate with motor function,
whereas when the more mildly affected infants with three
or more copies of SMN2 are included in the analysis,
CMAP does correlate with motor function. This lack of
correlation with motor function in the SMA infants with
two copies of SMN2 may be the result of a sampling
error as the ulnar CMAP does not reflect the functional
status of motor units involved in proximal muscle func-
tion. This study also demonstrates that, for healthy
infants, CMAP responses appear stable from birth to
6 months of age, although a full analysis of the longitudi-
nal responses in individual infants will provide more
definitive evidence. An analysis of the normal develop-
ment of CMAP responses for each infant at the end of
the longitudinal study will provide important baseline
data for future clinical trials.

Of all the predetermined EIM measures studied, only
the high-frequency reactance slope distinguished SMA
from healthy children; many of the standard measures
that have shown differences in older children*”** did not
do so in this group of infants. Moreover, EIM measures
only correlated with motor function in the healthy chil-
dren. Two factors may have impacted these results. First,
there was no assessment of data quality. Unlike CMAP,
with which the investigators were quite familiar, the
impedance data were obtained virtually blindly; thus,
poor-quality data (e.g. due to electrode contact problems)
may have been included in this analysis. Second, follow-
ing the design of the study, it has since become clear that
very young individuals have different impedance spectral
characteristics (including, e.g., peak reactance values far
above the standard 50 kHz frequency) (Rutkove, unpub-
lished observations). Thus, the predetermined metrics
utilized in this study were likely not ideal for children of
this age. Further analysis of the raw data will be neces-
sary to identify optimized parameters for infants that
can then be applied to the forthcoming longitudinal data
analysis.

SMN mRNA levels were lower in SMA infants as
expected, and there was no correlation between age and
SMN levels in SMA or control cohorts. Surprisingly, there
was a positive correlation detected in control infants
between SMN mRNA levels and the scores on the CHOP-
INTEND. It is worth noting, however, that only seven
control infants had both the CHOP-INTEND and a blood

SMA Infant Biomarker Study

draw for SMN mRNA levels. There was no correlation
between SMN mRNA levels and the TIMPSI scores in 19
control infants. SMN protein levels were more variable
than the SMN mRNA levels. There were no correlations
between SMN mRNA levels and SMN protein levels as
measured from PBMCs in either cohort (r = —0.0184,
n =31, P =0.9217). We found variability in PBMC yield
from patient samples and were not able to process some
samples because of insufficient material. Since the start of
this project, it is now clear that measurement of SMN
protein levels from PBMC samples collected using the
CPT tubes is not optimal and a whole blood methodol-
ogy is now available.”®”” The protocol was modified for
subsequent longitudinal visits to include collection of
whole blood so that future analysis of SMN protein in
this study may be improved.

There were many serum protein analytes that distin-
guished between SMA and control cohorts. Most of these
were in lower concentrations in the SMA infants compared
to the control infants with the exception of myoglobin and
YKL-40 that were found in higher concentrations in SMA
infant serum compared to controls. While it is difficult to
generalize the results of these disparate proteins, one gen-
eral observation is that in the control cohort, if a protein
analyte concentration correlated with age, then it was a
negative correlation; the serum concentration of many of
the analytes decreased with increasing age of enrollment.
This overall trend was also seen in the SMA cohort with
two exceptions (Apolipoprotein B and Serum Amyloid P-
Component) suggesting that the natural history of most
serum analytes studied here is to have reduced concentra-
tion with increasing age. Determination of the trends in
individual infants with increasing age will help to clarify
this possibility.

Future analysis of the longitudinal data sets from the
SMA infant and healthy infant control cohorts described
here will contribute to an understanding of the natural
history of SMA infants and provide important control
data for SMA infant interventional studies. It is clear
from our initial data, that infants with SMA presenting
prior to 6 months of age can be enrolled into studies
readily. However, given the poor motor function and
electrophysiological outcomes at enrollment, efforts
should be made to enroll infants into interventional clini-
cal trials as soon as possible after diagnosis, and ideally,
prior to the onset of significant denervation.
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staff.

