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ABSTRACT: Background: Spinal muscular atrophy (SMA) is characterized by the progressive loss of motor neurons causing muscle
atrophy and weakness. Nusinersen, the first effective SMA therapy was approved by Health Canada in June 2017 and has been added to
the provincial formulary of all but one Canadian province. Access to this effective therapy has triggered the inclusion of SMA in an
increasing number of Newborn Screening (NBS) programs. However, the range of disease-modifying SMN2 gene copy numbers
encountered in survival motor neuron 1 (SMN1)-null individuals means that neither screen-positive definition nor resulting treatment
decisions can be determined by SMN1 genotype alone. We outline an approach to this challenge, one that specifically addresses the case
of SMA newborns with four copies of SMN2. Objectives: To develop a standardized post-referral evaluation pathway for babies with a
positive SMA NBS screen result.Methods: An SMA NBS pilot trial in Ontario using first-tier MassARRAY and second-tier multi-ligand
probe amplification (MLPA) was launched in January 2020. Prior to this, Ontario pediatric neuromuscular disease and NBS experts met to
review the evidence regarding the diagnosis and treatment of children with SMA as it pertained to NBS. A post-referral evaluation
algorithm was developed, outlining timelines for patient retrieval and management. Conclusions: Ontario’s pilot NBS program has
created a standardized path to facilitate early diagnosis of SMA and initiation of treatment. The goal is to provide timely access to those
SMA infants in need of therapy to optimize motor function and prolong survival.

RÉSUMÉ : Dépistage de l’amyotrophie spinale chez le nouveau-né : recommandations sur le dépistage et le suivi de la maladie en Ontario.
Contexte : L’amyotrophie spinale (AS) se caractérise par une perte progressive des neurones moteurs, ce qui entraîne une atrophie et une faiblesse
musculaires. Nusinersen, le premier traitement efficace de l’AS a été approuvé par Santé Canada en juin 2017, et ajouté à la liste des médicaments assurés
dans toutes les provinces, sauf dans une seule. L’arrivée de ce traitement efficace a eu pour effet d’ajouter l’AS dans un nombre croissant de programmes
de dépistage néonatal (PDN). Toutefois, comme le nombre de copies du gène SMN2 chez les personnes « nulles » à l’égard de SMN1 est modifié par plus
d’une maladie, ni la définition d’un test de dépistage positif ni les décisions relatives au traitement qui en découle ne peuvent reposer sur le seul génotype
SMN1. Aussi avons-nous élaboré une démarche qui vise spécifiquement l’AS à 4 copies du gène SMN2 chez le nouveau-né (N.-N.). Objectif : L’étude
visait à tracer le chemin à suivre après la consultation pour l’évaluation des N.-N. ayant obtenu un résultat positif au dépistage de l’AS dans le cadre du
PDN.Méthode : Un essai pilote de dépistage néonatal de l’AS réalisé à l’aide de MassARRAY au premier tour et de l’amplification multiplex de sondes
dépendant d’une ligation (MLPA) au second tour été lancé en Ontario, en janvier 2020. Auparavant, des spécialistes des maladies neuromusculaires chez
les enfants et des experts du PDN en Ontario se sont rencontrés afin d’examiner les données probantes sur le diagnostic et le traitement de l’AS chez les
enfants, dans le cadre du PDN. A suivi l’élaboration d’un algorithme d’évaluation après consultation, qui établissait les différentes étapes à suivre en vue
de l’aiguillage du patient et de la prise en charge de la maladie. Conclusion : Le programme pilote de dépistage néonatal de l’Ontario a permis
d’uniformiser la démarche à suivre et ainsi de faciliter la pose précoce du diagnostic d’AS et l’instauration du traitement. Il a pour but le repérage rapide
des nourrissons atteints d’AS qui ont besoin de traitement afin d’optimiser le fonctionnement moteur et de prolonger la survie.
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INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal recessive,
neurodegenerative disorder typically resulting from biallelic
deletions of the survival motor neuron 1 (SMN1) gene. Patients
demonstrate a loss of motor neurons resulting in progressive
skeletal muscle atrophy and weakness. SMA carrier frequency is
1 in 50 resulting in a disease prevalence of approximately 1 in
10,000 live births1 making SMA the most common genetic cause
of childhood death.

