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Objectives. Spinal muscular atrophy is a monogenic disease characterized by pro-
gressive spinal and bulbar muscle weakness and atrophy. It is caused by the degen-
eration of alpha-motoneurons. The recent approval of the antisense oligonucleotide
nusinersen highlights the need for reliable clinical tools to evaluate motor function in
patients with neuromuscular disorders. Measurement of the bulbar neuromuscular
function (e.g., bite force) could be an extension to existing motor scales, sensitive to
more nuanced changes, especially in symptomatic patients with severely reduced
functional abilities.

Materials and methods. Maximum bite force measurement was used to quantify
changes of the masticatory function in adult monozygotic female twins with SMA
type II. Using piezoelectric transducers, 550 observations were recorded for each
patient during the first year of nusinersen therapy.

Results. During the application of four loading doses of nusinersen, bite force lev-
els steadily increased and reached a statistically significantly higher level com-
pared to the initial state in both patients. Subsequent maintenance doses coincided
with smaller or no statistically significant changes in maximum bite force.

Conclusions. This pilot study indicates that the measurement of maximum bite
force may be a useful tool to detect changes of the bulbar function in SMA pa-
tients. As such, it may supplement existing scales to identify treatment-related
changes in motor function.

Key words: spinal muscular atrophy, motor neurons, masticatory force, antisense oli-
gonucleotide

Introduction

Spinal muscular atrophy (SMA) is an orphan disease with an incidence
of approximately 1:11,000 in Caucasians '. Characterized by progressive
neuromuscular degeneration, this autosomal-recessive disorder is caused
by biallelic deletions and/or point mutations of the survival of motor neu-
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ron (SMNI) gene, leading to SMN protein deficiency 3.
Depending on age of onset, achieved motor milestones
and life expectancy, SMA is subcategorized into different
types *: infants with SMA type I show symptoms within
the first 6 months of life, never achieve the ability to sit
independently and have previously often died within the
first two years of life. SMA type II patients who usual-
ly become symptomatic after 6 but before 18 months of
life achieve independent sitting, but never gain the ability
to walk. Life expectancy is reduced in these patients, but
most of them live into adulthood. Patients with SMA type
III learn to stand and walk but may lose these abilities
during the course of the disease. Usually these patients
have a normal life expectancy >¢.

On 1 June 2017, the European Medicines Agency
approved the antisense oligonucleotide drug nusinersen
(Spinraza) for SMA therapy. Nusinersen alters the splic-
ing of SMN2 pre-mRNA and thus increases the produc-
tion of the full-length SMN protein. The drug has to be
administered intrathecally. The initial treatment phase
comprises four loading doses within two months. Main-
tenance doses are administered once every four months
thereafter 7. Two multicenter, randomized, double-blind,
sham-procedure controlled studies with infantile-onset
SMA patients and later-onset SMA patients previously
showed significant improvements in motor milestones
under nusinersen medication 8°.

With upcoming treatment options for SMA and other
neuromuscular diseases ', there is an urgent need for sen-
sitive clinical tools to observe motor functions and thus
drug efficacy, especially in symptomatic patients with a
chronic course of disease and already limited motor abil-
ities. The heterogeneity across different types and stages
of SMA complicates the development of motor scales and
reproducible outcome measures !!. Here, we developed
a method to quantify changes of masticatory function,
which is representative of patients’ bulbar neuromuscular
function.

SMA usually first affects the spinal muscles and, lat-
er, to a lesser degree, the craniofacial and bulbar muscu-
lature 2. As such, patients in the advanced stages of SMA
show reduced maximum masticatory muscle strength '3,
often resulting in problems with mastication and swal-
lowing 24, Common descriptive scales evaluating the
motor function of SMA patients — such as the Hammer-
smith Functional Motor Scale Expanded (HFMSE) 1316
or the Children’s Hospital of Philadelphia Infant Test of
Neuromuscular Disorders (CHOP INTEND) '"'® — do not
account for limitations in the bulbar function and are in-
adequate to assess severely reduced motor function.

Assuming that nusinersen might also lead to an im-
provement in the bulbar function of patients with chron-
ic SMA, we set out to test the usefulness and reliability
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of maximum bite force measurements in patients with
chronic minimal neuromuscular function where well-es-
tablished outcome scales, such as the HFMSE or CHOP
INTEND, cannot pick up changes. Quantifying maxi-
mum bite force in the course of treatment might generate
initial hypotheses about the impact of nusinersen in such
patients.

The purpose of this pilot study was to assess the vari-
ation of maximum bite force over time, using piezoelec-
tric transducers. Focusing on intraindividual, instead of
interindividual variation, the study assessed maximum
bite force in two subjects with SMA type II over the en-
tire first year of nusinersen therapy. Eliminating as many
confounding influences as possible, the study quantified
the extent of relative change in maximum bite force,
providing a first indication of the method’s feasibility in

SMA patients.