Table S2. Pearson correlation coefficients between base-
line motor function test score and putative SMA
biomarkers. Summary table of Pearson correlation coeffi-
cients. Shaded rows indicate a correlation with p value

that is equal to or less than 0.05.
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The Pediatric Neuromuscular Clinical Research Network for Spinal Muscular Atrophy

Objective: To characterize the short-term course of spi-
nal muscular atrophy (SMA) in a genetically and clini-
cally well-defined cohort of patients with SMA.

every 3 months for the subsequent 6 months. We evalu-
ated change over 12 months for all clinical outcomes and
examined potential correlates of change over time in-
cluding age, sex, SMA type, ambulatory status, SMN2 copy
Design: A comprehensive multicenter, longitudinal, ob- number, medication use, and baseline function.
servational study.
Results: There were no significant changes over 12
months in motor function, pulmonary function, and
muscle strength measures. There was evidence of motor
function gain in ambulatory patients, especially in those
children younger than 5 years. Scoliosis surgery during
the observation period led to a subsequent decline in mo-
tor function.

Setting: The Pediatric Neuromuscular Clinical Re-
search Network for SMA, a consortium of clinical inves-
tigators at 3 clinical sites.

Participants: Sixty-five participants with SMA types 2
and 3, aged 20 months to 45 years, were prospectively
evaluated.

Conclusions: Our results confirm previous clinical re-
ports suggesting that SMA types 2 and 3 represent chronic
phenotypes that have relatively stable clinical courses.
We did not detect any measurable clinical disease pro-
gression in SMA types 2 and 3 over 12 months, suggest-
ing that clinical trials will have to be designed to mea-
sure improvement rather than stabilization of disease
progression.

Intervention: We collected demographic and medi-
cal history information and determined the SMN2
copy number.

Main Outcome Measures: Clinical outcomes in-
cluded measures of motor function (Gross Motor Func-
tion Measure and expanded Hammersmith Functional
Motor Scale), pulmonary function (forced vital capac-
ity), and muscle strength (myometry). Participants were
evaluated every 2 months for the initial 6 months and

Arch Neurol. 2011;68(6):779-786. Published online
February 14, 2011. doi:10.1001/archneurol.2010.373

PINAL MUSCULAR ATROPHY
(SMA) is the leading genetic
cause of death in infancy,
with an estimated incidence
of 1in 6000 to 1in 10 000 live

splicing.” The resulting messenger RNA
lacks exon 7 (A7SMN2 messenger RNA)
and produces a protein with reduced sta-
bility. However, the expressed SMN2 is
partially able to rescue the phenotype.® The

Author Affiliations are listed at
the end of this article.

births.!* Most patients have a homozy-
gous SMNT1 deletion of exon 7, making di-
agnostic confirmation readily avail-
able.’® SMN2 is an inverted duplication
that differs from SMN1 by 5 nucleotides,
the only critical difference being an
840C>T transition in exon 7 that alters

clinical severity is inversely related to
SMN?2 copy number.”!° This observation
has been replicated in transgenic mice by
knocking out the SMN gene and introduc-
ing a human SMN2 transgene.'* The ho-
mozygous SMN1 mutation affects motor
neurons in the spinal cord and ultimately

ARCH NEUROL/VOL 68 (NO. 6), JUNE 2011

779

WWW.ARCHNEUROL.COM

©2011 American Medical Association. All rights reserved.

Downloaded From: http://jamanetwor k.com/pdfaccess.ashx?url=/data/jour nals/neur/7816/ by a University of California - San Diego User on 02/15/2017



leads to muscle atrophy and weakness. In all but the most
severe infantile forms of SMA, there is histological and
electrophysiological evidence of reinnervation that par-
tially compensates for functional loss.'?*3

Spinal muscular atrophy leads to predominantly proxi-
mal muscle atrophy and weakness often leading to sec-
ondary scoliosis, joint contractures, and restrictive lung dis-
ease.'” In the more severe SMA phenotypes, noninvasive
respiratory support is often needed to compensate for the
presence of respiratory muscle weakness.'*!”> The continu-
ous clinical spectrum of SMA has been divided into 3 types
based on the age at onset and highest motor milestone
achieved.'®!" Patients with SMA type 1 (SMA 1) become
symptomatic in infancy and never achieve the ability to sit.
Even with proactive respiratory and nutritional manage-
ment, they typically have a shortened life expectancy.'>'®
Patients with SMA type 2 (SMA 2) can sit but never walk
independently. Patients with SMA type 3 (SMA 3) have a
normal life expectancy and can walk but have varying de-
grees of disability.'* Both patients with SMA 2 and 3 may
lose motor milestones over time.'®!