The contiguous SMN1 paralog, SMN2, encodes amino acids
that are identical to SMN1; however, an exonic point mutation in
a putative exonic splice enhancer leads to the exclusion of exon 7
in about 90% of SMN2 mRNA transcripts. As such, each SMN2
copy only produces about 10% of the functional SMN protein
ordinarily produced from a single, functional SMN1 copy.2

Historically, SMA has been categorized into three clinical
types based upon the onset of clinical symptoms and the maxi-
mum motor milestone achieved. SMA type I is characterized by
symptom onset before 6 months of age and an inability to sit or
stand independently.3 This severe infantile-onset form of SMA
accounts for up to 60% of cases with a mean survival of
8–10-1/2 months of age.4,5 SMA type II shows symptom onset
from 6 months to 18 months old with infants achieving the ability
to sit but not walk independently. It has been estimated that 25%
of children with SMA will have this form of the disease. SMA
type III is characterized by symptom onset after 18 months old
and children achieving the ability to walk at least some point
during their lives.6 Rarer forms of SMA can include a congenital
form (type 0) or a late, adult-onset form (type IV) with each
accounting for <1% of all cases of this disease.6,7

SMN2 copy number has some predictive value with respect to
the type of SMA. For example, approximately 80% of SMA type
I infants have two SMN2 copies or less with a remainder having
three SMN2 copies.8 Children diagnosed with SMA type II are
most likely to have three SMN2 copies (80%) with approximately
16% having two SMN2 copies and 4% having four SMN2 copies.
For SMA type III, 90% of children will have three or four SMN2
copies.8 Individuals with adult-onset SMA type IV have four or
more SMN2 copies. Notwithstanding these associations, the
SMN2 genotype–phenotype correlation is insufficient to allow
unequivocal SMN2 genotype-based prediction of discrete SMA I,
II, and III diagnoses.

Therapies have emerged for the treatment of SMA. In June
2017, nusinersen (Spinraza®) was approved by Health Canada
and, at the time of writing, reimbursement criteria have been
established in all but one Canadian province. An antisense
oligonucleotide, nusinersen is administered at set intervals via
intrathecal injection and binds to a segment of SMN2 pre-mRNA,
altering its splicing and promoting the inclusion of exon 7.9 As a
result, it augments the amount of full-length SMN protein
produced enhancing survival of motor neurons in affected
individuals with resulting significant clinical improvement. Nusi-
nersen has been shown to be particularly effective when admin-
istered to SMA babies with two or three SMN2 copies before
symptom onset.10 Children with four SMN2 copies have not been
studied in these pivotal clinical trials. Additional treatments are
emerging for SMA with a beneficial response reported from
preliminary clinical trials of onasemnogene abeparvovec

(Zolgensma®), a gene replacement therapy11 as well as
RO7034067 (Risdaplam®) a small molecule that also alters SMN2
splicing increasing full-length SMN2 mRNA production.12 These
treatments have received regulatory approval in other jurisdic-
tions and will require review by regulatory bodies in Canada.

