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Abstract. Although the value of newborn screening (NBS) for early detection and treatment opportunity in SMA patients
is generally accepted, there is still an ongoing discussion about the best strategy in children with 4 and more copies of the
SMN?2 gene. This gene is known to be the most important but not the only disease modifier.

In our SMA-NBS pilot project in Germany comprising 278,970 infants screened between January 2018 and November
2019 were 38 positive cases with a homozygous SMN1 deletion. 40% of them had 4 or more SMN2 copies. The incidence
for homozygous SMN1 deletion was 1 : 7350, which is within the known range of SMA incidence in Germany.
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Of the 15 SMA children with 4 SMN2 copies, one child developed physical signs of SMA by the age of 8 months. Reanalysis
of the SMN2 copy number by a different test method revealed 3 copies. Two children had affected siblings with SMA Type 111,
who were diagnosed only after detection of the index patient in the NBS. One had a positive family history with an affected
aunt (onset of disease at the age of 3 years). Three families were lost to medical follow up; two because of socioeconomic
reasons and one to avoid the psychological stress associated with the appointments.

Decisions on how to handle patients with 4 SMN2 copies are discussed in the light of the experience gathered from our

NBS pilot SMA program.
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INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal
recessive inherited neuromuscular disease with an
incidence between 1 : 6,000 to 1 : 11,000 in newborns
[1]. It is the most frequent genetic cause of death in
infancy. The disease is caused by a lack of survival
motor neuron (SMN) protein, which leads to an irre-
versible loss of motor neurons. SMA is classified by
age of onset and the motor milestones achieved [2].
The clinical spectrum of severity is broad. In the most
serious form of disease (type 0), children show severe
weakness and respiratory insufficiency at birth. In
SMA type 1 (Werdnig-Hoffmann disease) onset is
during the first six months of life, and children are
unable to sit and die of respiratory failure. SMA type
2 patients present clinically between 6 and 18 months.
They achieve the ability to sit but cannot walk. SMA
type 3 manifests after ambulation, but the ability of
walking is frequently lost over time [1, 3].

The number of SMN2 copies was the first SMA
modifier identified and is still the strongest known
[4, 5]; higher SMN2 copy number correlates with a
milder clinical phenotype [6—8]. However, the SMN2-
copy number does not allow to precisely predict the
course of the disease in a given individual [6, 9, 10].
An intermediate SMA type 2 phenotype is seen in
3-11% of patients with 4 SMN2 copies [6, 7].

Since a number of SMN-dependent and SMN-
independent therapies are available [11], the timing
of treatment is crucial for a good outcome [12, 13]
and available data show that presymptomatic treat-
ment is superior to treatment after onset of symptoms
[14] experts agree that newborn screening should be
established [15, 16-23]. Currently first pilot projects
for a genetic NBS in SMA are underway [18, 24—
28]. It has been shown that children with less than
4 SMN?2 copies clearly have a benefit from an early
presymptomatic treatment [14, 24].

There is an ongoing discussion about the manage-
ment of children detected by NBS with 4 and more

copies of SMN2. Genetic data of SMA patients’ rel-
atives show that single cases exist [7] with a late
onset of the disease although carrying a homozygous
deletion of the SMNI-gene. Based on this finding,
the American SMA NBS Multidisciplinary Working
Group [16] recommended applying a strict follow-up
strategy in these patients, well knowing that the over-
whelming majority of patients with 4 and more SMN2
copies are expected to develop a loss of motoneurons
which could be prevented by early treatment.

In this paper, we discuss the limitations and the
medical and ethical issues associated with the rec-
ommended procedure, based on our experience with
a cohort of patients with 4 SMN2 copies, who were
detected in our NBS pilot project between January
2018 and November 2019. Specific problems are
highlighted by 6 short case reports.