The timing of motor neuron loss in SMA before or after
birthisincompletely understood.***! Itis also unclear if SMA
isadevelopmental oraneurodegenerative disease.">*** Simi-
lar to an observation in amyotrophic lateral sclerosis, a late-
onset motor neuron disease, the motor unit loss in SMA
appears to precede the clinical disease onset.**** Electro-
physiological studies suggest that there is active motor unit
loss in the preclinical and early subacute phase of SMA, fol-
lowed by a chronic phase with relative stability over time.”
Unlike most adult neurodegenerative diseases, SMA appears
to exhibit slow disease progression.'®** Young children
may even gain motor milestones early in their course.”” Yet
decline in muscle strength and motor function eventually
occurs in SMA 2 and 3.'8%#

With advances in medical care, individuals with SMA
2 and 3 often have a normal life expectancy but remain
severely disabled physically.'®!** As a result of our in-
creased understanding of the etiology and pathogenesis
of SMA, several new treatments are now on the horizon
of clinical investigation. Recent and carefully collected
observational data can help in designing clinical trials.
We now report the results of a prospective multicenter
study to follow the clinical evolution of SMA.

- EEETTEES

SETTING

The study was carried out by the Pediatric Neuromuscular Clini-
cal Research Network for SMA, a consortium of clinical investi-
gators at 3 clinical sites: Columbia University (Clinical Coordi-
nating Center and Molecular Genetics Core), The Children’s
Hospital of Philadelphia and University of Pennsylvania, and Har-
vard University. The data management and statistical analyses were
performed at the Muscle Study Group Coordination and Biosta-
tistics Centers at the University of Rochester, Rochester, New York.

PARTICIPANTS

We included 65 patients with SMN1-associated SMA 2 or 3.
Participants of any age were included, as long as they had

been diagnosed with SMA before age 19 years. Exclusion cri-
teria were unstable medical conditions that would preclude
participation, significant respiratory compromise at baseline
that would interfere with safe travel to the site of evaluation,
and patient’s location beyond a reasonable driving distance in
the opinion of the site investigator. Participants were enrolled
between May 25, 2005, and September 10, 2007. The diagno-
sis of SMA type for each subject was made by the principal in-
vestigator at each study site following generally accepted cri-
teria of maximal motor function: patients with SMA 2 sat
independently but never walked independently, and patients
with SMA 3 achieved independent ambulation. No subject
evolved from SMA 2 to SMA 3 during the course of the study.
To avoid selection bias, all patients seen in the neuromuscular
clinics who fulfilled the inclusion and exclusion criteria were
offered enrollment. Additional recruitment efforts included a
study Web site and interactions with family groups. The study
was approved by the institutional review board at each site
and all parents or participants provided signed informed con-
sent or assent.

VISIT SCHEDULE

Participants were evaluated at baseline and at months 2, 4, 6,
9, and 12. The outcome measures summarized next were ad-
ministered at each visit on a single day. For most participants,
the order of outcome measure testing was the same across all
visits, with the goal of testing motor function early on, fol-
lowed by strength testing. Also, the same evaluators, in gen-
eral, performed the evaluations for all participants at a given
site over time. We established excellent interrater reliability be-
tween primary and backup evaluators.

OUTCOME MEASURES
Motor Function

We used 3 scales that have been used previously in SMA clini-
cal research: the Hammersmith Functional Motor Scale (HEMS),
the expanded Hammersmith Functional Motor Scale (HFMSE),
and the Gross Motor Function Measure (GMFM). The HFMS
is a 20-item scale that was specifically developed to measure
function in patients with SMA 2.%° Each item is scored on a 0
to 2 scale and the total score ranges from 0 to 40. The GMFM
is another standardized instrument originally designed to mea-
sure change in gross motor function over time in children with
cerebral palsy and later validated for SMA.*! The 88 items of
the GMFM are scored on a 4-point (0-3) ordinal scale. The scale
is divided into 5 domains (lying and rolling; sitting; crawling
and kneeling; standing; and walking, running, and jumping),
and each domain score is expressed as a percentage of the maxi-
mum score for that domain. The total score is obtained by av-
eraging the percentages across the 5 domains and ranges from
0 to 100.