Newborn Screening Ontario (NSO), based at CHEO in Otta-
wa, began operations in 2006. Prior to this, screening in the
province of Ontario was based out of the provincial public health
laboratories and screening targets were limited to phenylketon-
uria and congenital hypothyroidism. NSO has expanded the
provincial NBS panel to now include over 25 conditions and
the resulting identification and treatment of over 2500 infants
affected by one of these conditions. As outlined in a seminal 1968
WHO publication by Wilson and Jungner,13 “the object of
screening for disease is to discover those among the apparently
well who are in fact suffering from disease”. Newborn screening
(NBS) specifically is a public health population-based system,
which involves testing all infants shortly after birth to identify
those at risk for an increasing number of treatable conditions,
which are not clinically evident in the newborn period.14 Wilson
and Jungner also delineated several fundamental principles of
screening, which have been interpreted over time as “criteria” to
be used in the consideration of the appropriateness of a given
disease for inclusion in a screening program. These principles/
criteria include characteristics of the disease itself (e.g. severity,
knowledge of natural history), the screening test (e.g. test
performance, robustness), the treatment (e.g. effectiveness, accept-
ability, and accessibility), and societal considerations (e.g. cost-
effectiveness, harms to those with false-positive result including
the risk of overtreatment). The emergence of access to nusinersen
as a transformative therapy for SMA, along with the availability of
robust and accurate DBS screening tests, the detailed understand-
ing of the natural history of the disease, and the availability of a
system of care for screen-positive infants involving pediatric
academic health science centers has made SMA particularly
appealing for inclusion in NBS programs. Potential concerns about
the inclusion of SMA as a target of NBS include the high cost of
treatment, challenges in predicting the severity of disease in
infancy (with the associated risk of overtreatment of infants with
less severe forms of SMA), and equitable and timely access to care
across an area as large and, in places, as sparsely populated as
Ontario. The NSO Advisory Council reviewed the evidence and
recommended that SMA be added to the provincial NBS program.
However, in order to maximize benefits and minimize potential
harms of SMANBS, and ensure consistency across the province, it
was recognized that a strong consensus was needed on the
approach to SMA screening, clinical evaluation, and treatment.
Therefore, a group of Ontario screening and pediatric neuromuscular
experts met prior to the initiation of pilot screening to define which
individuals should be reported as positive (i.e. SMN1 deletion with
or without consideration of SMN2 copy number), and for whom,
among these, immediate treatment versus careful follow-up should
be recommended. Shortly thereafter, on January 13, 2020, an SMA
pilot program was initiated at NSO. The SMA test was multiplexed
with a recently established hearing impairment and severe combined
immunodeficiency mutation screening test, allowing a transition
with relative ease, no additional blood sample requirements, and
minimal additional testing cost.
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METHODS

Newborn Screening Testing Methodology

NBS dried blood samples (DBS) are collected on specially
designed filter paper (also known as Guthrie paper) according to
published criteria ideally from infants between 24 and 48 h of
age. An insert outlining the SMA NBS pilot project was given to
all parents with details on where to find further information on the
NSO website.

The SMA NBS pilot in Ontario includes a laboratory-
developed first-tier MassARRAY test for the presence of SMN1
and a second-tier multi-ligand probe amplification (MLPA) test
for both SMN1 and SMN2 copy numbers (MRC Holland P021).
The MassARRAY (Agena) test involves initial PCR amplifica-
tion of the relevant SMN1 genomic region followed by annealing
of primers overlapping or adjacent to sites of interest, with a
single-base extension. SMA genotyping was added to a large
multiplex MassARRAY assay assessing 22 mutations associated
with early-onset hearing loss (GJB2/GJB6 and SLC26A4) as well
as mutations within two genes causing severe combined immu-
nodeficiency (SCID; IKBKB, and ZAP70) already being per-
formed at NSO. Although many screening laboratories have
multiplexed SMA PCR with TREC (SCID) qPCR,15 these tests
had already been multiplexed with an assay for congenital CMV
at NSO; additional targets in this qPCR assay were not possible.
The first-tier screen performed at NSO, therefore, assesses for the
presence of an SMN1 exon 7 single-nucleotide variant (SNV), and
of exon 8 SMN1 and SMN2 SNVs. In traditional MassARRAY
design, one primer would anneal to both SMN1 and SMN2,
however, we noted during assay development that SMN2 copy
number impacted SMN1 genotyping; specifically, individuals with
≥5 copies of SMN2 were often incorrectly genotyped as SMN1
null. To address this issue, we altered our design to independently
assess SMN1 exon 7 by using a primer whose 3′ base is the C>T
variant such that it will only anneal and produce a signal from
SMN1. The exon 8 assay follows the traditional design where the
primer sits adjacent to the exon 8 SNV and the signal is produced
from both SMN1 and SMN2 (Figure 1). Given SMN1 and SMN2
dual null individuals are not viable, an exon 8 signal is anticipated
in every live-born individual; if none is observed then a failed
reaction is likely and the reaction is repeated. This method does not
identify SMN1 +/− SMA carriers who would produce a signal
indistinguishable from SMN1 +/+ individuals.