Material and methods

Sample

Two adult monozygotic female twins with infantile
onset SMA, later classified as SMA type II (patient 1
and 2) in view of their long-term survival, participated
in this pilot study. Both have genetically confirmed SMA
with a homozygous deletion of SMNI and three copies
of SMN2. At the time of the first bite force measurement,
they were 49 years old. Their motor abilities were limited
to minimal movements of single fingers and to a reduced
facial mimic and bulbar function affecting chewing and
swallowing. HFMSE scores remained at O (out of 66 pos-
sible points; a score of 66 points corresponds to the best
motor function) in both patients before and after one year
of nusinersen therapy. CHOP INTEND remained at 12
points in patient 1 and increased from 15 to 16 points in
patient 2 (out of 64 possible points; a score of 64 points
corresponds to the best motor function). Both patients
had several teeth missing, a severe class II malocclusion
and, in addition to limb contractures, bilateral temporo-
mandibular contractures with limitation of mouth open-
ing. Active maximum mouth opening, measured both at
the outset and after one year, remained stable at 24.5 mm
in patient 1 and 21 mm in patient 2, being about 50 % less
than normal . Prior to their participation, the patients
gave informed consent. The study was conducted in ac-
cordance with the Declaration of Helsinki. Measurements
were taken during the first year of nusinersen therapy,
starting 21 days before the first application.

Recording methods

Bite force was measured using calibrated piezo-



electric transducers (Flexiforce A201-100, Tekscan Inc.,
South Boston, USA) in the form of thin plastic foil sheets
(0.203 mm thickness, @ 9.53 mm), with a maximum ca-
pacity of 445 N. Changes in the resistance of the sensor
were detected by the multi-sensor measurement box CE-
BO-MSA64 (CESYS, Herzogenaurach, Germany) and
digitally recorded.

The measurements were conducted unilaterally on
the posterior teeth in a region of good intercuspidation.
To improve contact to the sensor, the teeth were partial-
ly covered by intraorally fabricated occlusal bite blocks
(Pattern resin LS, GC America Inc., Alsip, Illinois, USA).
Self-adhesive, convex bumpers (Stabilit, Bahag AG,
Mannheim, Germany, @ 8.00 mm) were placed on the
sensor, guiding it into a predefined concavity on the sur-
face of the occlusal bite blocks. The intermaxillary dis-
tance was kept at a minimum.

Bite force was repeatedly measured over the course
of one year at two different times of the day (9.00 am
and 5.00 pm). The patients were asked to bite 10 times
with maximum effort for a period of one second, each
followed by one second of recovery. One measurement
lasted 20 seconds. The parameter of interest, maximum
bite force, was defined as the maximum value of each
bite (in N), yielding 10 values per measurement point.
All measurements took place at the home of the patients,
keeping their head positions constant in a familiar lying
position in order to minimize the influence of neck mus-
cle strength. All measurements were conducted by a sin-
gle trained examiner (TK).

Statistics

The outlined procedure resulted in two patient-spe-
cific datasets consisting of 550 observations clustered in
55 measurement points each. The data were descriptively
analyzed using locally weighted scatterplot smoothing
(LOESS) %; the means of the 10 values of each measure-
ment point are illustrated (Fig. 3). Inferential statistics
relied on patient-specific models using ordinary least
squares regression, regressing patients’ maximum bite
force on the time points at which they were measured.
Given that maximum bite force tended to decrease with
each repetition, the position of each of the ten bites in a
given measurement point was included as an additional
control variable to account for systematic fatigue (values
ranging between 1 and 10). Predictions of the quantities
of interest are illustrated (Figs. 1-2). To account for the
clustered data structure (i.e., observations nested in mea-
surement points), all models relied on the clustered sand-
wich estimator ?!. Differences in bite force over time were
generally considered statistically significant at p < 0.05.
Conducting multiple comparisons over time, the statis-
tical tests were Bonferroni corrected . All statistical
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analyses were conducted using the statistical software R
(version 3.5.1).

Results

Over the period of one year, the two patients received
six doses of nusinersen each. It was analysed how their
application coincided with changes in maximum bite
force, separately for the initial loading phase and for the
subsequent maintenance phase.

Loading phase

During the application of four loading doses, max-
imum bite force steadily increases from baseline levels
of 60 N /37.7 N to 83.9 N/ 47.3 N in patients 1 and 2
(Fig. 1). For patient 1, the increase is statistically signifi-
cant after the second loading dose. The increase is weaker
for patient 2, showing a statistically significant difference
only after the fourth loading dose.