The HFMSE is an expanded version of the HFMS that adds
13 items from the GMFM to capture aspects of ambulation,
rescaled to the same O to 2 metric on which the HFMS items
are scored. The HFMSE thus captures a wider range of func-
tional abilities and has demonstrated reliability and validity in
patients with SMA 2 and 3.>> The HFMSE contains 33 items
and has a total score that ranges from 0 to 66. After obtaining
the GMFM and HFMS scores, we computed the sum of the
HFMS and the 13 additional GMFM items to obtain the
HFMSE score. In many participants, the HFMSE score is iden-
tical to the HFMS score because they could not perform any of
the more challenging 13 tasks that distinguish the HFMS from
the HFMSE.
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Pulmonary Function

In children older than 5 years and in a few sufficiently coopera-
tive children younger than 5 years, we measured forced expira-
tory vital capacity (FVC) as percentage of predicted for age and
height or a surrogate for height (see later) using a spirometer
(KoKo spirometer; nSpire Health Inc, Longmont, Colorado) with
incentive visual reinforcement displayed on the computer screen.>
We recorded 3 consecutive attempts for each participant, and
the maximum result was taken as the measure of FVC. Previous
studies in SMA have found that FVC is reliable.**

Muscle Strength

In cooperative children, we performed myometry using a hand-
held dynamometer to measure elbow flexion, knee extension,
and knee flexion strength. Myometry was not included in our
study protocol at the onset of the study, so this measure was
introduced after the first visit in several participants.

ANTHROPOMETRICS

We measured standing height or, if not feasible, supine height
by adding measured head, trunk, and leg segments. When height
could not be measured (eg, because of severe scoliosis or con-
tractures), we measured ulna length from the olecranon to the
styloid process and calculated estimated height based on pub-
lished data as a surrogate height measure.*

CONCURRENT MEDICATIONS
AND MEDICAL EVENTS

Given that there is no known effective treatment for SMA, we
did not exclude participants taking drugs or supplements in-
tended as treatment for SMA. The use of concurrent medica-
tions was recorded at each visit. We also collected informa-
tion on the timing of hospitalizations for spine surgery,
respiratory infections, or other intercurrent events.

GENETIC TESTING

Confirmation of the SMN1 exon 7/8 common deletion was car-
ried out by polymerase chain reaction (PCR) amplification and
restriction fragment length polymorphism analysis of DNA using
primers flanking SMN1 and SMN2 exon 7. Digestion of the PCR
product with Dra I followed by agarose gel electrophoresis from
subjects with SMA lacking SMN1 exon 7 results in a loss of a
fragment without a Dra I restriction site and a smaller frag-
ment on gel electrophoresis that easily distinguishes the SMN1
and SMN2 genes. Using SMN2-specific primers and primers for
the control gene GAPDH, we quantified SMN2 copy number
by real-time PCR using a light cycler to detect intensity of fluo-
rescence in real time. Crossing points for each gene were de-
termined and compared with GAPDH and then with the con-
trols with a known SMN2 copy number to determine the relative
SMN2:GAPDH ratio. High specificity of the PCR product was
ensured by performing a melting curve analysis to help distin-
guish between specific and nonspecific by-products, eg, primer
dimers. Each sample was run in duplicate.

EVALUATOR TRAINING
AND MEASUREMENT QUALITY

Dedicated evaluators and backup evaluators collected the out-
come data at the clinical sites. Evaluators were trained at an
initial meeting prior to study onset and had follow-up meet-

ings and conference calls to maintain uniformity of evaluation
procedures across sites. We developed a study manual for all
procedures that was available to the evaluators in print and on-
line. For pulmonary function measures, flow volume curves were
uploaded into the central data management system and checked
for technical limitations and poor patient effort by a single pul-
monologist (A.C.) for all sites. When the curve was deemed of
insufficient quality, the FVC result was not included in the data
set because it was not thought to reflect the underlying physi-
ologic event.