METHODS

The screening procedure has already been pub-
lished in a previous manuscript, presenting the
clinical and electrophysiological outcome after one
year of newborn screening for SMA [24]. In short,
the screening was performed in two federal states of
Germany, Bavaria and North Rhine Westphalia, start-
ingin January 2018. The investigation was performed
from Guthrie-cards (dried blood spot test) taken for
the routine NBS. An Informed consent especially for
this investigation was given in advance and it could be
rejected separately. Quantitative PCR was performed
from DNA extracted from dried blood spots to screen
for a homozygous deletion of exon 7 [29].

In case of a positive result, the neuromuscular
center (Munich, Essen or Minster), which was clos-
est to the hometown of the patient, contacted the
parents and made an appointment within 1-2 days.
MLPA-test from a new blood sample was used to
confirm homozygous deletion of SMNI gene and to
determine the number of SMN2 copies. Since this
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is a semiquantitative method, the investigation was
repeated by a second lab, in order to define the num-
ber of SMN2 copies as reliable as possible. MLPA was
repeated again in 2020 with an improved MPLA-test.
The patients were advised according to the treatment
algorithm published by the American SMA NBS
Multidisciplinary Working Group [16].

RESULTS

Of 278,970 newborns screened between January
15th 2018 and end of November 2019, 38 were iden-
tified to have a homozygous deletion of the SMNI
gene. In all but one, the number of SMN2 copies could
be defined. The incidence for homozygous SMNI-
deletion therefore was 1:7350. 15 of the 37 patients
(40 %) had 4 SMN2 copies (none had>4 copies).
At the first examination all children were unaffected
and had a normal muscle tone. All but one had present
deep tendon reflexes. (in this patient, electromyogra-
phy of the thigh excluded neurogenic changes) and
a CHOP INTEND result> 35 points in the first two
weeks of life. Similarly, the ulnar compound mus-
cle action potential (CMAP) amplitudes were > 1 mV
in all patients at that time. A strict follow-up strat-
egy with regular clinical, electrophysiological and
muscle ultrasound examinations was proposed to the
families.

In 6 of the 15 “4 SMN2 copy”-patients, events with
an impact on this proposed strategy occurred:

Case 1: Repeated neurological and neurophysi-
ological examinations at intervals of 2 months
were normal. At the age of 8§ months, the par-
ents noticed proximal weakness in the legs. The
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child was no longer able to hop when being held.
Neurological exam revealed a proximal weak-
ness of the legs with absent deep tendon reflexes.
Electromyography showed no pathological spon-
taneous activity at rest but a neurogenic pattern
with large amplitude long duration motor unit
action potentials (MUAPs) was observed on vol-
untary activation. At this point, neurography of
the ulnar and tibial nerve revealed normal com-
pound muscle action potential. Muscle ultrasound
was still normal.

Due to a delay in the confirmation of the insur-
ance company to reimburse the treatment, it took
another 5 weeks until medication with nusinersen
could be started. By that time, the child was able to
sit but unable to bear any weight on the legs. Sono-
graphic examination showed a neurogenic pattern
with atrophy and increased focal echogenicity
(Fig. 1).

After the treatment was started the child started
to develop new motor abilities again. Crawl-
ing and pushing up into a kneeing position was
possible at 14 months, maintaining the kneeing
position at 16 months, and walking with assis-
tance with 17 months. This time, the sonographic
picture showed improvement (Fig. 1) although
still not completely normal.

Case 2: The patient was lost to follow up after 8
months. The family declined participation in the
program despite extensive information about the
rational of the suggested follow-up.

Case 3: The family agreed after repeated inquiries
to perform confirmation diagnostics by the local
pediatrician. They came to the neuromuscular
center for information about the disease and the

Fig. 1. Sonographic findings of quadriceps in case 1: (A) Age 2 months: normal echogenicity and clearly visible internal septa. (B) Age
14 months, 6 months after onset of disease: a pathologic increase in background echogenicity in comparison to subcutaneous fat tissue and
less definable intramuscular septa. (C) Age 17 months, after 8 months of nusinersen therapy: partial recovery with increase in volume and

normalisation of echogenicity in the rectus femoris.
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planned procedure. Nevertheless, they did not
attend any recommended follow-up appointments
despite repeated requests.

