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Implementation of population-based newborn screening
reveals low incidence of spinal muscular atrophy
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Purpose: Spinal muscular atrophy (SMA) was added to the
Recommended Uniform Screening Panel (RUSP) in July 2018,
following FDA approval of the first effective SMA treatment, and
demonstration of feasibility of high-throughput newborn screening
using a primary molecular assay. SMA newborn screening was
implemented in New York State (NYS) on 1 October 2018.

Methods: Screening was conducted using DNA extracted from
dried blood spots with a multiplex real-time quantitative poly-
merase chain reaction (qQPCR) assay targeting the recurrent SMNI
exon 7 gene deletion.

Results: During the first year, 225,093 infants were tested. Eight
screened positive, were referred for follow-up, and confirmed to be
homozygous for the deletion. Infants with two or three copies of the
SMN2 gene, predicting more severe, earlier-onset SMA, were
treated with antisense oligonucleotide and/or gene therapy. One
infant with >4 copies SMN2 also received gene therapy.

INTRODUCTION
Spinal muscular atrophy (SMA; OMIM *600354) is a
neuromuscular disorder characterized by muscle weakness
and atrophy, resulting from progressive degeneration and loss
of the anterior horn cells in the spinal cord and brain stem
nuclei." The pediatric SMA phenotype is variable with respect
to age at onset, symptoms, and severity, with three major
subtypes defined by the highest motor function achieved.'
Prior to the advent of SMA-specific treatment, infants were
classified with SMA type 1 because of their inability to sit
unassisted. The phenotype was characterized by a lack of
motor development, extreme weakness, and impairments in
sucking, swallowing, and breathing that typically began within
six months of age. Without ventilatory support, affected
infants typically died by two years of age from pneumonia or
respiratory insufficiency. In SMA type 2, symptoms usually

Conclusion: Newborn screening permits presymptomatic SMA
diagnosis, when treatment initiation is most beneficial. At 1 in
28,137 (95% confidence interval [CI]: 1 in 14,259 to 55,525), the
NYS SMA incidence is 2.6- to 4.7-fold lower than expected. The low
SMA incidence is likely attributable to imprecise and biased
estimates, coupled with increased awareness, access to and uptake
of carrier screening, genetic counseling, cascade testing, prenatal
diagnosis, and advanced reproductive technologies.
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began between 6 and 18 months of age. By definition, SMA
type 2 patients sat and some even stood at some point, but
they never walked independently. Survival was normal or near
normal and complications were primarily musculoskeletal in
nature (scoliosis and contractures). SMA type 3 patients
presented after age 18 months and were able to walk
independently, though some lost the ability to walk, especially
if presenting with symptoms under age three years (type 3a).”
SMA type 4, which presented in adulthood, was the least
common and least severe. A rare congenital form, type 0,
presented with profound weakness and early respiratory
failure.

SMA is currently the most common genetic cause of death
in infants and children. Incidence estimates range from 1 in
6000 to 1 in 11,000 births.”> The condition is autosomal
recessive, resulting from mutation of the survival of motor
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neuron 1 gene, SMNI, most commonly, a deletion of exon 7.
The number of genomic copies of survival of motor neuron 2,
SMN?2, is the major determinant of SMA severity, although
other modifiers exist." SMNI and SMN2 genes code for an
identical protein; however, one of few nucleotide differences
between the two genes results in only 5-10% properly spliced
SMN?2 transcripts, which can partially compensate for the loss
of SMNI. In general, affected individuals with more genomic
copies of SMN2 tend to have milder disease, while those with
fewer copies have more severe, earlier-onset disease. In
affected individuals, the number of SMN2 copies ranges from
one to five," or rarely, more.

Several major barriers to newborn screening for SMA were
overcome between 2016 and 2019. Historically, SMA was
diagnosed after symptom onset, subsequent to irreversible
motor neuron degeneration and loss,' or presymptomatically
via genetic testing for those with a family history. One
systematic review estimated a mean diagnostic delay of 3.6,
14.3, and 43.6 months for SMA types 1, 2, and 3, respectively.®
Identification at birth prior to symptom onset via newborn
screening was not previously feasible because there is no
protein biomarker for SMA in blood. With implementation of
the first primary molecular newborn screening test for severe
combined immunodeficiency (SCID), screening for the
common SMNI exon 7 deletion via quantitative polymerase
chain reaction (QPCR) became more feasible.”

The New York State (NYS) program initiated a pilot study
for SMA newborn screening in January 2016.° The goals of
the study were to demonstrate feasibility of screening, and to
assess whether parents wanted their infants screened for a
disorder lacking an FDA-approved treatment. Testing was
offered via informed consent at four New York City (NYC)
hospitals. Among 16,712 infants tested over 32 months, one
screened positive and was found to have two copies of SMN2,
predicting severe, early onset SMA type 1.

