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Abstract: Spinal muscular atrophy (SMA) is a genetic neuromuscular disorder that causes degenera-
tion of anterior horn cells in the human spinal cord and subsequent loss of motor neurons. The severe
form of SMA is among the genetic diseases with the highest infant mortality. Although SMA has
been considered incurable, newly developed drugs—nusinersen and onasemnogene abeparvovec—
improve the life prognoses and motor functions of affected infants. To maximize the efficacy of these
drugs, treatments should be started at the pre-symptomatic stage of SMA. Thus, newborn screening
for SMA is now strongly recommended. Herein, we provide some data based on our experience
of SMA diagnosis by genetic testing in Japan. A total of 515 patients suspected of having SMA
or another lower motor neuron disease were tested. Among these patients, 228 were diagnosed
as having SMA with survival motor neuron 1 (SMN1) deletion. We analyzed the distribution of
clinical subtypes and ages at genetic testing in the SMN1-deleted patients, and estimated the SMA
incidence based on data from Osaka and Hyogo prefectures, Japan. Our data showed that confirmed
diagnosis by genetic testing was notably delayed, and the estimated incidence was 1 in 30,000–40,000
live births, which seemed notably lower than in other countries. These findings suggest that many
diagnosis-delayed or undiagnosed cases may be present in Japan. To prevent this, newborn screening
programs for SMA (SMA-NBS) need to be implemented in all Japanese prefectures. In this article,
we also introduce our pilot study for SMA-NBS in Osaka Prefecture.
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1. Introduction

Spinal muscular atrophy (SMA) is a genetic neuromuscular disorder that causes
degeneration of anterior horn cells in the human spinal cord and subsequent loss of motor
neurons [1]. According to a previous report, it has a prevalence of approximately 1–2 per
100,000 individuals and an incidence of around 1 in 10,000 live births [2]. Two SMA-related
genes mapped to chromosome 5q13, survival motor neuron 1 (SMN1) and survival motor
neuron 2 (SMN2) [3], which are highly homologous, were reported in 1995. SMN1 is now
considered as a gene causative of SMA. More than 90% of SMA patients are homozygous
for SMN1 deletion, while the rest are compound heterozygous for a deleted SMN1 allele
and a mutated SMN1 allele [3]. In contrast, SMN2 is considered to be a modifying factor of
the SMA phenotype because a higher copy number of SMN2 may be related to a milder
SMA phenotype [4].

SMA is clinically divided into five subtypes [5]: Type 0 (the most severe form with onset
in the prenatal period; severe respiratory problems after birth, and, typically, death within
weeks of birth), Type I (Werdnig–Hoffmann disease; a severe form with onset before 6 months
of age; the inability to sit unsupported), Type II (Dubowitz disease; an intermediate form with
onset before 18 months of age; the ability to sit unaided but not to stand or walk), Type III
(Kugelberg–Welander disease; a mild form with onset after 18 months of age; the ability to
stand and walk unaided), and Type IV (the mildest form with onset after 30 years of age).
SMA type I is a genetic disease with high infant mortality [6]. Many patients with SMA type I
die of respiratory insufficiency by 2 years of age, when respiratory support is not available [7].
Meanwhile, patients with types II, III and IV are also forced to lead lives with limited motor
function, showing various levels of severity.

Until recently, SMA was considered to be incurable. However, treatments for this
disease are emerging. In 2016, the United States Food and Drug Administration (FDA)
approved nusinersen (Spinraza®, Biogen, Cambridge, MA), the first drug designated to
treat SMA. Nusinersen is an SMN2-directed antisense oligonucleotide drug, which alters
SMN2′s pre-mRNA splicing pattern to produce more SMN protein in the motor neuron cells
in SMA [8]. In 2019, the FDA approved onasemnogene abeparvovec (Zolgensma®, AveXis
Inc, Bannockburn, IL) as the second drug for treating SMA. Onasemnogene abeparvovec is
an adeno-associated viral vector-based gene therapy designed to deliver a functional copy
of the human SMN gene to the motor neuron cells of SMA patients [9]. The Japanese Min-
istry of Health, Labour and Welfare approved nusinersen in 2017 and approved onasemno-
gene abeparvovec in 2020. These new drugs improve the life prognoses and motor functions
of infants affected by SMA.

According to early reports of clinical trials, nusinersen and onasemnogene abepar-
vovec helped patients to reach milestones in their motor function development and in-
creased their likelihood of survival [10,11]. The most recent report of the clinical trials with
these drugs showed that early treatment, especially at the pre-symptomatic stage, resulted
in better outcomes in SMA patients; even SMA type I patients became able to stand and
walk [12,13].

Delayed diagnosis leads to delayed treatment, resulting in limited effects on the clinical
phenotype [10,11]. Thus, newborn screening (NBS) for SMA is now strongly recommended.
As more than 90% of SMA patients are homozygous for SMN1 deletion, as mentioned
above, the presence or absence of SMN1 can be a good marker for SMA screening. In Japan,
NBS programs for SMA have just started in some areas, including Osaka, Hyogo, Chiba,
Aichi, and Kumamoto prefectures. However, at present, the number of infants tested
in the screening programs is insufficient to obtain an estimate of the incidence of SMA
in Japan.
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According to a global overview of the current situation of NBS for SMA (SMA-
NBS) [14], nine SMA-NBS programs performed in various countries have so far detected
288 newborns with SMA out of 3,674,277 newborns screened. The annual proportion of
newborns to be screened for SMA in the coming years is expected to increase steadily [14].
Our SMA-NBS programs will cover all newborns throughout Japan in the near future.

In this article, we first report our experience of genetic diagnosis based on testing for
SMN1 deletion. Second, we present the estimated incidence of SMA based on data from
Osaka and Hyogo prefectures, Japan. Third, we describe a pilot study for SMA-NBS in Osaka
Prefecture and discuss the need to implement SMA-NBS programs throughout Japan.

