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Abstract.

Objective: Numerous studies have consistently found that reduced SMN protein expression does not severely affect cognitive
function in SMA patients. However, the average intelligence quotient of SMA patients has ranged above to below average in
different studies. The cognitive development of SMA patients identified through newborn screening remains largely unknown.
Methods: 40 of 47 eligible SMA patients (23 females/17 males) from 39 families identified through newborn screening
between January 2018 and December 2020 underwent developmental testing using Bayley III (BSID) after the 2 years of
age. The mean age was 29.25 months (23—42 months). 17 patients had 2, 11 patients had 3 and 12 patients had >4 copies of
SMN?2.

Results: cognitive scale: mean 94.55 (SD 24.01); language scale: mean 86.09 (SD 26.41); motor scale: 8§1.28 (SD 28.07).
Overall, the cognitive scales show that 14 children were below average, 20 children were average and 6 children were above
average. 10/14 children with below average scores had 2 SMN2 copies. The post-hoc pairwise comparisons showed that
the cognition main scale was significantly more sensitive to the number of SMN2 copies than the motor main scale of the
BSID (MA =10.27, p=0.014). There is also evidence that cognition scored higher than the language main scale (MA =7.11,
p=0.090).

Conclusion: The impaired cognitive development of SMA children with 2 SMN2 copies, despite early initiation of therapy,
underscores the critical role of the SMN protein in the early stages of brain development.
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INTRODUCTION the second most common autosomal recessive disor-
der with an incidence rate of 1:6,000 to 1:11,000.

5g-Spinal muscular atrophy (SMA) is the most Homozygous deletion of the “survival motor neu-
common neurodegenerative disease in childhood and ron” (SMN) gene, SMNI, is the main cause [36].

Motor neurons are fundamentally dependent on the
SMNI gene product, the SMN protein. SMN is dif-
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changes in brainstem nuclei, pigmented nuclei, tha-
lami, basal ganglia, hippocampi and cerebellum have
been reported in SMA type 1 patients, while differ-
ent abnormalities are reported in neuropathological
studies in SMA type 2 patients [2, 12, 17] and mouse
model studies [37]. This suggests that SMN plays
an important role in non-motor regions of the ner-
vous system [7]. There is a wide phenotypic spectrum
of the disease, ranging from early-onset forms that
are fatal in infancy if untreated, to later-onset forms
that may not present until adulthood. SMN2, a par-
alogous gene that is almost identical to SMNI but
encodes a less stable form of the SMN protein, is
the most important disease modifier. Milder pheno-
types are associated with higher SMN2 copy numbers
[35]. Historically, SMA was classified into three
pediatric forms (SMA types (I-III)) based on the
age of onset of symptoms and best motor function.
Newly available therapies, specifically SMN2 splic-
ing modifiers [10, 20] and gene replacement therapy,
have dramatically changed survival and overall dis-
ease progression [19]. With an increasing number of
long-term survivors of SMA, it has become obvi-
ous that treated children exhibit new phenotypes that
include changes in motor function and other areas
of functionality, including cognition and language
development.

Newborn screening (NBS) programs aim to
achieve a pre-symptomatic diagnosis of treatable dis-
orders allowing for early initiation of treatment, and
thus prevention or reduction of morbidity and mortal-
ity. Pilot projects on NBS for SMA starting in January
2018 in Germany showed better motor outcomes in
early-treated patients with expected severe forms of
the disease [32]. Consequently, NBS for SMA was
implemented in the nationwide German NBS pro-
gram in October 2021 [21].

Existing data show that a reduction of SMN-
protein does not have a severe effect on the
development of cognitive function in adults with
SMA. Nevertheless, the mean intelligence quo-
tient (IQ) in SMA patients has been contradictorily
described as above [33] or below average compared
to healthy subjects [15, 17, 28].

Cognitive development in SMA patients detected
by NBS remains widely unexplored. In particular,
the cognitive development of SMA type 1 patients,
who rarely survived if untreated, is unknown. It
is unclear whether a lack of SMN protein during
pregnancy has an impact on the cognitive functions
of the children. To investigate this, cognitive test-
ing was done in a cohort of patients diagnosed by

SMA-NBS, in which SMN was restored shortly after
birth.

MATERIALS AND METHODS
Study protocol

SMA patients that were diagnosed by NBS in the
German pilot projects and that were born between
January 15, 2018 and December 31, 2020 were
included. Homozygous SMNI deletion and number
of SMN2 copies was confirmed in all patients by a
second genetic test [22, 32].

Treatment recommendations during the first two
years of the pilot project were equal to the rec-
ommendations of the 2018 “American SMA-NBS
Multidisciplinary Working Group” [11]: Immediate
treatment with Nusinersen was recommended for
children with two or three SMN2 copies and a “watch-
ful waiting” strategy for children with > four copies.
Treatment by that time was initiated solely with
Nusinersen, as Onasemnogene Abeparvovec was not
available in Germany until 2021.