Treatment of SMA was previously limited to supportive
care, such as respiratory and nutritional support and physical
therapy, until the FDA approved nusinersen (Spinraza) in
December 2016, following successful clinical trials in affected
and presymptomatic individuals.” The family of the single
affected infant identified via the NYS SMA pilot® enrolled
her in a presymptomatic nusinersen clinical trial,'” and as of
November 2019, at nearly three years of age, she meets all
motor milestones appropriate for age, including sitting,
standing, and walking, which would never be achieved by
an infant with severe SMA. Gene therapy (onasemnogene
abeparvovec-xioi; Zolgensma)'' was subsequently approved
by the FDA in May 2019. Outcomes are better when
treatments are initiated prior to symptoms onset, justifying
universal newborn screening.

Based on demonstration of feasibility of high-throughput
molecular SMA testing in a public health laboratory setting
with a high opt-in rate for screening (>93%);® prospective
identification and treatment of an asymptomatic infant with
SMA who continues to meet motor milestones;® recommen-
dation that SMA be added to the Recommended Uniform
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Screening Panel (RUSP) by the Advisory Committee on
Heritable Disorders in Newborns and Children (ACHDNC)
in March 2018, with endorsement by the US Secretary of
Health in July 2018; and availability of an FDA-approved
treatment,” SMA was added to the NYS newborn screening
panel. Results from the first year of universal, population-
based screening are presented.

MATERIALS AND METHODS

Screening for the common SMA exon 7 deletion was
accomplished using a modified version of the real-time
TagMan qPCR assay used in the NYS pilot SMA screen.”
Briefly, for each infant, DNA was extracted from one 3-mm
dried blood spot punch in a 96-well format. SMNI primer/
probe mix was multiplexed with the NYS SCID assay,'?
modified to include three fluorescently labeled targets: T-cell
receptor excision circles (TRECs [molecular SCID biomar-
ker]; FAM-labeled), the recurrent SMNI exon 7 deletion
(VIC-labeled), and a fragment of RPPHI as an internal
control (ABY-labeled). Primer/probe mixes were purchased
from Thermo Fisher Scientific (Waltham, MA), and the assay
was run in a 384-well format using Quanta PerfeCTa
Multiplex gPCR ToughMix (Beverly, MA) on a QuantStudio
12 K Flex Real-Time PCR System. Infants with SMNI Ct 230
and RPPHI Ct <30 were considered screen positive.
Heterozygous carriers of the exon 7 deletion were not
identified. SMN2 copy number was determined in infants
who screened positive using a TagMan assay targeting SMN2
exon 7 and RPPH]I, and provided at the time of referral. The
New York State Dept. of Health ruled that the work described
in this manuscript was exempt, that this work was carried out
in performance of public health activities.

RESULTS
Universal newborn screening for SMA was implemented in
NYS on 1 October 2018. During the first year, 225,093 infants
were screened. Eight were homozygous for the SMN1 exon 7
deletion (Table 1). Three had two copies of SMN2, three had
three copies, and two had at least four copies. Infants were
referred to NYS Neuromuscular Specialty Care Centers
(SCCs) for follow-up at a median of 7.5 days of life (DOL;
range 5 to 12), facilitating rapid diagnostic confirmation and
discussion of treatment options. All were evaluated within 13
DOL and each was confirmed to be homozygous for the
SMNI1 deletion, yielding a positive predictive value (PPV) of
100%. None reported a family history of SMA. One family
reported having prenatal carrier screening (type and results
not available) but stated they were unaware of the possibility
of having a baby with SMA. Two were initially treated with
nusinersen at four and six weeks of age, and then gene therapy
at five and six months of age, with discontinuation of
nusinersen at the parents’ request. Four infants with two or
three copies of SMN2 underwent gene therapy only, all by age
38 days. All six infants with two or three copies of SMN2 were
asymptomatic at the time of treatment initiation and at last
follow-up. Patient 2 (Table 1), referred at seven DOL, had

1297



KAY et al

ARTICLE

“dn-mo||04 1e gej [ed1uld e Ag aAly 3q 01 paulwlalap Apusnbasgns Jaquinu Adod ZNNSe

"3be 4O SyuoW Om} dUIS IDS SAN € 1e Udds Uaaq Jou sey juejul 3y "aull jey) Je diewoldwise aq o} papodal sem pue abe JO SyIUoW Xis e 31els JO INO SUSBOUWSSEUO PIAIBDAI JuByul,