2. Patients and Methods
2.1. Diagnosis of SMA

A total of 515 patients from 36 out of 47 prefectures in Japan were referred to the De-
partment of Community Medicine and Social Healthcare Science, Kobe University Graduate
School of Medicine, in the period from 1996 to 2019. These patients were suspected of having
SMA or another lower motor neuron disease (LMND). Their ages varied from several days
after birth to 63 years. Infants, toddlers, and children presented with such indications as
delayed developmental milestones, respiratory problems, and muscle weakness. Meanwhile,
adult patients showed symptoms including walking disability and muscle weakness.

Prior to genetic analysis, written informed consent was obtained from the patients or
their parents/guardians. All procedures were reviewed and approved by the Ethics Com-
mittee of Kobe University Graduate School of Medicine, and were performed in accordance
with the ethical standards laid down in the Declaration of Helsinki.

Genetic testing was performed according to PCR-enzyme digestion [15] and/or multi-
plex ligation-dependent probe amplification analysis (MLPA) methods [16]. Copy numbers
of SMN1 and SMN2 were determined in accordance with the methods of Harada et al. [17]
and Tran et al. [18], and the MLPA method.

2.2. Implementation of SMA-NBS

In Osaka Prefecture, a pilot study for SMA-NBS was initiated in February 2021.
This pilot study was approved by the Institutional Review Board of Osaka Women’s and
Children’s Hospital. After obtaining written informed consent from the parents, DBS
samples were collected from their offspring within 4–6 days after birth at the maternity
hospital. Then, they were sent to Osaka Women’s and Children’s Hospital, and SMA-
NBS was performed there using 5′–3′ exonuclease-based real-time PCR with fluorescent
probes [19].

2.3. Statistical Analysis

To compare the SMN2 copy numbers among SMA subtypes, Welch’s t-test was used,
and to compare the proportions of confirmed diagnosis at the proper timing between SMA
type I and type II, the chi-squared test was used. For these analyses, we used Microsoft
Excel with the add-in software Statcel 4 (The Publisher OMS Ltd., Tokyo, Japan). A p-value
less than 0.05 was considered to indicate statistical significance.

The incidence of SMA was defined as the number of newborn infants with the disease
in a year in the population, and was expressed as the number of affected infants per
100,000 live births. The 95% confidence intervals of the incidence were calculated based
on the Poisson distribution using Microsoft Excel. Population data were provided by
the Statistics Bureau, Ministry of Internal Affairs and Communications of Japan.

3. Results
3.1. Genetic Analysis of Patients Suspected of Having SMA
3.1.1. SMN1 Deletion Test

Among 515 patients who were referred to our laboratory in the period from 1996 to
2019, we confirmed 228 cases as having SMA with homozygous SMN1 deletion [15]. The re-



Int. J. Neonatal Screen. 2021, 7, 45 4 of 12

maining 287 cases retained at least one SMN1 copy. Subsequently, 33 out of the 287 patients
with SMA- or LMND-like symptoms were shown to carry only one SMN1 copy, while 13
out of these 33 carried a deleterious SMN1 mutation causing SMA. Our data demonstrated
44.3% of the 515 patients (228/515) carried a homozygous SMN1 deletion, 2.5% (13/515)
carried an intragenic mutation (or a subtle mutation) and an SMN1 deletion, whereas
53.2% (274/515) remained undiagnosed at the genetic level. Thus, SMN1-related SMA
may account for half of the patients with SMA-like or LMND-like symptoms. To clarify
the causative gene abnormalities in the patients with non-SMN1-related SMA, targeted re-
sequencing analysis using next-generation sequencing technology may be essential [20,21].

3.1.2. Distribution of SMA Subtype and SMN2 Copy Number

We determined the subtype distribution in the patients tested in our laboratory. Here,
we used the data of 221 SMA patients with homozygous SMN1 deletion for whom clinical
information was available. Among these 221 patients tested in our laboratory, 42.1%
(93/221) were diagnosed with SMA type I, 32.1% (71/221) with type II, 20.8% (46/221)
with type III, and 5.0% (11/221) with type IV. Three families with affected siblings were
included in our database. Each family had two affected siblings with subtype concordance
(type II or type III).

Next, we determined the SMN2 copy number in 204 out of 221 SMA patients with
homozygous SMN1 deletion (83 out of 93 patients with SMA type I, 70 out of 71 patients
with SMA type II, 40 out of 46 patients with SMA type III, and 11 out of 11 patients with
SMA type IV). A high SMN2 copy number modifies the phenotype of SMA patients with
homozygous deletion of SMN1 [5]. Our database of SMA patients with homozygous SMN1
deletion supported the conventional observation of a low SMN2 copy number resulting
in a severe phenotype and a high copy number potentially being related to a milder one
(Table 1). Patients with SMA type I usually carry only two copies of SMN2, while SMA
type II is usually associated with three copies. SMA type III patients have three to four
copies, and SMA type IV patients usually have four or more copies. A high SMN2 copy
number may improve the survival outcomes and motor function.

Table 1. SMA types and copy number of SMN2 in SMN1-deleted patients.

Copy Number 1 2 3 4 Mean ± SD

Type I (n = 83) 1 66 16 0 2.18 ± 0.64
Type II (n = 70) 0 3 67 0 2.96 ± 0.09
Type III (n = 40) 0 2 25 13 3.28 ± 0.15
Type IV (n = 11) 0 0 1 10 3.91 ± 0.58

Total (n = 204) 1 71 109 23
Welch’s t-test was used to determine differences between groups. All of the differences between groups were
significant with p < 0.01.