First-tier-positive samples (SMN1 null) are immediately ana-
lyzed by MLPA (MRC Holland P021) for SMN1 and SMN2 copy
numbers and if confirmed, a screen-positive report which
includes SMN2 copy number is issued if ≤4 x SMN2 copy
numbers are detected. Samples with first-tier inconclusive results
(exon 8 SMN1 null, exon 7 SMN1 present) are most likely due to
high SMN2 copy number and thus analyzed by MLPA on a
weekly basis.

Neuromuscular Disease Expert Consensus

In a series of teleconferences culminating in a 1-day face-to-
face meeting, Ontario-based Pediatric Neuromuscular disease
experts reviewed and discussed the evidence, expert consensus
statements, provincial and national treatment reimbursement
guidelines, and clinical practice regarding diagnosis and treat-
ment of children with SMA as it pertained to NBS. The definition

of a screen-positive result (specifically as related to SMN2 copy
number) and details of a post-referral evaluation and management
plan (including timelines) were then discussed and a post-referral
evaluation algorithm was established.

RESULTS

Newborn Screening Evaluation Algorithm

NSO medical staff (PC) in consultation with Ontario Pediatric
Neuromuscular experts (CC, JD, HG, AM, HM, and MT) created
a post-referral evaluation algorithm (Figure 2) comprising the
following key points:

It was decided that SMN1-null infants with four or fewer SMN2
copies would be classified “screen positive”. The group agreed that
while the natural history of infants with 5xSMN2 copies or more
was not wholly predictable, adult-onset disease or potentially
remaining completely asymptomatic throughout his or her life
was the most likely outcomes. As such, reporting this condition
when there is a chance that disease manifestation may not occur
was deemed to be unethical and not in patients’ best interest given
the potential psychosocial impact, exclusion from insurability, and
other potential ramifications associated with this disclosure.

The target time for the initial screen result was 7–10 days of
age, acknowledging that samples may be taken at several days of
age and/or shipped from remote sites within the province. All
SMN1-null infants from the initial assay would undergo timely
reflex MLPA testing, both confirming SMN1 −/− genotype and
delineating SMN2 copy number.

SMN1 −/− infants with four SMN2 copies or less would be
referred to a regional treatment center. A trained genetic coun-
selor or nurse would contact the infant’s family by telephone and
they would either be directed to the closest pediatric hospital or
have blood sent for confirmatory SMA genetic testing to be
performed and to meet with a pediatric neuromuscular specialist
to discuss the potential implications of the NSO test result. One
tube of whole blood (EDTA, 3 ml) would also be sent at the same
time to the NSO laboratory for quality assurance purposes.
Confirmatory testing would be performed at either SickKids
Hospital (Toronto) or the Children’s Hospital of Eastern Ontario
(Ottawa) aiming to return results within 7–10 days from receipt of
the sample. One tube of whole blood (EDTA, 3 ml) would also be
sent at the same time to the NSO laboratory for quality assurance
purposes and rapid resolution of any discordant results (i.e.
between the original screening results, diagnostic lab results,
and second sample results at NSO). The rationale for the rapid
investigation would be to determine if there was any evidence for
the misidentification of specimens at the referring center or the
receiving NBS laboratory to ensure there was no further delay in
diagnosis and treatment initiation for another infant.