QUALITY CONTROL

The quality of study operations was enhanced by a compre-
hensive Web-based data entry and management system devel-
oped specifically for the Pediatric Neuromuscular Clinical Re-
search Network SMA study. Data were entered at each site and
managed centrally by the Muscle Study Group Coordination
Center. The system identified out-of-range values and missing
data at the time of entry. Further extensive data checking was
accomplished after data entry. Regular queries were issued for
missing or implausible data.

STATISTICAL ANALYSIS

Data were included for all participants who were enrolled in
the observational cohort study at least 12 months prior to the
cutoff date of June 1, 2009, and had at least 1 postbaseline evalu-
ation. Only measurements up to 12 months postbaseline were
included in the analyses. For each of the outcome measures,
we performed formal analyses of the change over time using 2
different strategies: (1) a repeated-measures analysis of cova-
riance model and (2) a mixed-effects linear regression model.
The repeated-measures analysis of covariance model included
SMA type as a covariate and time (categorical) as the indepen-
dent variable of interest; this model describes the change in out-
come from baseline to each separate visit, with month 12 being
the visit of primary interest. The mixed-effects linear regres-
sion model included SMA type as a covariate and time (con-
tinuous) as the independent variable of interest; this model as-
sumes a linear relationship between the outcome and time and
allows subject-specific slopes and intercepts, with the average
slope being of primary interest. Unstructured covariance pat-
terns were assumed for both models. These models use maxi-
mum likelihood to estimate the parameters of interest using
available data from all subjects, dealing with the problem of
missing data in an appropriate way under the “missing at ran-
dom” assumption. If a participant had scoliosis surgery dur-
ing the 1-year follow-up period, observations obtained after the
surgery were excluded from the analyses; the impact that such
surgery had on the observed outcomes is summarized sepa-
rately. The muscle strength outcomes were analyzed using only
the mixed-effects linear regression model because of the ir-
regularity in the timing of the visits for these outcomes, which
were introduced partway into the study.

We examined potential baseline correlates of change over
time by adding appropriate main effect and interaction terms
to the mixed-effects linear regression model. The following base-
line variables were considered (separately): age (3-12 and =13
years), sex, SMA type (2 or 3), ambulatory status (not walking
or walking), SMN2 copy number (2-3 or 4), HFMS score (<20
or =20), FVC (<70% or =70%), and use of agents to treat SMA
(yes or no).

Intrarater reliability of the outcome measures was assessed
using data from the baseline and month 2 visits. This was quan-
tified by intraclass correlation coefficients, computed using 1-way
random-effects analysis of variance models.
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Table 1. Baseline Characteristics for Participants
With SMA 2 and SMA 3
%
SMA 2 SMA 3 Overall !
Variable (n= 35) (n=30) (n=65)
Age, y, mean (SD) 9.6 (7.6) 13.2(10.3) 11.2(9.1)
Age =12y 77 57 68
Age <5y 31 23 28
Male 40 50 45
Race
White 69 80 74
Black 0 3 2
Mixed 23 10 17
Asian 6 3 5
Unknown 3 3 3
Center
Columbia 46 50 48
Harvard 26 27 26
CHOP 29 23 26
Height, cm, mean (SD) 116.3 (23.5) 138.9(29.3) 126.9 (28.5)
Weight, kg, mean (SD) 249 (131) 40.3(23.9) 32.1(20.3)
SMN2 copy number
3 100 53 78
4 0 43 20
5 0 3 2
Walking 0 73 34
Sitting 77 100 88
BiPAP use 29 0 15
HFMS score, mean (SD) 9.0 (8.9) 33.5(10.2) 20.1 (15.5)
HFMSE score, mean (SD)  10.9 (10.6) 45.9 (14.7)  26.5(21.5)
GMFM score, mean (SD)  17.3(13.3)  70.6 (25.2) 41.0(33.0)
FVC, % of predicted, 46.1 (22.6) 96.9(17.3) 70.5 (32.5)
mean (SD)
Muscle strength, kg,
mean (SD)
Elbow flexion 2.5(1.4) 11.4 (8.7) 6.8 (7.5)
Knee extension 0.8 (0.8) 3.8(2.9) 2.3 (2.6)
Knee flexion 2.5(1.4) 8.3 (6.1) 53(5.2)