"3USBOUWSSEUO JO UONEIHUI UM PINUIIUOISIP SEM USSISUISNIN,

‘suepIsAyd Jo syuased wouy SUIBOUOD 10 Spulejdwod ou

yum abe 1oy sauolsaliw Jojour bunssw ‘abe Jo syuow YL 18 dn-moj|oy ise| e diewojduwihse Ajjedtulp (ins sem Ing 10Q OIS 1o suonenddsey anBuo} pue saxalyal uopudy daap judsge Jo subls [edIUIPANS pey g judlied,
‘|eydsoy DAN 3e uioq juejul (N,

'L Aep =1di@day jo Aep a1aym ‘|eliajal 0} 1diadal uswidads woiy shep ssauisng

's91dod z Buiney se palyissepd

U9 Sey JUejul Ay} pue ‘(umousun poyiawl) saidod ZNNS Z paHodal pue ajdwies ayy paisa} ge| [edIUlP PAIYL Y "¥Ddb eia ge| [ediulp e Ag € aq 0} punoy Apuanbasgns pue ([¥DdpPP] ¥Dd [eHbip 19|doip pue) (YDdb) uondeas
uteyd asesswAjod aaneyuenb ein weiboid Bulusaids uiogmau sy Ag z se papodas sem saquinu Adod yaiym ul ‘ased auo Ing ||e 1o} gej [ediuld paniwiad-SAN e 1e buinssl Jnsoubelp eiA pauliiyuod sem Jaquinu Adod ZNAS,
‘Aydo.ie Jejnosnw [euids WIS 191U aied Ayenads DS ‘sjgedidde Jou /N ‘e Jo skep 700

(syruow 7) NENETR
JnewoldwAsy V/N (01) dnewordwAsy 6 v 6V MIN  USIMI[ 1Zeusyysy 8
J(syuow 7)
JnewoldwAsy (L61) auabouwaseun (8) dnewoydwisy VA Vv < a1eisdn  suypN/uUeIsedneD) /
(sypuow Z1)
JiewoldwAsy (8€) ausbouwaseup (z1) >newoldwAsy 6 v € JAN uelsy yinos 9
(Ssypuow 1)
JnewoldwAsy (67) susbouwsaseuQ (01) dnewordwAsy o] € I3 UJSISSA\  SHYAN/UBISEONED q
(syruow /) (581) susbouwasseuQ
JnewoldwAsy (PE) ussIauUISNN (01) dnewoydwAsy A € € WIAISOM\  SUYANUBISEINED %
(sypuow 7)
JiewoldwAsy (8€) ausbouwaseup (1) dnewordwAsy Zl 9 4 JAN  ®HYypvueiseoned €
(syruow g) (181) ausbouwaseuQ
JnewoldwAsy ',(0t) ussIauUISNN (8) ponewordwAsy / € Z puels| buo Xunejpluedsiy z
(syruow @) JAesuar 32B|g/uedLBWY
JnewoldwAsy (61) susbouwsaseuQ (8) dnewoydwisy S € z MON ueduy l
oS91d0d
(dn-mojjo4 1se|  (abe jo sAep ‘uoneniul (10Q ‘uonenjeas |eniul (10Q) |es8)84 n?>mvv awil ZNWS punoub>peq
1e abe) swordwAs 1e abe) usweas]  1e abe) sisoubelp 1e swoldwAs  1e juejul jo 96y  punoseuuni geq JaquinN uoibay JIUYI9/adeY  JdgqUWINU judiled

.OC_wa.hUm ulogmau eia paljinuspl YIAIS YiMm sjuejul JO SSWOd1NO pue sdiisiualdoeley) | 9jqel

Volume 22 | Number 8 | August 2020 | GENETICS in MEDICINE

1298



KAY et al

subclinical signs of absent deep tendon reflexes and tongue
fasciculations at eight DOL, but was still clinically asympto-
matic at last follow-up at eight months of age, meeting motor
milestones for age with no complaints or concerns from
parents or physicians. Among the two infants predicted to
have later onset SMA based on SMN2 copy number of at least
four, one has not received treatment and is being carefully
monitored long-term for signs predictive of disease onset via
routine SCC visits that include monitoring of compound
muscle action potentials (CMAP). The second infant with at
least four copies of SMN2 received gene therapy at six months
of age in another state. The baby was asymptomatic at that
time.