Following diagnostic confirmation, and determination of
SMN2 copy number, infants, and their families are assessed by
a pediatric neuromuscular specialist at which time the family
would have an opportunity to discuss treatment options and
standard of care guidelines that are followed at all Ontario
Pediatric Neuromuscular clinics.16,17 Baseline functional assess-
ments (CHOP-INTEND, HINE) would be performed by a trained
physiotherapist or clinical evaluator at or around that time.
Establishing a definitive diagnosis between 16 and 27 days of
age was determined to be feasible, and would allow initiation of
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disease-modifying therapy in the majority of SMA patients with 2
or 3xSMN2 copies by 30 days of life.

Treatment and Surveillance Recommendations: 2 or 3 SMN2
Copies

All infants with two or three SMN2 copies, given the evidence
for rapid and irreversible loss of motor neurons, were recom-
mended for immediate initiation of disease-modifying therapy
prior to any clinical symptom onset (Figure 2). This recommen-
dation is concordant with Ontario’s Exceptional Access Program
(EAP) reimbursement criteria for nusinersen.18 Application for
access to nusinersen is to be placed with the family’s private
insurance (if applicable) and/or the EAP. Neurophysiological
testing (i.e. nerve conduction studies, electromyography (EMG))
was not recommended for children in this cohort as it would not
alter treatment decisions. Although extremely uncommon,
SMN1-null infants with only 1 SMN2 copy (i.e. predictive of
SMA type 0) would be evaluated immediately. Given the

potential severity of this congenital-onset form of SMA which
could include the need for mechanical ventilation, the pediatric
neuromuscular physician and family would discuss potential
treatment options. Details of the recommended ongoing surveil-
lance of patients with two or three copies of SMN2 are outlined in
Table 1.

Treatment and Surveillance Recommendations: 4x SMN2

Once confirmatory testing identifies four SMN2 copies in an
SMA infant, an assessment is to be conducted by a Pediatric
Neuromuscular expert since a proportion of infants with four
SMN2 copies develop type I (<2%) or type II SMA (11%).8 Any
clinical sign of SMA on neuromuscular examination (i.e. weak-
ness, hypotonia, hyporeflexia, etc.) would prompt initiation of
disease-modifying therapy. Motor nerve studies were recom-
mended from the ulnar nerve (to abductor digiti minimi) and
common peroneal nerve (to tibialis anterior). If the compound
motor action potential (CMAP) was found to be <80% the lower-

Figure 1: SMN1 and SMN2 MassARRAY chromatograms.
(A) Infants not affected with SMA (“control”) with one or two SMN1 copies will show a peak at SMN1 in
both the exon 7 and exon 8 assays. (B) Infants affected with SMA (bottom) will not show SMN1 peaks in either
exon 7 or exon 8 reflecting homozygous SMN1 deletion. The presence of SMN2 is seen just downstream
(right) of where the SMN1 signal is seen (controls) or would have been expected (in affected infants), though
this is not a target of the initial assay.
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limit for age or if needle EMG noted any sign of denervation this
would also confirm neurophysiological evidence of disease onset
and prompt treatment initiation. If no clinical or neurophysiologi-
cal evidence of disease was noted, it was recommended that

treatment not be initiated and the child be seen every 3 months
until 12months of age. Surveillance physical examinations would
be performed by a pediatric neuromuscular specialist and validated
functional assessments (CHOP-INTEND, HINE) would be

Figure 2: Post-referral evaluation algorithm.
All SMN1-null infants with four (or less) SMN2 copies will be reported. Patients’ families will be
contacted by a genetic counselor or nurse within 3 days who will relay the test result and arrange for
confirmatory genetic testing and an urgent meeting with a pediatric neuromuscular specialist.
*Denotes the need for confirmatory multi-ligand probe amplification (MLPA) to be sent to a clinical
laboratory (either SickKids Hospital or the Children’s Hospital of Eastern Ontario) as well as repeat
sample to NSO laboratory. Patients with 2 or 3xSMN2 copies will receive immediate initiation of
disease-modifying treatment. Patients with 4xSMN2 copies will be followed every 3 months by a
pediatric neuromuscular specialist, with treatment initiation at the earliest sign of symptom onset. The
goal for initiation of treatment is within the first 16–30 days of life.