Abbreviations: BiPAP, bilevel positive airway pressure; CHOP, Children’s
Hospital of Philadelphia; FVC, forced vital capacity; GMFM, Gross Motor
Function Measure; HFMSE, expanded Hammersmith Functional Motor Scale;
HFMS, Hammersmith Functional Motor Scale; SMA 2, spinal muscular
atrophy type 2; SMA 3, spinal muscular atrophy type 3.

DR RESULTS

RECRUITMENT AND RETENTION

We enrolled 71 participants with SMA 2 and 3 , but 3 of
these (all younger than 2 years) were not evaluated with
the functional assessments and 3 others did not have post-
baseline evaluations (2 prematurely withdrew from fol-
low-up and 1 had scoliosis surgery shortly after enroll-
ment). Data from the remaining 65 participants (35 SMA
2 and 30 SMA 3) were included in the analyses. There were
no deaths over the 12-month follow-up period. Of the 65
participants, 51 had a month 12 visit. Among the 14 par-
ticipants without month 12 observations were 4 who missed
the month 12 visit but remained in the study, 3 who had
scoliosis surgery prior to the month 12 visit, and 7 who
prematurely withdrew from follow-up. Reasons for pre-
mature withdrawal from follow-up included participation
in a clinical trial at another institution (n=2), difficulties

in coping with the burden of research visits in terms of time
and travel (n=4), and family illness (n=1).

The mean (SD) age of the 65 participants was 11.2 (9.1)
years, 45% were male, and 74% were white. Seventy-
three percent of the participants with SMA 3 were walk-
ing at baseline. For participants with SMA 3 younger than
3 years, 68% were walking at baseline, compared with
82% for those at least 3 years old. Seventy-seven percent
of participants with SMA 2 had the ability to sit at base-
line, compared with 100% of participants with SMA 3.
Twenty-nine percent of participants with SMA 2 (and no
participants with SMA 3) were using bilevel positive air-
way pressure at baseline. Other baseline characteristics
of participants are summarized by SMA type in Table 1.

TEST-RETEST RELIABILITY

Intraclass correlation coefficients for test-retest reliabil-
ity, using data from the baseline and month 2 visits, were
very high (>0.98) for the GMFM, HFMS, HFMSE, and
FVC (liters).

MOTOR FUNCTION

As expected, participants with SMA 2 and SMA 3 dif-
fered substantially with respect to baseline motor func-
tion (Table 1). There was no appreciable mean change
in motor function over the 12-month follow-up period
as measured by the GMFM, HFMS, and HFMSE (Table 2
and Table 3; Figure 1 and Figure 2).

MUSCLE STRENGTH

Participants with SMA 2 and SMA 3 differed substantially
with respect to baseline muscle strength, as measured by
quantitative myometry (Table 1). No significant mean
changes in elbow flexion, knee extension, or knee flexion
strength were detected over 12 months (Table 4).

PULMONARY FUNCTION

Forced expiratory vital capacity was measured in 50 of
the 65 participants (77%) and differed substantially be-
tween participants with SMA 2 and SMA 3 at baseline
(Table 1). The average measured value of FVC (percent-
age of predicted) decreased slightly over time, by ap-
proximately 2% over 12 months (P=.23) (Table 3). The
mean annual rate of change was -1.13% (95% confi-
dence interval [CI], -4.18% to 1.91%; P=.46) (Table 4;
Figure 3).