3.2. Age of Genetic Testing among SMA Patients

Since SMN1 was identified as an SMA-causing gene in 1995, genetic testing, especially
testing for the SMN1 deletion, has been widely used to confirm the diagnosis of SMA [5].
The age at genetic testing of the patients referred to our laboratory is shown in Table 2.
In this analysis, we used the data of 142 SMA patients with homozygous SMN1 deletion
(84 type I, 43 type II, and 15 type III). The remaining SMA patients were excluded because
the onset age information was missing. These patients were born between January 1996
and September 2018. The mean ages at genetic testing were 11.0 months old (standard
deviation (SD) ± 23.7) for type I, 77.3 months old (SD ± 79.9) for type II, and 85.1 months
old (SD ± 79.1) for type III.
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Table 2. Age and timing of confirmed diagnosis by genetic testing.

(A) Age at Genetic Testing (Months)

Mean Age (SD) Median (Range) Interquartile Range

Type I (n = 84) 11.0 (23.7) 5 (0 to 182) 7

Type II (n = 43) 77.3 (79.9) 29 (13 to 262) 122

Type III (n = 15) 85.1 (79.1) 45 (22 to 239) 79

(B) Timing at Genetic Diagnosis (Months)

Proper Timing Slightly Delayed
Timing

Notably Delayed
Timing

Type I (n = 84) <6 m 6 to 12 m >12 m

55 (65.5%) 15 (17.9%) 14 (16.7%)

Type II (n = 43) <18 m 18 to 30 m >30 m

9 (20.9%) 13 (30.2%) 21 (48.8%)

The exact ages of onset of many patients were not available in this study. Thus,
we could not determine the exact duration between onset and genetic testing. Instead,
we calculated the proportions of cases with a “proper,” “slightly delayed,” or “notably
delayed” timing of genetic testing for the confirmed diagnosis of SMA type I and type
II, as shown in Table 2. As for SMA type III, we excluded it from the “timing of genetic
testing” analysis because it is a late-onset and slowly progressive disease.

The definitions of “proper”, “slightly delayed,” and “notably delayed” timing were as
follows: (1) for SMA type I, “proper” timing of diagnosis is within 6 months after birth,
“slightly delayed” timing is between 6 and 12 months, and “notably delayed” timing is
more than 12 months; (2) for SMA type II, “proper” timing of diagnosis is earlier than
18 months, “slightly delayed” timing is between 18 and 24 months, and “notably delayed”
timing is more than 24 months.

Overall, confirmed diagnosis of SMA was slightly delayed or notably delayed in 63 out
of 127 (50.0%) patients (29 out of 84 type I patients, and 34 out of 43 type II patients). Only
20.9% of type II patients were diagnosed at the proper timing, which was a markedly lower
rate than that of type I patients (65.5%). There was a significant difference in the number of
confirmed diagnoses at the proper timing between type I and type II patients (p < 0.01).

3.3. Epidemiological Analysis of SMA in Osaka and Hyogo Prefectures

We estimated the incidence of SMA using the number of SMA-affected infants who
were born or SMA-affected fetuses who were aborted in Osaka and Hyogo prefectures
from 2007 to 2016 and diagnosed as having SMA by genetic testing within this period
(Table 3).

Table 3. Incidence of SMA in Osaka and Hyogo Prefectures.

Live Birth
(n = 1,197,156)

Affected Individuals

Infants Fetuses Total

No. of types I, II and III 28 9 37

Incidence * 2.34
(95%CI: −0.66, 4.53)

3.09
(95%CI: −0.36, 5.20)

No. of type I 14 7 21

Incidence * 1.08
(95%CI: −0.95, 3.20)

1.32
(95%CI: −0.84, 3.92)

* Incidence in 100,000 of population (study period, 2007 to 2016).
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The number of newborn infants with SMA (including types I, II, and III) was 28 out of
1,197,156 live births. We thus estimated that the incidence of SMA was 2.34 per 100,000
live births (95% CI: −0.66, 4.53)—that is, ~1 in 40,000. We also had information on aborted
fetuses with a prenatal diagnosis of SMA. When this number was added to the number of
newborns with SMA, the estimated incidence of SMA was 3.09 per 100,000 live births (95%
CI: −0.36, 5.20)—that is, ~1 in 30,000.

The number of newborn infants with SMA type I was 14 out of 1,197,156 live births.
We thus calculated that the estimated incidence of SMA type I was 1.08 per 100,000 live
births (95% CI: −0.95, 3.20)—that is, ~1 in 100,000. When the number of aborted infants
with a prenatal diagnosis of SMA type I was added to the number of newborn infants with
SMA, the estimated incidence of SMA type I was 1.32 per 100,000 live births (95% CI:−0.84,
3.92)—that is, ~1 in 80,000. Here, the diagnosis of SMA type I in the aborted fetuses was
based on the clinical subtype of the patients in the same family. We analyzed all cases of
SMA-affected fetuses and their affected sibling in our laboratory.

3.4. Implementation of SMA-NBS in Osaka Prefecture

More than 10,000 new DBS samples from neonates born in Osaka Prefecture were
tested in the pilot study for an SMA-NBS program as of 17 May 2021. The assay tested for
the presence/absence of SMN1. All DBS samples tested negative for SMA.

4. Discussion
4.1. SMA Subtype and SMN2 Copy Number in Japanese SMA Patients

Almost all data reported from groups around the world, including ours, show sim-
ilar tendencies (Table 4). Specifically, type I patients predominate (40%–60% of all SMA
patients), while type IV patients are very rare (less than 5% of all SMA patients) in all
populations. Roughly speaking, half of SMA patients are type I, while the other half are
types II and III.

A high SMN2 copy number modifies the phenotype of SMA patients with homozygous
deletion of SMN1 [5]. Our database of SMA patients with homozygous SMN1 deletion
supported the conventional observation that a low SMN2 copy number results in a severe
phenotype and a high copy number may be related to milder SMA phenotypes (Table 1).
However, we did not observe such a tendency in all SMA patients with an intragenic SMN1
mutation in our previous studies [22,23].