Table 1: Surveillance recommendations for infants with two or three SMN2 copies

Months of age

Assessments: 0 3 6 10 14 18 22 24 28 32 36 40 44 48

NMSK assessment X X X X X X X X X X X X X X

HINE X X X X X X Stop when HFMSE initiated

CHOP-INTEND X X X X X X Continue if score <50

HFMSE Start CHOP-INTEND score ≥50 X X X X X X X

6MWT X*

RULM X*

Approach for
CNDR enrollment

X

Treatment
initiation

X

X denotes the age (in months) at which each assessment is performed. NMSK= pediatric neuromuscular assessment. Treatment will be initiated at the first
visit and administered at 16–30 days of life. The Hammersmith Infant Neurological Examination (HINE) will be discontinued when the HFMSE=
Hammersmith Functional Motor Scale Extended is initiated. CHOP-INTEND scoring will be discontinued at age 24 months old unless the score is <50
(maximum CHOP-INTEND score is 64). X* denotes that 6-min walk test (6MWT) and Revised Upper Limb Module (RULM) will be at 4 years of age if
the child is developmentally capable of cooperating with this test.
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completed by a trained clinical evaluator until at least 2 years of
age. Asymptomatic children with four SMN2 copies beyond
2 years of age are to be regularly assessed with the Hammersmith
Functional Motor Scale Extended (HFMSE). The 6-min walk test
(6MWT) and Revised Upper Limb Module (RULM) would be
initiated at 4 years of age if the child was deemed developmentally
capable of cooperating with this test. The complete recommended
schedule of assessment is summarized in Table 2. Treatment would
be recommended at the earliest clinical or electrophysiological sign
of disease symptoms in this cohort.

Limitations of Testing

As with all other SMA NBS approaches currently in use, our
screening platform will only identify patients with an SMN1 gene
deletion or conversion, but not those with other pathogenic
variations in SMN1 such as point mutations or small deletions.
This is predicted to miss 3–5% of children who may have point
mutations on one or both alleles. As such, a level of clinical
vigilance must be maintained when seeing screen-negative
infants and children with an SMA phenotype including, when
indicated, neurophysiological testing (i.e. EMG) and/or confir-
matory Sanger sequencing.

DISCUSSION

The remarkable progress in SMA therapies, along with
advances in NBS technology, has made the disease an excellent
candidate for inclusion in screening programs. It is clear that early
initiation of treatment, ideally in pre-symptomatic or minimally

symptomatic SMA infants offers the best chance of optimizing
motor function, reducing complications such as respiratory
insufficiency requiring ventilation as well as indefinitely prolong-
ing survival.10 In keeping with this, many countries and jurisdic-
tions have adopted NBS for SMA. Following the inclusion of
SMA in the American Recommended Uniform Screening Panel
(RUSP) in July 2018, 37 individual states have adopted NBS for
SMA with 23 of those states having implemented full screening
programs as of May 2020.19 An additional three states have
undertaken pilot screening programs.19

The ability to predict natural history in asymptomatic patients
diagnosed during screening is vital to make rational treatment
decisions and appropriately counsel families. While the overlap
in observed disease severity between those with various SMN2
copy numbers means it is an imperfect predictor for this purpose,
it is nevertheless an important parameter in guiding such deci-
sions. We recommend treating all babies with two or three SMN2
copies, in alignment with provincial drug reimbursement guide-
lines. The recommended deferral of treatment of infants with four
SMN2 copies pending clinical or electrophysiological evidence of
disease onset follows provincial drug reimbursement guidelines
as well as the approach used in a recent German pilot20,21 and
previously published American treatment guidelines,22 but
diverges from a revision of the latter guideline which recom-
mends early treatment.23 More recently, an NBS pilot program in
New South Wales and the Australian Capital Territory (NSW/
ACT) did not report patients with four or more SMN2 copy
patients.24 In this regard, our recommendation to not treat all four
SMN2 copy SMA patients was grounded in the observation that