Case 4: The family announced their leave from
the program at the age for the 13-month check-up,
after the child had learned to walk independently.
The reason for this was the parent’s extreme
psychological stress that preceded the medical
appointments.

Case 5: These parents reported that the child’s
aunt suffered from a genetically proven SMA
type 3 disease. Her number of SMN2 copies was
unknown. She showed onset of symptoms at the
age of 3 years. Based on the knowledge about the
impact of SMA in daily life, the family was not
willing to accept solely a strict-follow up strat-
egy in the screened index patient. After approval
of treatment by the insurance company, treatment
was initiated at 6 months.

Cases 6: Initially, the family history seemed
unremarkable. During the follow-up, the family
reported that the now 5-year-old brother had a
proximal weakness and a tremor of two years
duration of unknown etiology. Genetic examina-
tion revealed a homozygous deletion in the SMN1
gene and therefore the diagnosis of SMA in this
sibling. Treatment was initiated; the index patient
is still untreated.

Case 7: Similar to case 6, the family history
was initially regarded as negative. In the course
of the follow-up, the family reported that the
6-year-old brother of the index patient had a ten-
dency to tiptoe walk and to experience muscle
fatigue. He was not able to run as fast as his
peers. Genetic examination of the affected brother
showed a homozygous deletion in the SMNI gene
proving the diagnosis of SMA. Clinical exami-
nation revealed an evolving proximal weakness
with gait instability in the first minute of the 6-
minute walk test. Electromyography showed a
neurogenic pattern in both quadriceps’ muscles
on voluntary activation (no spontaneous activity
at rest). Although the muscle ultrasound was nor-
mal, treatment was initiated; the index patient is
still untreated.

DISCUSSION

With the availability of new treatments for SMA
and the technical feasibility of a population based
newborn screening program, presymptomatic treat-

ment of children with SMA has become a realistic
option. As with many genetic disorders, a growing
amount of data suggests presymptomatic treatment
leading to far better outcomes than post-symptomatic
therapy [30] does. However, in contrast to nearly
all children with 2 or 3 copies of the SMN2 gene
who develop the severe or intermediate phenotypes
of SMA type 1 or type 2, the situation in patients
with 4 and more copies is less clear. The high number
of patients with 4 copies in the screened population
emphasizes the necessity for a rational decision. The
cases, which we present in this manuscript, highlight
the specific challenges in this group.

The first patient (case 1), who developed an SMA
type 2 age by 8 months encapsulates the ethical
dilemma facing patients with 4 copies of SMN2. The
risk of potential irreversible loss of motor neurons has
to be balanced against the costs and risks of a possi-
bly unnecessary treatment. Data from the early access
program of nusinersen have shown that an early start
of treatment is the most important factor influencing
the outcome [31]. Based on the mechanism of SMN2-
splicing modifiers like nusinersen, it is likely that
patients with a high number of SMN2 copies profit
most from therapy. The NURTURE study demon-
strated that children with 3 copies of SMN2 have
a better outcome than those with 2 SMN2 copies
[30]. This gives hope that treatment in patients with
4 and more SMN2 copies will produce enough SMN-
protein to live a normal life. On the other hand, an
unnecessary therapeutic burden for the children, their
families and the insurance system should be avoided.

Whereas most patients with 4 and more copies of
SMN?2 develop either type 2 or type 3 SMA, there are
32 reported individuals belonging to 22 families in the
literature who show no signs despite a homozygous
deletion in the SMNI gene [32-38]. Most of these
patients have 3-5 SMN2 copies and other known but
separate SMA modifiers as well.