The neurological development was assessed by the
Bayley Scales of Infant and Toddler Development-
IIT (BSID) scale. BSID was started 24 months after
NBS at the earliest by trained colleagues in each of
the participating centers.

Study group

A total of 47 SMA patients from 46 families iden-
tified through newborn screening between January
2018 and December 2020 were contacted for devel-
opmental testing at participating centers beginning on
the child’s second birthday. Seven families refused
developmental testing and/or an additional appoint-
ment to the clinic to be screened. An apparent reason
was the Covid pandemic and parents’ concern about
exposing themselves or their child to an additional
risk of infection.

The Bayley Scales of Infant and Toddler
Development—Third Edition (BSID-III)

Bayley III is a revision of the frequently
used and well-known Bayley Scales of Infant
Development—Second Edition (BSID-II; Bayley,
1993) including Cognitive, Language, Motor, Social-
Emotional, and Adaptive Behavior scales [1]. The
following five scales are assessed with the German
Bayley-III: Cognition, receptive language, expressive
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language, motor skills fine, motor skills coarse. In the
Bayley I1I, the tasks, whose difficulty increases con-
tinuously, are given to the child in a predetermined
order for each of the five subtests. Scores below 85
are classified as below average, between 85 and 115
as average, and greater than or equal 116 as above
average.

Statistical analysis

A chi-square test was performed to analyse the
distribution of females and males of this sub-sample
among the groups of patients that have two, three or
four copies. Gender effects were evaluated by a two-
sided #-test for independent groups for the variables
that are used in the following analyses. ANCOVA was
performed to measure a general effect of the copy
number on the main scale scores.

RESULTS

Characteristics of infantile SMA patients

Forty patients could be included with a mean
age at the time of examination of 29.25 months
(SD=4.86), ranging from a minimum age of 23
to a maximum age of 42 months. In our cohort
42.5% (17 patients) had two SMN2 copies, 27.5%
(11 patients) had three SMN2 copies, and 30% (12
patients) had > four SMN2 copies. Of all subjects,
57.5% (23) were female and 42.5% (17) were male.
Thirty-six patients were treated exclusively with
nusinersen or switched to onasemnogene abepar-
vovec at the time of testing. The reasons for switching
therapy varied. Four children, two with four SMN2
and two with five SMN2 copies were without med-
ication at the time of testing, in agreement with the
parents.

Thirty-four of 40 children were asymptomatic at
the start of treatment and four with 2 SMN2 copies of
40 showed signs of disease onset at start of the treat-
ment during the first weeks of life. Treatment at 11
months of age was initiated in two (twins) with three
SMN?2 copies of 40 patients at the explicit request
of the parents after the children had developed clear
symptoms of the disease. At the time of testing, 34/40
patients could walk independently and were able to
climb some stairs. Four out of 40 could sit indepen-
dently, one out of 40 reached the milestone of head
control and can sit with support, and one out of 40
did not reach a motor milestone but can also sit with
support. One patient required additional feeding via

a PEG tube. Two patients had intermittent nocturnal
non-invasive ventilation.

Bayley scales

At the age of 24 months, not all children are able
to complete the Bayley test in one session. As we
did not want to overburden the parents, we focused
on the cognitive scales at the appointment and then
performed all the other scales as far as the children
were able to do them well, so that a reliable evaluation
is possible. There was no negative influence of motor
deficits on the test results.

Cognition Scale: A score below average was found
in 14 of 40 children tested, 20 of 40 showed an average
score and six of 40 showed an above average score.
Ten of 14 with a below average score have two SMN2
copies.

Motor Scale: Fourteen of 25 of children showed a
below average score in the motor scale, seven of 25
showed an average score and four of 25 showed an
above average score. Nine of 14 with a below average
score have two SMN2 copies.

Language scale: Twelve of 33 children showed a
below average score in the receptive language sub-
scale, 16 of 33 showed an average score and five of 33
showed an above average score. SMN2 copy numbers
are evenly distributed in all domains. Eleven of 34 of
the tested children showed a below average score in
the expressive language subscale, 13 of 34 showed an
average score and four of 34 showed an above aver-
age score. SMN2 copy numbers are evenly distributed
in all domains.

In Table 2, the Pearson Correlation Analysis shows
substantial inter-correlations between the scales of
the BSID, as expected based on the basic structure of
the BSID. The correlations between the copy number
and the scales of the BSID only showed a substantial
correlation with the cognitive scale of the BSID.