Among the SMA patients with an intragenic mutation, some with a milder phenotype
carried only a single SMN2 copy, while others with a severe phenotype carried three SMN2
copies. For patients with an intragenic SMN1 mutation, we cannot conclude that clinical
severity is inversely correlated with the SMN2 copy number. The locations and types
of intragenic SMN1 mutations may make more significant contributions to the clinical
phenotype than the SMN2 copy number.

Table 4. Subtype distribution in countries.

Country Total Patient
Number Type I Type II Type III Type IV Unknown

Germany
(1999) [24] 525 (a) 270

(51.4%)
124

(23.6%)
131

(25.0%) * *

Saudi Arabia
(2003) [25] 121 (a) 60

(49.6%)
26

(21.5%)
35

(28.9%) * *

South Africa
(2007) [26]

24 (a)
(White)

15
(62.5%)

4 (type II & III)
(16.6%) * 5

(20.9%)

92 (a)
(Black)

48
(52.2%)

39 (types II & III)
(42.4%) * 5

(5.4%)
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Table 4. Cont.

Country Total Patient
Number Type I Type II Type III Type IV Unknown

Malaysia
(2007) [27] 24 (a) 10

(41.7%)
11

(45.8%)
3

(12.5%) * *

Vietnam
(2008) [18] 34 (a) 13

(38.2%)
11

(32.4%)
10

(29.4%) * *

Spain
(2018) [4] 625 (a) 272

(43.5%)
186

(29.7%)
167

(26.7%) * *

Cure SMA
(2018) [28]

1966 (b)
(Worldwide)

1021
(51.9%)

635
(32.3%)

310
(15.8%) * *

Japan
(2019) [29] 486 (a) 164

(33.7%)
210

(43.2%)
99

(20.4%)
7

(1.4%)
6

(1.0%)

China
(2020) [30] 419 (a) 177

(45.6%)
126

(27.4%)
100

(23.2%)
16

(3.8%) *

Greece
(2020) [31] 361 (a) 156

(43.2%)
93

(25.8%)
107

(29.6%)
5

(1.4%) *

Japan
(This study) 221 (a) 93

(42.1%)
71

(32.1%)
46

(20.8%)
11

(5.0%) *

(a) Patients confirmed diagnosis by genetic testing. (b) Self-identified patients registered in the Cure SMA
database, one of the largest patient-reported data repositories on SMA patients worldwide. About 59.0% of
affected individuals in the U.S.A. are registered in the Cure SMA database. * There is no description in the original
article.

4.2. Age at Genetic Testing among Japanese SMA Patients

Upon comparison with the findings in previous reports from other countries, we con-
clude that SMA diagnosis may still be delayed in Japan. According to a review of 21 studies
reported in the literature by Lin et al. [32] in 2015, the weighted mean ages of genetic
diagnosis were 6.3 months old (SD ± 2.2), 20.7 months old (SD ± 2.6), and 50.3 months old
(SD ± 12.9), for types I, II, and III, respectively. Pera et al. also reported a study on the age
of genetic diagnosis of SMA in Italy [33]. The cohort included 480 patients (191 type I,
210 type II, and 79 type III). The mean ages of genetic diagnosis were 4.70 months old
(SD± 2.82) for type I, 15.6 months old (SD± 5.88) for type II, and 4.34 years old (SD± 4.01)
for type III.

In our study in Japan, a confirmed diagnosis of SMA type II was often delayed. Only
20.9% of type II patients were diagnosed at the proper timing, while 65.5% of type I patients
were diagnosed at the proper timing. This may reflect the respiratory-stable condition
of infants or toddlers with type II SMA, which does not require an urgent diagnosis.
Specifically, SMA type II infants are usually respiratory-stable and do not need respiratory
support. In contrast, infants with type I SMA often suffer from respiratory insufficiency.

4.3. Incidence of SMA in Hyogo and Osaka Prefectures

Few studies on the incidence of SMA in Japan have been performed. According to
a survey by Imaizumi based on death certificate records [34], the incidence of SMA type I
between 1979 and 1996 was estimated to be 1.2 per 100,000 live births in Japan. This report
used only clinically diagnosed cases, and some cases with SMA type I were not included
because other disease names were likely used on the death certificate.

According to a report based on a survey by Okamoto et al. [29], the incidence of
infantile SMA (type I) was estimated to be 2.70 per 100,000 live births (95% CI: 0.1–5.4) on
Shikoku Island, Japan, between 2011 and 2015.

We also estimated the incidence of SMA using the number of SMA-affected infants
who were born or SMA-affected fetuses who were aborted in Hyogo and Osaka prefectures
from 2007 to 2016 (Table 3). Based on our data in this study, the incidences of SMA (total)
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and SMA type I were estimated to be 3.09 per 100,000 live births (95% CI: −0.36, 5.20) and
1.32 per 100,000 live births (95% CI: −0.84, 3.92), respectively.

The incidence of SMA among Asian populations is lower than that in Western coun-
tries. Belter et al., who analyzed the Cure SMA membership database, described in their
report [28] that, “Hispanics and Asians have a lower projected SMA incidence than the gen-
eral population, and it follows that states with a higher proportion of Hispanics and Asians
would have a lower overall incidence of SMA than the general population.”

Even so, our estimate of the incidence of SMA in Japan was notably lower than the data
reported from another Asian country, Taiwan [39] (Table 5). We are thus concerned that
many SMA patients may be overlooked or misdiagnosed in Japan.

Table 5. Incidence of SMA in various countries.