DISCUSSION

Based on the 225,093 infants tested during the first year,
20-38 screen positive infants with SMA were expected,
corresponding to the often-cited incidence of 1 in 6000 to 1 in
11,000 live births per year (Table 2). However, only eight
affected infants were identified, corresponding to an incidence
of 1 in 28,137 (95% confidence interval [CI]: 1 in 14,259 to
55,525), 2.6- to 4.7-fold lower than expected. We are not
aware of any cases born during this period who were missed
by screening. Extending the data set through the end of
February 2020, the NYS incidence is closer to expected, at
approximately 1 in 21,000 (15 cases among approximately
314,000 screened), but still low. Point estimates will become
more accurate as data accumulate from longer-term universal
SMA screening.

SMA newborn screening is rapidly expanding. As of
March 2020, NYS and 18 other states in the United States
universally screen SMA in all births, and others have
pending legislation or offer screening via pilot programs."’
None have published data on SMA incidence to date. Only a
few are known to report SMN2 copy number at the time of
referral, which we believe is important because it allows the
specialist to rapidly assess (and convey to families) the need
for urgent, presymptomatic treatment initiation without
delay, for example, in infants with two SMN2 copies who
may be undergoing rapid denervation.'*

Approximately 95-98% of SMA results from homozygous
SMN1 exon 7 deletion, the pathogenic genetic variant targeted
by all screening programs. The remaining 2-5% of SMA
patients will be missed by newborn screening because they are
(1) compound heterozygous for another pathogenic SMNI
variant and the common deletion, (2) homozygous or
compound heterozygous for two different SMN1I variants, or
(3) rarely, due to variants in another gene (non-5q SMA).!
The target condition on the RUSP is SMA “due to
homozygous deletion of exon 7 in SMNI1.” The imperfect
clinical sensitivity of the screen is a known limitation;
however, the low SMA incidence we observed cannot alone
be attributed to rare SMNI variants. The low incidence is also
not due to poor sensitivity of the screening assay, because
rigorous validation studies demonstrated 100% sensitivity for
the homozygous deletion. For routine testing, each 96-well
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assay plate included at least one homozygous SMNI exon 7
deletion control and no template controls to monitor well
contamination.

We hypothesize that there are two primary contributors to
the low SMA incidence observed. First, there is increased
awareness, access, and uptake of carrier screening, genetic
counseling, cascade testing, prenatal diagnosis, and advanced
reproductive technologies such as preimplantation genetic
diagnosis. Although such data are not tracked systematically
for this purpose, we are aware of two NYS cases confirmed
prenatally that did not reach term following termination of
pregnancy during the first year of universal screening. The
American College of Medical Genetics and Genomics
(ACMG) first recommended offering SMA carrier testing
to all couples regardless of race/ethnicity in 2008, but
the American College of Obstetricians and Gynecologists
(ACOG) did not recommend carrier screening in women
currently pregnant or considering pregnancy until 2017.'°
Among infants identified as carriers via the NYS pilot study,
at least 43% of families already knew at least one parent was a
carrier, supporting high uptake of SMA carrier screening in
pilot study hospitals in NYC. The pilot study also revealed a
lower than expected SMA carrier frequency at 1 in 65.° The
frequency differed by race/ethnicity and by hospital, which
differ in ancestry of the communities served. There was no
difference in SMA incidence comparing NYC, Long Island
and New Jersey births to all other NYS births (i.e., NYC vs.
upstate) during the first year of universal screening, although
the sample size is small. Extrapolating using published NYS
maternal race/ethnicity proportions from 2017 birth certifi-
cates,’”” SMA incidence is low in NYS Non-Hispanic/Latinx,
Caucasian/White (approximately 1 in 21,900); Non-Hispanic/
Latinx, Asian (1 in 24,900); Non-Hispanic/Latinx, African
American/Black (1 in 33,400); and Hispanic/Latinx (1 in
52,000) groups. The exon 7 deletion carrier frequency is also
known to be higher in the Caucasian and Ashkenazi Jewish
populations, and lower in Asian, African American, and,
especially, Hispanic populations.'® Furthermore, the carrier
detection rate is also lower in race/ethnic groups with a higher
frequency of the SMN1 2 + 0 genotype,' that is, two copies of
SMNI in cis on one allele (duplication from one parent), and
no copies of SMN1 (deletion from other parent) in trans on
the other allele, which results in a false negative carrier screen
because two copies of SMNI are detected in the carrier
without knowledge of phase. Approximately 2% of SMA cases
occur as a result of de novo SMN1 variants and would also not
be detected via carrier screening.'