To test whether the gender of the participants had
a larger effect on cognitive development, we per-
formed an ANCOVA. The result showed that the main
effect of SMN2 copy number remained. An in-depth
statistical analysis of the results of the three main
scales in relation to the SMN2 copies showed that
the cognition main scale scored significantly higher
than the motor main scale of the BSID (MA =10.27,
p=0.014). Additionally, there is an indication that
cognition scored higher than the language main scale
(MA=7.11, p=0.090). The effect of SMN2 copy
number on the language main scale score of the BSID
is not statistically significant.
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Fig. 1. Descriptive analysis regarding the scale scores by scale type and copy number. The mean values of the three main scales of the BSID
are indicated on the y-axis by the different shades of gray. These mean values are normally distributed (M =100, SD=15). On the x-axis,
the groups of patients with 2 to >4 copies are indicated.

Table 1
Gender and BSID subscales. Analysis for Gender Differences among the Main Scale and Subscale Scores of the BSID: In each main scale
and subscale of the BSID, females showed a significantly better performance than males (Tablel), particularly pronounced in the motor

scales.

4 df P d Mfemale Minaie

Cognitive Main Scale 2.09 38 0.044* 0.67 101.09 85.71
Subscale 2.20 38 0.034* 0.70 101.50 85.60

Language Main Scale 2.80 31 0.009** 0.98 96.11 72.50
ES 2.72 32 0.011* 0.95 96.50 76.80

RS 2.85 31 0.008** 1.00 98.15 77.50

Motor Main Scale 3.74 23 0.001** 1.50 97.54 63.67
Subscale? 3.17 23 0.004** 1.27 96.80 65.20

RS =Receptive Subscale. ES =Expressive Subscale; *The Motor Subscale Score of the BSID was linearly transformed to be comparable
with the other subscale scores. *p <0.05 **p <0.01.
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Pearson Correlation Analysis between the main scale scores of the BSID, including the copy number

BSID Main Scale Scores

CN Cognitive Language Motor
CN -
Cognitive 0.48** (0.002) -
Language 0.23 (0.202) 0.73%** -
Motor 0.30 (0.143) 0.86™** 0.83%** -

Note. CN =Copy Number. P-values above 0.001 are shown in brackets below. Pairwise correlations
are listed below the diagonal. aSignificant after adjusting the p-values by the sample size. **p <0.01

**5p < 0.001.

DISCUSSION

The results show that cognitive development of
children with SMA detected by newborn screen-
ing depends on SMN2 copy number. Fourteen of 40
(35%) participants showed a below average score
in the cognitive scale, ten of 14 (71%) have two
SMN?2 copies. The lower the SMN2 copy number, the
lower the cognitive development score determined
by BSID. This effect on cognitive development is
present even though all children with two SMN2
copies were treated in the first weeks of life. In total,
34 of 40 children were treated in the first weeks
of life, in which the need for SMN protein is par-
ticularly high in the developing nervous system [3,
13]. Cognitive impairment in presymptomatic SMA
patients with a copy number < two may be the result
of brain hypoperfusion [38] or low expression of
SMN protein in cortical neurons [12], which cannot
be fully corrected by current disease-modifying treat-
ments started postnatally. This is supported by the fact
that during the third trimester of pregnancy, the brain
undergoes important maturational development [18].
SMN protein plays a major role during early develop-
ment. Levels in humans have been shown to decrease
during development in spinal cord and brain tissue,
with a substantial decline between fetal and postna-
tal stages, reaching a nadir after three months of age
[26]. All children with less than three SMN2 copies
were initially treated with Nusinersen intrathecally
according to a standardized procedure. The differ-
ence between the groups (two vs three or more SMN2
copies) may either indicate that the amount of SMN-
protein available in the CNS is lower in patients with
a lower SMN2-copy number, even when treated with
Nusinersen, or that the prenatal SMN-protein defi-
ciency is responsible. A significant difference in the
physical interaction with their surroundings, which
is important for normal cognitive development [29],
is unlikely in our patients, as they generally have

good motor performance and can therefore interact
normally with their environment.

A recent study of 22 adult patients with SMA
type III showed that greater motor difficulties were
associated with poorer performance in attention and
working memory and better performance in language,
visuospatial skills and memory. The authors con-
cluded that the cognitive changes in SMA type III
may reflect the presence of intrinsic brain pathology
and the capacity of cognitive adaptive mechanisms
in the presence of physical dysfunction. In men, but
not women, performance on cognitive tests was asso-
ciated with motor function [16]. This shows that
despite normal intelligence in patients with SMA
type I1I, a detailed analysis of the subtests reveals an
impairment that can be compensated through good
motor functions. With regard to our patient group, it
must be noted that the BSID is a pure developmen-
tal test, therefore statements on the specific cognitive
subscales for our patients can only be made at a
later stage after an intelligence test has been per-
formed. In addition, it was shown that in severe SMA
mouse models, changes in the developmental pro-
cesses of the brain are associated with low SMN
levels [37].