Currently, the initial attempt to solve this dilemma
was to find consensus on the opinion of experts
assessed via the Delphi questionnaire [16]. Unfortu-
nately, the expert group did not find a definite answer
to the question of which children should be treated.
They propose that, when deciding on treatment ini-
tiation, the attending physician’s clinical judgment
as well as the patient’s and/or the patient’s fam-
ily’s wishes, should be factored in [16]. In cases
where treatment for individuals with 4 SMN2 copies
was deferred, the advice was to monitor closely
and to start treatment as soon as weakness was
detected.
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The authors suggest that CMAPs might be used as
a surrogate parameter to detect motor unit loss. It has
been shown that CMAPs can reliably be measured
and correlate well with the Hammersmith Functional
Motor Scale Expanded for SMA [39]. It is known that
CMAP amplitude clearly correlates with the sever-
ity of SMA in severe cases. The CMAPs have been
used in clinical trials to characterize the amount of
preserved motor neuron reserve at the time of treat-
ment initiation in children with early onset SMA [40].
However, in patients with SMA type 3 the amplitudes
are frequently in a normal range [41]. Considering
this, our findings indicate that CMAPs are not a use-
ful surrogate parameter when determining at what
point treatment should be initiated in the presymp-
tomatic patients. Whereas low CMAP is an indicator
of a poor response to treatment in type 1 patients,
in contrast this parameter is not sufficiently sensi-
tive in late onset patients due to proximal muscle
involvement in the milder forms of SMA. Other neu-
rophysiological parameter like MUNE, which are
used in ALS patients, are only informative in a very
young pediatric group if done by very experienced
examiners.

In contrast, electromyography was able to detect
the neurogenic process in our patients, but our expe-
rience shows, that the families do not accept this
invasive method during a long-term follow up with
examinations every 3-6 months.

Non-compliant patients who fail to observe the
follow-up program (cases 2-4) represent a particular
challenge. The decision not to follow the recom-
mended examinations may be based on an insufficient
understanding of the problem in a hitherto healthy
child, economic challenges and distance to the expert
center. In two families, socioeconomic status and
psychological stress in another mainly contributed
to the lack of follow through. Similar problems are
also observed in long-term established screening pro-
grams, which have to deal with clinical phenomena
that are not immediately apparent to the caregivers. In
phenylketonuria between 5 and 15 % of the patients
leave the preventative treatment program during the
first two years of life [42, 43]. They do so for a wide
range of reasons including sociocultural, economic
and religious beliefs, which have to be addressed,
but which sometimes nonetheless cannot be solved
or vanished [44].

Cases 5, 6 and 7 highlight aspects occurring to
the “wait and see”-strategy with other family mem-
bers suffering from SMA. Parents with known SMA
cases in their family will naturally elect to treat their

SMN-/- child. The expectation to treat the children
as early as possible was one of the most important
arguments for parents of children with SMA to vote
for a NBS in SMA [45].

In clinical practice, the strict follow-up leads to a
significant psychological stress for the family, which
might detrimentally influence the psychosocial devel-
opment of the child. One possible solution might be
to not report patients with four SMN2 copies a priori.
However, our case 1 is a clear argument against such
a strategy. Due to the rigorous monitoring, the time
between onset of symptoms and start of treatment
was less than 2 months. In contrast, review of the
literature shows the median latency between symp-
tom onset and correct diagnosis to be 11 months in
children with SMA type 2 and even longer in type
3 patients [46]. It is clearly possible, even likely,
that the partial recovery in our patient was due to
the early intervention. Experimental data suggest that
a partial recovery of motor neurons or motor end-
plates might be possible if treatment is started early
enough [47].