Biased or imprecise historical’>'*"*" or current incidence
estimates likely play a role in lower than expected NYS SMA
incidence. Due to a lack of population-based surveillance or
comprehensive disease registries, most published estimates
were derived based on small European subpopulations that
are probably not representative of the general United States
population. Most were conducted prior to identification of
SMNI gene variants,™'” and estimates may have been inflated
with cases diagnosed based on clinical presentation without
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genetic confirmation. Changes and differences in case and
subtype definition and classification, and sample and
ascertainment bias may also contribute. Exclusion of two
screen positive infants with at least four copies of SMN2
predicted to have later onset/milder disease would yield an
even lower NYS incidence (1 in 37,516), although it may be
more comparable with earlier estimates using case definitions
that could have excluded such cases. As an example of
differences in predicted versus actual disease incidence, NYS
was the first to screen Krabbe disease.”> The incidence was
reportedly 1 in 100,000, with the severe, infantile-onset form
(<12 months) representing 90% of cases. More than
3.2 million NYS infants have been screened between August
2006 and February 2020, but only five cases of infantile-onset
Krabbe disease have been identified (excludes one recently
identified infant pending diagnostic confirmation, but very
likely to present as infantile disease based on biochemical and
genetic data). Many more have screened positive with
confirmed low enzyme activity via diagnostic testing, likely
representing later onset disease or subclinical enzyme
deficiencies in otherwise healthy individuals. On the other
hand, implementation of population-based screening may
reveal a higher frequency of subclinical individuals, and later
onset or mild forms of conditions that may have previously
been misdiagnosed or gone unrecognized, compared with
clinic-based estimates of prevalence based on symptomatic
individuals with classic forms of disease. Population-based
ascertainment of SMA cases identified at birth will permit
more accurate estimates of the true current incidence in
United States and other”>*® population groups, which may
still be confounded by geographical differences in prenatal
care and other socioeconomic factors.

All infants identified during the first year of SMA
screening in NYS with two or three copies of SMN2 have
received gene therapy, including two initially treated with
nusinersen. Some families favored gene therapy due to the
burden of repeated lumbar puncture and sedation required
for oligonucleotide therapy. Other than mild liver enzyme
abnormalities that subsequently resolved in one infant,
adverse events have not been reported for NYS cases treated
with gene therapy. Considering infants with two or three
copies of SMN2, the median age at initial treatment with
nusinersen or onasemnogene was 36 days (range 19-40) for
six infants in NYS, compared with 24 days (15-39) for
ten infants identified in the German pilot program,” and
26.5 days (16-37) for eight infants identified in the
Australian SMA pilot (Table 2).%* In NYS, treatment was
initiated within one month of age for only two of the six
infants with two or three copies of SMN2. For one of the six,
gene therapy was delayed for five days due to a stop in
production by the company for an undisclosed reason.
Others were delayed due to insurance authorization
requirements. We suspect that the time from diagnosis to
treatment will decrease as insurers become aware of the need
for prompt treatment and authorizations become standard,
thereby reducing the number of lengthy appeals. The ability
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for all SCCs to administer both FDA-approved treatments
without referral to a second center will further reduce delays.

Although long-term follow-up data are not yet available,
antisense oligonucleotide and gene therapies have substan-
tially altered the SMA phenotype.”'' With presymptomatic
therapeutic intervention, achievement of motor milestones
will no longer be the optimal method of phenotype
classification. Standardized clinical assessments and outcome
measures for infants and children must be developed or
refined based on the new natural history of treated SMA.
A carefully designed national registry with key data elements
will facilitate systematic prospective data collection. Impor-
tantly, a registry with a high participation rate can inform new
standards of care that define when to initiate treatment(s),
especially for individuals with at least four SMN2 copies. The
first guidelines for infants identified by newborn screening
with SMA and four or more copies of SMN2 recommended
treatment initiation based on clinical judgment and the
patient and/or family’s wishes."* After review of new clinical
data and the burden and benefit of early treatment, the group
revised the guidelines, recommending immediate treatment
for those with four SMN2 copies identified via newborn
screening, and watchful waiting for infants with five copies of
SMN2.*” Most clinical labs do not currently distinguish four
from five or more copies of SMN2, and should now work
toward utilization of technology that permits more precise
determination of higher copy SMN2 number.

In summary, biased incidence estimates and informed
reproductive decisions in the age of genomic medicine have
likely contributed to a lower than expected incidence of SMA.
Data from other screening programs will shed light on the
true incidence in the United States. Long-term follow-up of
infants treated with nusinersen and onasemnogene is still
limited; however, at minimum, the quality of life for infants
identified via newborn screening will likely be improved
because they were diagnosed at birth. SMA newborn screen-
ing ensures equity in diagnosis of a common genetic
condition in infants, such that affected children of families
who cannot or choose not to undergo carrier screening, or
who are not offered testing, are universally afforded the same
benefit of new, life-saving treatments that are most effective
when identified prior to symptom onset.
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