PREDICTORS OF PROGRESSION

Over the 12-month observation period, there were no
significant associations between annual rates of change
in motor function (GMFM and HFMSE) or pulmonary
function (percentage of predicted FVC) and age, SMA
type, baseline HFMS score, or baseline percentage of
predicted FVC. The mean rate of change in FVC dif-
fered between female participants (-3.51% per year;
95% CI, -7.14% to 0.12%) and male participants
(3.12% per year; 95% CI, -1.68% to 7.91%) (P=.03).
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Table 2. Change Over Time for Participants With SMA 2 and SMA 3

Mean (SD) of the Change From Baseline to Each Visit

Variable Month 2 Month 4 Month 6 Month 9 Month 12
HFMS -0.83 (2.79) [n = 23] -0.26 (1.51) [n = 23] 0.00 (2.41) [n = 29] -0.30 (2.01) [n=23]  -0.31(2.24) [n = 26]
HFMSE -0.52 (2.92) [n = 42] 0.37 (2.98) [n = 46] 0.27 (2.72) [n = 55] 0.00 (3.12) [n = 43] 0.15 (3.22) [n = 48]
GMFM (2.93) [n = 42] 1.33 (4.88) [n = 46] 0.46 (4.74) [n = 55] 1.03 (4.99) [n = 43] 0.78 (5.94) [n = 47]
FVC (% of predicted) -1.73(8.31) [n = 30] -0.29 (7.82) [n = 34] 0.36 (9.81) [n = 39] 0.61(8.74) [n=36]  -2.49 (10.60) [n = 37]

Abbreviations: FVC, forced vital capacity; GMFM, Gross Motor Function Measure; HFMSE, expanded Hammersmith Functional Motor Scale;
HFMS, Hammersmith Functional Motor Scale (participants with SMA 2 only); SMA 2, spinal muscular atrophy type 2; SMA 3, spinal muscular atrophy type 3.

Table 3. Analyses of Change Over Time
for Participants With SMA 2 and SMA 3?2
Mean Change P
Variable (95% CI) Value
HFMS, mo
6 -0.06 (-0.94 t0 0.81) .88
9 -0.39 (-1.14 10 0.37) .30
12 -0.16 (-1.05 t0 0.73) .72
HFSME, mo
6 0.27 (-0.43 t0 0.97) 44
9 -0.08 (-0.90 to 0.74) .85
12 0.19 (-0.70 to 1.08) .67
GMFM, mo
6 0.42 (-0.80 to 1.64) 49
9 0.39 (-1.12 to 1.90) 61
12 0.79 (-0.99 to 2.57) .38
FVC, % of predicted, mo
6 0.46 (-2.34 to 3.26) 74
9 0.57 (-2.07 to 3.20) .67
12 -2.21 (-5.84 10 1.43) .23

Abbreviations: Cl, confidence interval; FVC, forced vital capacity;
GMFM, Gross Motor Function Measure; HFMSE, expanded Hammersmith
Functional Motor Scale; HFMS, Hammersmith Functional Motor Scale
(participants with SMA 2 only); SMA 2, spinal muscular atrophy type 2;
SMA 3, spinal muscular atrophy type 3.

@Mean changes, Cls, and Pvalues were obtained from a repeated-measures
analysis of covariance model that included SMA type as a covariate and time
(categorical) as the independent variable of interest; see text for details.

Ambulatory status at baseline was significantly associ-
ated with annual rate of change in motor function, with
a significant increase in function over time in ambula-
tory participants compared with a slight decline in
function over time in nonambulatory participants. For
the GMFM score, the mean rate of change was 3.96
(95% CI, 1.20 to 6.72) in ambulatory participants and
-0.70 (95% CI, -2.86 to 1.46) in nonambulatory par-
ticipants (P=.01). For the HFMSE score, the mean rate
of change was 1.62 (95% CI, 0.14 to 3.10) in ambula-
tory participants and -0.47 (95% CI, -1.66 to 0.72) in
nonambulatory participants (P=.03). To explore these
associations further, we reanalyzed the data and in-
cluded an interaction term between ambulatory status
and age (<5 years vs =5 years) in the mixed-effects lin-
ear regression model. We found that the difference in
GMFM score slope between ambulatory and nonambu-
latory participants was 6.3 for those younger than 5
years compared with 4.2 for those at least 5 years of age.
Similarly, for the HEMSE score slope, the difference be-
tween ambulatory and nonambulatory participants was
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Figure 1. Mean change in Gross Motor Function Measure (GMFM) total
score over time estimated using a repeated-measures analysis of covariance
model. Error bars indicate 1 SE of the mean. Mean changes are plotted for
spinal muscular atrophy (SMA) type 2 and SMA type 3 combined, SMA type
2 only, and SMA type 3 only.
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Figure 2. Mean change in expanded Hammersmith Functional Motor Scale
(HFMSE) score over time estimated using a repeated-measures analysis of
covariance model. Error bars indicate 1 SE of the mean. Mean changes are
plotted for spinal muscular atrophy (SMA) type 2 and SMA type 3 combined,
SMA type 2 only, and SMA type 3 only.