(A) Incidences of SMA Based on Survey Research

SMA Types I, II & III

Country Study
Period

Cases
Detected Live Births Incidence

(In 100,000) Reference

Sweden 1980–2006 45 531,746 8.5 (a) (2009) [35]

Poland 1998–2005 304 2,963,783 10.3 (2010) [36]

Europe 2011–2015 3776 22,325,221 11.9 (b) (2017) [2]

Japan (c) 2007–2016 37(d) 1,197,178 3.1 This study

SMA Type I

Country Study
Period

Cases
Detected Live Births Incidence

(In 100,000) Reference

Sweden 1980–2006 19 531,746 3.6 (2009) [35]

Estonia 1994–2003 9 129,832 6.9 (2006) [37]

Poland 1998–2005 209 2,963,783 7.1 (2010) [36]

Japan (e) 2011–2015 4 147,950 2.7 (2019) [29]

Japan (c) 2007–2016 21(d) 1,197,178 1.3 This study

(B) Incidences of SMA Based on Newborn Screening Programs

SMA Types I, II & III

Country Study
Period Cases Live Births Incidence

(In 100,000) Reference

U.S. (Ohio) –2009 4 40,103 10.0 (2010) [38]

Taiwan 2014–2016 7 120,267 5.8 (2017) [39]

U.S. (New York City) 2016–2017 1 3826 26.1 (f) (2018) [40]

Japan 2018–2019 0 4157 0.0 (f) (2019) [41]

Germany 2018–2020 43 297,163 14.5 (2021) [42]

Australia 2018–2020 18 202,388 8.9 (2021) [43]

U.S. (North Carolina) 2018–2020 1 12,065 8.3 (2021) [44]
(a) All patients were younger than 16 years old. (b) Median incidence of several countries in Europe. (c) Hyogo
and Osaka Prefectures in Japan. (d) Case number included affected infants and fetuses. (e) Ehime, Kagawa,
Tokushima and Kochi Prefectures in Japan (f) The number of newborns tested in the SMA-NBS program was too
small to obtain precise incidence of SMA patients.

4.4. Initiation of NBS for SMA in Japan

In Japan, a mandatory NBS program for inherited disorders is conducted using DBS
samples from infants. All municipalities have mandatory with defined opt-out policies
for parents. At the initiation of nationwide implementation of this program in 1977,
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only five diseases (phenylketonuria, galactosemia, maple syrup urine, homocystinuria,
and histidinemia) were screened.

Since tandem mass spectrometry analysis was introduced into the NBS program
as a first-line screening methodology in the early 2000s, many inborn errors of metabolism
have been added to the list of target diseases for primary screening. Twenty diseases are
now included among the screening targets.

Recently, many families of patients suffering from inherited disorders such as SMA,
severe combined immunodeficiency disease (SCID) and lysosomal storage disease have
demanded for the inclusion of such diseases in the NBS program. At the time of writing this,
such expanded screening programs are about to start as optional programs in prefectures
including Osaka, Hyogo, Chiba, Aichi, and Kumamoto.

We have also been engaged in developing new SMA screening technologies using
DBS since 2010 [41,45–47]. The most sophisticated technology that we have developed to
date is an allele-specific real-time PCR with short primers (10–12 mers), which we named
“modified competitive oligonucleotide priming (mCOP)-PCR” [41,47]. We applied this
mCOP-PCR technology to a prospective SMA screening study using DBS samples from
4157 Japanese newborns [41]. All DBS samples tested were negative, but there were
no screening failures or false positives [41]. These results indicated that our system is
applicable to SMA-NBS programs in any region or country. Nonetheless, we still think
that our system should be investigated and reported on further because we are aiming for
implementation in all prefectures in Japan and other countries.

Note: during the submission of this manuscript, it was reported that an infant with
SMA had been detected by a pilot study for the NBS program in Kumamoto Prefecture [48].
The infant was reported to be treated with onasemnogene abeparvovec.

5. Conclusions

In this paper, we have described our experience of SMA diagnosis and the estimated
the incidence of SMA based on data from Osaka and Hyogo prefectures, Japan. Upon
comparing our data to findings previously reported from other countries, the diagnosis of
SMA as confirmed by genetic testing was delayed in many Japanese patients. In addition,
the estimated incidence of SMA was notably lower than that reported in other countries.
These results suggested that many SMA patients in Japan may be overlooked or misdiag-
nosed. SMA-NBS would allow SMA patients to undergo early treatment with the potential
for the maximal therapeutic benefit. Thus, there is an urgent need to implement a diagnos-
tic system incorporating SMA-NBS in Japan. In addition, if an SMA screening system such
as SMA-NBS becomes available to current Japanese patients with SMA-like or LMND-like
symptoms, a large proportion of such patients may be diagnosed as having SMA and
could access the new therapies. Finally, we hope that SMA-NBS programs will soon be
implemented in all prefectures in Japan.
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14. Dangouloff, T.; Vrščaj, E.; Servais, L.; Osredkar, D.; SMA NBS World Study Group. Newborn screening programs for spinal
muscular atrophy worldwide: Where we stand and where to go. Neuromuscul Disord. 2021, 31, 574–582. [CrossRef]

15. Van der Steege, G. PCR-based DNA test to confirm clinical diagnosis of autosomal recessive spinal muscular atrophy. Lancet 1995,
345, 985–986. [CrossRef]