These findings and our results of cognitive devel-
opment in children with two SMN2 copies, despite
early initiation of therapy, highlight the crucial role of
SMN protein in the early stages of brain development.

There is conflicting information in the litera-
ture regarding cognition in SMA patients. In 1967,
Dubowitz was the first to postulate normal intel-
ligence in children with SMA [8]. Another study
in 1987 found no difference in cognitive abilities
between children with SMA and children with DMD
[34]. Since then, several studies about cognitive
development have been published. In symptomatic
patients with SMA type 1 treated with disease-
modifying therapies, global developmental delay and
defects in gross motor functions have been found
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in the majority, whereas scores obtained on scales
to assess learning and language skills suggest a
positive trend in the development of general neu-
rocognitive skills [31]. Furthermore, in a study of
18 children with SMA, four children were identi-
fied with BSID III score below average on cognitive
scales [23].

All of these findings are consistent with the results
of our study, which was conducted in a larger group
of older children (> two years-of-age) who were pre-
dominantly treated pre-symptomatically, and thus,
had more time to benefit from treatment. Further-
more, these findings are similar to phenomena already
known from other neuromuscular diseases. Although
there is no common pathomechanism, from a clinical
point of view there is similarity in presentation. The
severe courses with congenital onset are often mul-
tisystem disorders as in Pompe disease, MTM1 or
myotonic dystrophy type 1 and then also associated
with cognitive impairment. While the adult and ado-
lescent patients usually have a mild phenotype with
a more purely neuromuscular phenotype [9].

Our study shows that female patients performed
better than male patients. This is an unexpected find-
ing. The influence of gender on the phenotype of
SMA has been debated. Some studies have reported
that the symptoms of female siblings in affected SMA
families were milder than those of male siblings due
to plastin 3 as a modifier [24, 30]. Studies have also
reported that female patients with SMA type III pre-
dominated [6]. In other studies, a predominance of
male patients was observed with milder forms of
SMA [14]. Results from a larger group will be nec-
essary to confirm these findings.

The evaluation of the BSID showed that the chil-
dren predominantly show a normal development in
the main scales of BSID with outliers upwards and
downwards. The mean scores demonstrate a clear
dependence of cognitive development on the SMN2
copies, whereas the other scales do not show this
effect so clearly.

When assessing the motor scales, it should be kept
in mind that 36 of 40 children were treated with
different disease-modifying therapies at the time of
testing. Another important point when looking at the
results of the children’s motor performance is that
we only tested 25 children with the motor Bayley
Scale. The children who were already able to master
the Hammersmith functional motor Scales extended
(HFMSE) at the age of two years of life were tested
with the HFMSE. These results have already been
published [32]. Unfortunately, the two tests are not

comparable, so we did not conduct a combined eval-
uation.

The analysis of the children’s language develop-
ment in our study showed no dependence on SMN2
copy number and an overall normal development. The
literature suggests that symptomatic children with
spinal muscular atrophy (SMA) show precocious
grammar development and spatial cognition, suggest-
ing that they devote their resources to developing
their language skills and observing their environ-
ment because their motor impairments limit their
ability to explore the world [25]. In our patients,
who mostly have a normal motor development, a
similar shift towards grammar development was not
observed.

In summary, our findings indicate important
aspects of cognitive development still unknown in
SMA patients. This includes the impact of new phar-
macological treatments on cognitive and language
functions and the role of regained motor skills on
brain development. In the future, these aspects may
become increasingly important regarding the choice
between different drugs and in the planning of per-
sonalized rehabilitation programs, especially in SMA
children with neuromuscular dysfunction already in
the first weeks of life despite drug treatment and who
also have a developmental disorder. Fetal treatment
has been assessed in mice and should be considered
in humans to prevent the precocious loss of the SMN
protein [27].

Our findings support the underlying hypoth-
esis and emphasize the need for (1) early
initiation of medical treatment, possibly even
intrauterine, especially when less than two SMN2
copies are present, (2) performance of stan-
dardized longitudinal brain function assessments,
especially in children expected to develop SMA
type 1, and (3) initiation of early intervention
programmes for children identified by newborn
screening.

Limitations of the study

The study group of 40 children is very small, to
perform a reliable statistical analysis between all
subgroups. Furthermore, other effects, such as drug
regimen, start of treatment, and other supportive mea-
sures like family environment support, could not be
taken into account. The BISC is a developmental test
in which all three scales are strongly dependent on
each other, so the results can still indicate changes
especially in the first years of life. From an age of
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>24 months, the cognitive scale approaches a real
intelligence test, and is, therefore, generally used as
a predictor for preschool testing in the follow-up of
premature and at-risk babies. However, these children
should be retested at the age of five years to provide
a valid statement about their cognitive development.
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