greater in those younger than 5 years (3.8) than in those
at least 5 years old (1.5).

All participants were homozygous for a deletion of
SMN1. The distribution of SMN2 copy number differed
between participants with SMA 2 and SMA 3, with all par-
ticipants with SMA 2 having 3 SMN2 copies and partici-
pants with SMA 3 having between 3 and 5 SMN2 copies;
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Table 4. Analyses of Rate of Change Over Time
for Participants With SMA 2 and SMA 32

Mean Rate of Change,
Variable Slope (95% CI) P Value
HFMS 0.06 (-0.82 to 0.93) .90
HFMSE 0.25 (-0.65 to 1.15) .58
GMFM 0.75 (-1.07 to 2.57) A1
FVC, % of predicted -1.13 (-4.18t0 1.91) 46
Elbow flexion, kg -0.58 (-2.62 to 1.47) .57
Knee extension, kg -0.07 (-0.98 to 0.84) .87
Knee flexion, kg -0.03 (-1.00 to 0.94) .95

Abbreviations: Cl, confidence interval; FVC, forced vital capacity;
GMFM, Gross Motor Function Measure; HFMS, Hammersmith Functional
Motor Scale (participants with SMA 2 only); HFMSE, expanded
Hammersmith Functional Motor Scale; SMA 2, spinal muscular atrophy type
2; SMA 3, spinal muscular atrophy type 3.

2Mean rates of change, Cls, and P values were obtained from a
mixed-effects linear regression model that included SMA type as a covariate
and time (continuous) as the independent variable of interest; see text for
details.

Mean Change in FVC (% of Predicted)

“409 | —-Type2
1] -—Type 3
-5.0
— Combined
-6.0
0 1 2 3 4 5 6 7 8 9 10 11 12 13

Visit Month

Figure 3. Mean change in forced expiratory vital capacity (FVC) (percentage
of predicted) over time estimated using a repeated-measures analysis of
covariance model. Error bars indicate 1 SE of the mean. Mean changes are
plotted for spinal muscular atrophy (SMA) type 2 and SMA type 3 combined,
SMA type 2 only, and SMA type 3 only.

most participants with SMA 3 carried 3 or 4 SMN2 cop-
ies (Table 1). There was no significant association be-
tween any measure of the rate of disease progression and
SMN2 copy number.

Sixteen of the 65 participants (25%) used at least 1 medi-
cation that might be considered as a potential treatment
for SMA at some time during the 12-month follow-up pe-
riod. These medications included albuterol (6%), carni-
tine (11%), creatine (8%), hydroxyurea (3%), steroids (2%),
and valproic acid (8%). There were no significant differ-
ences between those who did and did not take these medi-
cations with respect to the mean rate of change over time
in motor function or pulmonary function.

Four participants had scoliosis surgery during the 12-
month follow-up period. One 14-year-old participant with
SMA 3 had surgery between months 6 and 12 and the
HFMS score dropped from 21 to 8 after surgery. Only a
slight decline in FVC was noted. A 6-year-old partici-
pant with SMA 2 had surgery between months 6 and 12
and the HFMS score dropped from 20 to 7 after surgery.

This participant also had a decline in FVC from 0.98 L
(67% of predicted normal) to 0.68 L (38% of predicted
normal). A 5-year-old participant with SMA 2 had sur-
gery shortly after enrollment, but the HFMS score at base-
line remained very low throughout follow-up (ranging
from 0-2); FVC was not measured in this participant. Fi-
nally, a 12-year-old participant with SMA 3 had surgery
between mo