16. Arkblad, E.L.; Darin, N.; Berg, K.; Kimber, E.; Brandberg, G.; Lindberg, C.; Holmberg, E.; Tulinius, M.; Nordling, M. Multiplex ligation-
dependent probe amplification improves diagnostics in spinal muscular atrophy. Neuromuscul Disord. 2006, 16, 830–838. [CrossRef]

http://doi.org/10.1111/ahg.12031
http://www.ncbi.nlm.nih.gov/pubmed/23879295
http://doi.org/10.1186/s13023-017-0671-8
http://doi.org/10.1016/0092-8674(95)90460-3
http://doi.org/10.1016/j.nmd.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/29433793
http://doi.org/10.1002/mus.24497
http://doi.org/10.1186/s13023-017-0724-z
http://doi.org/10.1212/01.wnl.0000290830.40544.b9
http://www.ncbi.nlm.nih.gov/pubmed/17998484
http://doi.org/10.5863/1551-6776-24.3.194
http://doi.org/10.1177/1060028020914274
http://doi.org/10.1056/NEJMoa1702752
http://doi.org/10.1056/NEJMoa1706198
http://www.ncbi.nlm.nih.gov/pubmed/29091557
http://doi.org/10.1016/j.nmd.2019.09.007
http://doi.org/10.1016/j.pediatrneurol.2019.05.005
http://www.ncbi.nlm.nih.gov/pubmed/31277975
http://doi.org/10.1016/j.nmd.2021.03.007
http://doi.org/10.1016/S0140-6736(95)90732-7
http://doi.org/10.1016/j.nmd.2006.08.011


Int. J. Neonatal Screen. 2021, 7, 45 11 of 12

17. Harada, Y.; Sutomo, R.; Sadewa, A.H.; Akutsu, T.; Takeshima, Y.; Wada, H.; Matsuo, M.; Nishio, H. Correlation between SMN2
copy number and clinical phenotype of spinal muscular atrophy: Three SMN2 copies fail to rescue some patients from the disease
severity. J. Neurol. 2002, 249, 1211–1219. [CrossRef]

18. Tran, V.K.; Sasongko, T.H.; Hong, D.D.; Hoan, N.T.; Dung, V.C.; Lee, M.J.; Gunadi; Takeshima, Y.; Matsuo, M.; Nishio, H. SMN2 and
NAIP Gene Dosages in Vietnamese Patients with Spinal Muscular Atrophy. Pediatr. Int. 2008, 50, 346–351. [CrossRef] [PubMed]

19. Taylor, J.L.; Lee, F.K.; Yazdanpanah, G.K.; Staropoli, J.F.; Liu, M.; Carulli, J.P.; Sun, C.; Dobrowolski, S.F.; Hannon, W.H.; Vogt, R.F.
Newborn blood spot screening test using multiplexed real-time PCR to simultaneously screen for spinal muscular atrophy and
severe combined immunodeficiency. Clin. Chem. 2015, 61, 412–419. [CrossRef] [PubMed]

20. Karakaya, M.; Storbeck, M.; Strathmann, E.A.; Delle Vedove, A.; Hölker, I.; Altmueller, J.; Naghiyeva, L.; Schmitz-Steinkrüger,
L.; Vezyroglou, K.; Motameny, S.; et al. Targeted Sequencing with Expanded Gene Profile Enables High Diagnostic Yield
in Non-5q-Spinal Muscular Atrophies. Hum. Mutat. 2018, 39, 1284–1298. [CrossRef] [PubMed]

21. Hosokawa, S.; Kubo, Y.; Arakawa, R.; Takashima, H.; Saito, K. Analysis of spinal muscular atrophy-like patients by targeted
resequencing. Brain Dev. 2020, 42, 148–156. [CrossRef] [PubMed]

22. Wijaya, Y.O.S.; Ar Rochmah, M.; Niba, E.T.E.; Morisada, N.; Noguchi, Y.; Hidaka, Y.; Ozasa, S.; Inoue, T.; Shimazu, T.; Takahashi,
Y.; et al. Phenotypes of SMA Patients Retaining SMN1 with Intragenic Mutation. Brain Dev. 2021, 43, 745–758. [CrossRef]

23. Yamamoto, T.; Sato, H.; Lai, P.S.; Nurputra, D.K.; Harahap, N.I.F.; Morikawa, S.; Nishimura, N.; Kurashige, T.; Ohshita, T.;
Nakajima, H.; et al. Intragenic Mutations in SMN1 May Contribute More Significantly to Clinical Severity than SMN2 Copy
Numbers in Some Spinal Muscular Atrophy (SMA) Patients. Brain Dev. 2014, 36, 914–920. [CrossRef]

24. Wirth, B.; Herz, M.; Wetter, A.; Moskau, S.; Hahnen, E.; Rudnik-Schöneborn, S.; Wienker, T.; Zerres, K. Quantitative Analysis of
Survival Motor Neuron Copies: Identification of Subtle SMN1 Mutations in Patients with Spinal Muscular Atrophy, Genotype-
Phenotype Correlation, and Implications for Genetic Counseling. Am. J. Hum. Genet. 1999, 64, 1340–1356. [CrossRef]

25. Al-Jumah, M.; Majumdar, R.; Al-Rajeh, S.; Awada, A.; Chaves-Carballo, E.; Salih, M.; Al-Shahwan, S.; Al-Subiey, K.; Al-Uthaim, S.
Molecular Analysis of the Spinal Muscular Atrophy and Neuronal Apoptosis Inhibitory Protein Genes in Saudi Patients with
Spinal Muscular Atrophy. Saudi Med. J. 2003, 24, 1052–1054. [PubMed]

26. Labrum, R.; Rodda, J.; Krause, A. The Molecular Basis of Spinal Muscular Atrophy (SMA) in South African Black Patients.
Neuromuscul. Disord. 2007, 17, 684–692. [CrossRef]

27. Watihayati, M.S.; Zabidi-Hussin, A.M.H.; Tang, T.H.; Nishio, H.; Zilfalil, B.A. NAIP-Deletion Analysis in Malaysian Patients with
Spinal Muscular Atrophy. Kobe J. Med. Sci. 2007, 53, 171–175.