The question remains whether it is prudent to await
the onset of symptoms before starting treatment in
the subgroup with 4 SMN2 copies. The most impor-
tant reason for this strategy is to avoid unnecessary,
potentially harmful treatment for a relevant number of
children who might stay asymptomatic if untreated.
If this is the case, the incidence rates following NBS
should be much higher than the incidence, which is
known in the general population. The incidence in our
cohort was 1 : 7350 which is nearly identical with the
figure of 1:7353 which was found in symptomatic
patients in Germany in 2014 [48]. This is a strong
argument that the majority of patients with a homozy-
gous SMN1 deletion detected in the NBS will become
symptomatic regardless of their SMN2 copy number.
With this in mind, early treatment in the first year of
life should be considered.

Looking at the distribution of the SMN2 copy num-
bers, 40% of our patients had 4 SMN2 copies. Over
the past two years this number has stabilized and
seems to reflect the prevalence of this subgroup in
a German population. This number is slightly higher
than the figures, which have been published in cohorts
describing symptomatic patients and their relatives.
In a large cohort of mainly German patients 11.4%
(43/375) showed 4 SMN2 copies of which 18.6%
developed SMA type 2 and 81.4% SMA type 3 [7],
In another cohort of Spanish patients, 8 % showed 4
and more SMN2 copies whereas 42% had 3 copies
[6]. A meta-analysis of all patients in the literature
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revealed that 38 % of SMA patients had 4 and more
copies of SMN?2 [6].

One of the major reasons to explain this difference
might be the fact that, especially when estimation of
the SMN2 copy number was introduced into clinical
practice, the interrater reliability between different
labs was quite low. A recent paper showed that in
45% of the patients the results were discordant when
the test was repeated by a single lab with the now
available methods [49].

The methodological problem with the secure deter-
mination of the number of SMN2 copies has to be
addressed. A recent study shows the discrepancy
between standard qPCR and the more accurate
ddPCR [50, 51]. In this pilot project, the prob-
lem was circumvented by carrying out confirmation
diagnostics via MLPA from whole blood (multiple
determination in case of uncertainties), and indepen-
dent confirmation of the result by a second laboratory.
Nevertheless in one case the initial copy number had
to be revised after a different method was applied. As
long as the number of SMN?2 copies is part of the treat-
ment algorithm, care has to be taken to standardize the
estimation of the number of SMN2 copies between all
laboratories, which are involved in national screening
programs.

Cases 6 and 7 highlight the important issue of
missed diagnoses in mildly affected patients. In both
cases, siblings with clear neuromuscular signs and
symptoms were not correctly diagnosed before pos-
itive findings in the NBS screening for first-degree
relatives. The number of unreported cases in patients
with less pronounced symptoms is unknown. Not
infrequently, such children may be considered as
unmotivated even lazy when compared with their
peers. Keeping in mind that SMA is a progressive
disorder [52] valuable time will be lost.

Moreover, with new therapies such as gene ther-
apy coming along, a therapeutic intervention is
only possible in early childhood [53]. AAV based
SMA gene therapy (Onasemnogene abeparvovec)
is already approved in US for children below 2
years [54] and it is expected to be approved by the
EMA in 2020. Furthermore, the older the children
are at the time of application the higher is the risk
that they have developed antibodies against SCAAV9
and therefore effectively precludes this special
therapy [55].

It is also well known that SMA is particularly
affecting the neuromuscular junction (NMJ). From
animal and human studies, we know that SMN is
particularly important in NMJ maturation and main-

tenance and SMN expression and requirement is
high early in development (<P17 in mice and<2
years in human) [56, 57]. This lets us assume that
an early treatment limits the damage and helps
the recovery, which is another argument for early
treatment.

SUMMARY AND CONCLUSION

While the value of NBS for early detection and
treatment of SM A patients is generally well accepted,
there is still an ongoing discussion about the best
strategy in SMA children with 4 copies of the SMN2
gene, the most important modifier of the disease. Up
to now, a strict follow-up strategy still can be justified.
Nevertheless, compliance problems, decisions based
on personal experience of families and the fact that
the prognosis of part of the children might be wors-
ened by this strategy, will presumably modify this
strategy in the future.
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