Table 2: Surveillance recommendations for infants with four SMN2 copies

Months of age

Assessments: 0 3 6 9 12 18 24 36 48 60 72

NMSK assessment X X X X X X X X X X X

HINE X X X X X X Stop when HFMSE initiated

CHOP-INTEND X X X X X X Continue if score <50

HFMSE X X X X X

6MWT X* X* X*

RULM X* X* X*

CMAP X Repeat if clinically indicated

EMG X Repeat if clinically indicated

Approach for
CNDR enrollment

Treatment
initiation

X#; initiate treatment if clinical or neurophysiological signs of disease appear

X denotes the age (in months) at which each assessment is performed. NMSK= pediatric neuromuscular assessment. Infants with 4xSMN2 copies who
show clinical or neurophysiological signs of disease onset (i.e. compound muscle action potential (CMAP) amplitudes <80% lower limit of normal and/or
needle electromyography (EMG) demonstrating an evidence of denervation) will prompt initiation of treatment (denoted by X#). Declining motor function
scores will prompt initiation of treatment. Infants not showing evidence of disease onset will have a repeat examination and motor function scoring every
3 months (until 12 months old) where after they will be seen at 18 months old, 24 months old, and then annually. The Hammersmith Infant Neurological
Examination (HINE) will be performed every 3 months until the HFMSE=Hammersmith Functional Motor Scale Extended is initiated. CHOP-INTEND
scoring will be discontinued at age 24 months old unless the score is <50 (maximum CHOP-INTEND score is 64). X* denotes that 6-min walk test
(6MWT) and Revised Upper Limb Module (RULM) will be performed beginning at 4 years of age if the child is developmentally capable of cooperating
with this test. CMAP or EMG will be repeated only if needed to guide decision-making regarding treatment initiation.
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there is heterogeneity with regard to the age of symptom onset.
Although patients may show symptom onset at around 3 years of
age, a subset may have much later onset, not occurring until mid-
adulthood (mean 37 years old; range 30–43 years old).25 This as
well as the paucity of clear evidence for the efficacy of treatment
in the four SMN2 copy groups was the basis for the decision for
careful surveillance in this cohort. It is also very important to note
that this decision was also guided by core screening principles
including access to treatment within the system of care, avoid-
ance of harm from overtreatment, and cost-effectiveness
considerations.

The rapid initiation of treatment is essential, particularly for
pre-symptomatic, 2xSMN2 copy patients who show a rapid
decline in neurophysiological markers (e.g. CMAP amplitudes)
shortly after birth.26 Over 40% of SMA patients identified in an
NBS program show clear evidence of clinical symptoms within
the first few weeks of life.24 We have established a target range of
16–30 days of age (Figure 2) within which to initiate treatment,
similar to the NSW/ACT program which started disease-
modifying treatment at a median of 26.5 days of life (range:
16–37 days).24 Optimally, by decreasing the time for confirma-
tory genetic testing and/or reducing time for EAP treatment
approval, we hope to initiate treatment before 21 days of life.
Currently, EAP approval cannot proceed until confirmatory
genetic testing has been obtained. The demonstration of a strong
concordance between NBS and confirmatory genetic test results
could potentially allow a process of conditional EAP approval
pending confirmatory testing results.