28. Belter, L.; Cook, S.F.; Crawford, T.O.; Jarecki, J.; Jones, C.C.; Kissel, J.T.; Schroth, M.; Hobby, K. An Overview of the Cure SMA
Membership Database: Highlights of Key Demographic and Clinical Characteristics of SMA Members. J. Neuromuscul. Dis. 2018,
5, 167–176. [CrossRef] [PubMed]

29. Okamoto, K.; Fukuda, M.; Saito, I.; Urate, R.; Maniwa, S.; Usui, D.; Motoki, T.; Jogamoto, T.; Aibara, K.; Hosokawa, T.; et al.
Incidence of Infantile Spinal Muscular Atrophy on Shikoku Island of Japan. Brain Dev. 2019, 41, 36–42. [CrossRef]

30. Sun, Y.; Kong, X.; Zhao, Z.; Zhao, X. Mutation Analysis of 419 Family and Prenatal Diagnosis of 339 Cases of Spinal Muscular
Atrophy in China. BMC Med. Genet. 2020, 21, 133. [CrossRef] [PubMed]

31. Kekou, K.; Svingou, M.; Sofocleous, C.; Mourtzi, N.; Nitsa, E.; Konstantinidis, G.; Youroukos, S.; Skiadas, K.; Katsalouli, M.; Pons,
R.; et al. Evaluation of Genotypes and Epidemiology of Spinal Muscular Atrophy in Greece: A Nationwide Study Spanning 24
Years. J. Neuromuscul. Dis. 2020, 7, 247–256. [CrossRef]

32. Lin, C.W.; Kalb, S.J.; Yeh, W.S. Delay in Diagnosis of Spinal Muscular Atrophy: A Systematic Literature Review. Pediatr. Neurol.
2015, 53, 293–300. [CrossRef]

33. Pera, M.C.; Coratti, G.; Berti, B.; D’Amico, A.; Sframeli, M.; Albamonte, E.; De Sanctis, R.; Messina, S.; Catteruccia, M.; Brigati, G.;
et al. Diagnostic Journey in Spinal Muscular Atrophy: Is It Still an Odyssey? PLoS ONE. 2020, 15, e0230677. [CrossRef]

34. Imaizumi, Y. Incidence and Mortality Rates of Werdnig-Hoffmann Disease in Japan, 1979–1996. Hyogo Univ. Arch. 1996, 13, 53–59.
35. Arkblad, E.; Tulinius, M.; Kroksmark, A.K.; Henricsson, M.; Darin, N. A Population-Based Study of Genotypic and Phenotypic

Variability in Children with Spinal Muscular Atrophy. Acta Paediatr. Int. J. Paediatr. 2009, 98, 865–872. [CrossRef] [PubMed]
36. Jedrzejowska, M.; Milewski, M.; Zimowski, J.; Zagozdzon, P.; Kostera-Pruszczyk, A.; Borkowska, J.; Sielska, D.; Jurek, M.;

Hausmanowa-Petrusewicz, I. Incidence of Spinal Muscular Atrophy in Poland—More Frequent than Predicted? Neuroepidemiology
2010, 34, 152–157. [CrossRef] [PubMed]

37. Vaidla, E.; Talvik, I.; Kulla, A.; Kahre, T.; Hamarik, M.; Napa, A.; Metsvaht, T.; Piirsoo, A.; Talvik, T. Descriptive Epidemiology of
Spinal Muscular Atrophy Type I in Estonia. Neuroepidemiology 2006, 27, 164–168. [CrossRef]

38. Prior, T.W.; Snyder, P.J.; Rink, B.D.; Pearl, D.K.; Pyatt, R.E.; Mihal, D.C.; Conlan, T.; Schmalz, B.; Montgomery, L.; Ziegler, K.; et al.
Newborn and Carrier Screening for Spinal Muscular Atrophy. Am. J. Med. Genet. A 2010, 152A, 1608–1616. [CrossRef] [PubMed]

39. Chien, Y.H.; Chiang, S.C.; Weng, W.C.; Lee, N.C.; Lin, C.J.; Hsieh, W.S.; Lee, W.T.; Jong, Y.J.; Ko, T.M.; Hwu, W.L. Presymptomatic
Diagnosis of Spinal Muscular Atrophy Through Newborn Screening. J. Pediatr. 2017, 190, 124–129.e1. [CrossRef] [PubMed]

40. Kraszewski, J.N.; Kay, D.M.; Stevens, C.F.; Koval, C.; Haser, B.; Ortiz, V.; Albertorio, A.; Cohen, L.L.; Jain, R.; Andrew, S.P.; et al.
Pilot Study of Population-Based Newborn Screening for Spinal Muscular Atrophy in New York State. Genet. Med. 2018, 20,
608–613. [CrossRef]

http://doi.org/10.1007/s00415-002-0811-4
http://doi.org/10.1111/j.1442-200X.2008.02590.x
http://www.ncbi.nlm.nih.gov/pubmed/18533950
http://doi.org/10.1373/clinchem.2014.231019
http://www.ncbi.nlm.nih.gov/pubmed/25502182
http://doi.org/10.1002/humu.23560
http://www.ncbi.nlm.nih.gov/pubmed/29858556
http://doi.org/10.1016/j.braindev.2019.10.008
http://www.ncbi.nlm.nih.gov/pubmed/31734026
http://doi.org/10.1016/j.braindev.2021.03.006
http://doi.org/10.1016/j.braindev.2013.11.009
http://doi.org/10.1086/302369
http://www.ncbi.nlm.nih.gov/pubmed/14578966
http://doi.org/10.1016/j.nmd.2007.05.005
http://doi.org/10.3233/JND-170292
http://www.ncbi.nlm.nih.gov/pubmed/29614694
http://doi.org/10.1016/j.braindev.2018.07.016
http://doi.org/10.1186/s12881-020-01069-z
http://www.ncbi.nlm.nih.gov/pubmed/32552676
http://doi.org/10.3233/JND-190466
http://doi.org/10.1016/j.pediatrneurol.2015.06.002
http://doi.org/10.1371/journal.pone.0230677
http://doi.org/10.1111/j.1651-2227.2008.01201.x
http://www.ncbi.nlm.nih.gov/pubmed/19154529
http://doi.org/10.1159/000275492
http://www.ncbi.nlm.nih.gov/pubmed/20090376
http://doi.org/10.1159/000096128
http://doi.org/10.1002/ajmg.a.33474
http://www.ncbi.nlm.nih.gov/pubmed/20578137
http://doi.org/10.1016/j.jpeds.2017.06.042
http://www.ncbi.nlm.nih.gov/pubmed/28711173
http://doi.org/10.1038/gim.2017.152