The profound alteration of SMA natural history observed
following early treatment alters the historical concept of SMA
“typing” based upon the age of symptom onset and the highest
motor milestone achieved. There is strong evidence that initiation
of therapy in the pre- or early symptomatic phases of disease is
vital to optimizing outcomes for children with early-onset
SMA.10,11 With NBS enabling early diagnoses and access to
highly effective therapies, children with SMA should survive and
achieve motor milestones that would not have previously been
possible. While SMN2 copy number has been used as a surrogate
for SMA type, the overlap between copy number and SMA type
means that the evaluation of the effectiveness of treatment in
individual patients cannot solely be based on copy number alone
as it lacks sensitivity and specificity. Other genetic modifiers alter
the severity of the SMA phenotype including the rare SMN2
c.859G>C mutation, which is associated with higher SMN2
protein levels.27 Actin-binding protein plastin 3 (PLS3), neuro-
calcin delta (NCALD), and neuronal apoptosis inhibitory protein
(NAIP) have been reported to have possible disease-modifying
effects.28–30 Given that there is currently insufficient evidence
pertaining to the population prevalence, strength of association,
and effect upon the phenotype for these genetic modifiers, testing
was not incorporated into the screening algorithm. As evidence
emerges, it will be necessary to consider including such testing,
which may be particularly valuable for individuals with 4xSMN2
copies since they have the potential for considerable phenotypic
heterogeneity. Additional means to predict natural history of
disease will be needed both to guide individual patient treatment
decisions, as well as for a better understanding of the effective-
ness of NBS for SMA in changing outcomes.

Ongoing assessment of this program will be necessary, as will
review of the current algorithms as further evidence, drug

reimbursement guidelines, and clinical consensus statements
emerge. Ultimately, as a better understanding of “4xSMN2 copy”
SMA disease onset emerges from the NBS-based postnatal
ascertainment of affected infants, a better sense of treatment
timing will also be delineated. The high levels of SMN observed
in both control fetal and postnatal spinal cord tissue drop
dramatically so that by 3 months of age it is indistinguishable
from levels seen in SMA postmortem tissue.31 Thus, judiciously
timed reduced doses in the first 6 months may afford long-term
benefit, forestalling, and possibly even preventing disease onset
for SMA patients with four copies of SMN2. In keeping with this,
the elegant study of inducible SMA mouse models has shown
minimal SMN requirement following maturation of the neuro-
muscular junction.32 In addition, new biomarkers are under
investigation which may enable further precision related to
symptom onset and need for and response to therapy.

In the end, clinical trials of such treatment approaches in the
subset of SMA patients mostly at risk for late-onset disease will
be needed to support individual patient treatment decisions, drug
reimbursement policies, and screening approaches and policies.
As multiple disease-modifying therapies emerge, there will be a
need to evaluate the efficacy and tolerability of treatments at
different stages of the disease. As Wilson and Jungner elegantly
described in their treatise, and as illustrated in our recommended
approach, screening decisions and programs must always balance
individual and population benefits and harms, taking into account
disease, treatment, test, and social considerations. Ultimately, our
hope is that this can provide useful information for Ontario
physicians regarding the current landscape of NBS in the prov-
ince as well as for other provinces that may be making decisions
about screening programs of their own.
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CHOP-INTEND =Children’s Hospital of Philadelphia Infant
Test of Neuromuscular Disorders;

CMAP= compound motor action potential;
CMV = cytomegalovirus;
DBS = dried blood spot;
HFMSE=Hammersmith Functional Motor Scale Extended;
HINE=Hammersmith Infant Neurological Examination;
mRNA=messenger ribonucleic acid;
MLPA =multi-ligand probe amplification;
NAIP= neuronal apoptosis inhibitory protein;
NBS =Newborn Screening;
NSO=Newborn Screening Ontario;
NSW/ACT =New South Wales and Australian Capital

Territory;
PCR = polymerase chain reaction;
SCID = severe combined immunodeficiency;
SMA= spinal muscular atrophy;
SMN1= survival motor neuron 1;
SMN2= survival motor neuron 2;
SNV= single-nucleotide variant;
WHO =World Health Organization.
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