Int. J. Neonatal Screen. 2021, 7, 45 12 of 12

41. Shinohara, M.; Niba, E.T.E.; Wijaya, Y.O.S.; Takayama, I.; Mitsuishi, C.; Kumasaka, S.; Kondo, Y.; Takatera, A.; Hokuto, I.; Morioka,
I.; et al. A Novel System for Spinal Muscular Atrophy Screening in Newborns: Japanese Pilot Study Masakazu. Int. J. Neonatal
Screen. 2019, 5, 41. [CrossRef]

42. Vill, K.; Schwartz, O.; Blaschek, A.; Gläser, D.; Nennstiel, U.; Wirth, B.; Burggraf, S.; Röschinger, W.; Becker, M.; Czibere, L.; et al.
Newborn Screening for Spinal Muscular Atrophy in Germany: Clinical Results after 2 Years. Orphanet J. Rare Dis. 2021, 16, 153. [CrossRef]

43. Kariyawasam, D.S.T.; D’Silva, A.M.; Vetsch, J.; Wakefield, C.E.; Wiley, V.; Farrar, M.A. “We Needed This”: Perspectives of Parents
and Healthcare Professionals Involved in a Pilot Newborn Screening Program for Spinal Muscular Atrophy. EClinicalMedicine
2021, 33, 1–11. [CrossRef]

44. Kucera, K.S.; Taylor, J.L.; Robles, V.R.; Clinard, K.; Migliore, B.; Boyea, B.L.; Okoniewski, K.C.; Duparc, M.; Rehder, C.W.; Shone,
S.M.; et al. A Voluntary Statewide Newborn Screening Pilot for Spinal Muscular Atrophy: Results from Early Check. Int. J.
Neonatal Screen. 2021, 7, 20. [CrossRef]

45. Harahap, N.I.F.; Harahap, I.S.K.; Kaszynski, R.H.; Nurputra, D.K.P.; Hartomo, T.B.; Pham, H.T.V.; Yamamoto, T.; Morikawa, S.;
Nishimura, N.; Rusdi, I.; et al. Spinal Muscular Atrophy Patient Detection and Carrier Screening Using Dried Blood Spots on
Filter Paper. Genet. Test. Mol. Biomarkers 2012, 16, 123–129. [CrossRef] [PubMed]

46. Sa’adah, N.; Harahap, N.I.F.; Nurputra, D.K.P.; Ar Rochmah, M.; Morikawa, S.; Nishimura, N.; Sadewa, A.H.; Astuti, I.; Haryana,
S.M.; Saito, T.; et al. A Rapid, Accurate and Simple Screening Method for Spinal Muscular Atrophy: High-Resolution Melting
Analysis Using Dried Blood Spots on Filter Paper. Clin. Lab. 2015, 61, 575–580. [CrossRef] [PubMed]

47. Wijaya, Y.O.S.; Purevsuren, J.; Harahap, N.I.F.; Niba, E.T.E.; Bouike, Y.; Nurputra, D.K.P.; Ar Rochmah, M.; Thursina, C.; Hapsara,
S.; Yamaguchi, S.; et al. Assessment of Spinal Muscular Atrophy Carrier Status by Determining SMN1 Copy Number Using Dried
Blood Spots. Int. J. Neonatal Screen. 2020, 6, 43. [CrossRef] [PubMed]

48. Japanese Researchers Develop Neonatal SMA Test to Start Treatment before Symptoms—June 18, 2021 (Mainichi Japan). Available
online: https://web.archive.org/web/20210628022802/https://mainichi.jp/english/articles/20210617/p2a/00m/0na/015000c
(accessed on 28 June 2021).

http://doi.org/10.3390/ijns5040041
http://doi.org/10.1186/s13023-021-01783-8
http://doi.org/10.1016/j.eclinm.2021.100742
http://doi.org/10.3390/ijns7010020
http://doi.org/10.1089/gtmb.2011.0109
http://www.ncbi.nlm.nih.gov/pubmed/21942573
http://doi.org/10.7754/Clin.Lab.2014.141008
http://www.ncbi.nlm.nih.gov/pubmed/26118191
http://doi.org/10.3390/ijns6020043
http://www.ncbi.nlm.nih.gov/pubmed/33073034
https://web.archive.org/web/20210628022802/https://mainichi.jp/english/articles/20210617/p2a/00m/0na/015000c

	Introduction 
	Patients and Methods 
	Diagnosis of SMA 
	Implementation of SMA-NBS 
	Statistical Analysis 

	Results 
	Genetic Analysis of Patients Suspected of Having SMA 
	SMN1 Deletion Test 
	Distribution of SMA Subtype and SMN2 Copy Number 

	Age of Genetic Testing among SMA Patients 
	Epidemiological Analysis of SMA in Osaka and Hyogo Prefectures 
	Implementation of SMA-NBS in Osaka Prefecture 

	Discussion 
	SMA Subtype and SMN2 Copy Number in Japanese SMA Patients 
	Age at Genetic Testing among Japanese SMA Patients 
	Incidence of SMA in Hyogo and Osaka Prefectures 
	Initiation of NBS for SMA in Japan 

	Conclusions 
	References