Maintenance phase

Following the loading doses, maintenance doses
were applied every four months. After the application of
the first maintenance dose, bite force levels are at 79.8 N
/42.7 N in patients 1 and 2, which is an increase relative
to baseline levels (though weaker in size than after the
fourth loading dose and statistically significant only for
patient 1; see Figure 2). The application of the second
maintenance dose is not accompanied by an increase in
patient 1 over the subsequent two weeks (68.5 N). In the
case of patient 2, the level of maximum bite force is even
lower than before the first application of nusinersen, both
before and after the second maintenance dose (31.7 N).

Changes in bite force over one year

Figure 3 descriptively summarizes all measurements
over the complete period of observation. Maximum bite
force decreases during the two observed four-month pe-
riods between drug administrations; temporary increases
coincide with the application of the maintenance doses.

Inter- and intraindividual variation in bite force

Interindividually, patient 2 shows lower absolute
values in maximum bite force than patient 1; intraindi-
vidually, values vary between measurement points. This
variation between measurement points makes up ~50 %
(patient 1) / ~90 % (patient 2) of the overall variation
observed (as compared to variation across the 10 bites
within measurement points). Intraindividually, variation
between measurement points is also present before the
application of nusinersen.
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Figure 1. Changes in maximum bite force during the application of four loading doses of nusinersen (LD 1/4, predicted
values, in %). Pre entails seven measurement points before first application (=70 observations); each Post LD entails
two measurement points within two weeks after application (=20 observations).
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Figure 2. Changes in maximum bite force during the application of two maintenance doses of nusinersen (MD1/2,
predicted values, in %). Pre entails seven measurement points before first application (=70 observations); Post MD1/2
entails two/four measurement points within two weeks after application (=20/40 observations).

Discussion

The results of this pilot study, based on data from two
SMA patients, generate two hypotheses that need confir-
mation in further patients: first, that changes in bite force
over time coincide with the application of nusinersen;
second, that they can be detected by isometric bite force
measurements.

At initially 35.7 N and 63.4 N, the maximum bite
forces of the two surveyed adult patients with SMA type
IT were substantially lower than normal (supplemental
measurements in a healthy female adult yielded values at
~300 N). Despite the use of thin piezoelectric foil sheets
— facilitating bite force measurements in SMA patients
with a limited range of mandibular movement — jaw
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separation may have affected the absolute size of these
values #. Uninformative in absolute size, the respective
values for the initial maximum bite forces underline the
respective clinically observed limitations in the bulbar
function of the two SMA patients and align with previous
findings . Interindividual differences of pre-treatment
levels of bite force are irrelevant for our serial measure-
ments, given that our analyses relied on intraindividual
changes over time.

Time-invariant measurement error may thus be a
minor concern. Instead, greater attention should be paid
to time-variant confounding. A number of potential
time-variant confounders could be accounted for — either
during measuring itself (e.g., patients’ head positions or



time of the day) or ex-post statistically (e.g., fatigue due
to repeated biting). However, unobservable factors, such
as short-term fluctuations in physical fitness or individual
motivation, remain more difficult to control. They may
be the reason behind the unexplained variation between
measurement points. In a similar vein, initial increases in
bite force, as seen in patient 2, may be due to a learning
effect 2*. Similar patterns were also found in a healthy, un-
treated person (data not shown). A central task for future
studies is thus to come up with ways to account for such
potential influences of learning.

Notwithstanding these different sources of variation,
the results indicate a systematic and statistically signifi-
cant increase of maximum bite force that coincided with
the application of nusinersen. Most notably, maximum
bite force steadily increased with every additional appli-
cation of the four loading doses in the first two months
of treatment. The first maintenance dose coincided with
a statistically significant increase in maximum bite force
compared to baseline levels (though weaker in size than
after the fourth loading dose). After the second mainte-
nance dose, maximum bite force did not increase (in one
patient, values were even below baseline level).

Overall, it could be speculated that maximum bite
force changes with the application of nusinersen in adult
SMA patients, especially at the onset of treatment, poten-
tially indicating an altered bulbar function. Established
scales did not capture any changes, potentially due to
three reasons. First, neither HFMSE nor CHOP INTEND
would capture changes that occur only in patients’ bulbar
function. Second, CHOP INTEND has not been validated
for SMA type II and HFMSE evaluates gross motor skills
only. Third, in line with current practice, both scores have
been assessed at much greater intervals.

This pilot study is the first to record bite force of
SMA patients over a long time period during a causative
treatment of SMA. It relies on a unique and so far, rare
population: patients at an advanced state of SMA being
treated with nusinersen (the patients here are among the
first, hence the small sample size). The study builds on
previous work that assessed bite force in patients with
other neuromuscular disorders (e.g., Duchenne or Becker
muscular dystrophy), either in terms of one-time mea-
surements 2?7 or in terms of changes over time 2 — un-
derlining the diagnostic potential of the approach.

The pilot study led to a number of insights that may
be useful for further improvement of the method. First,
measurement intervals should be chosen deliberately.
This study covered the first year of nusinersen medica-
tion with 55 continuous measurement points. Being ex-
plorative in nature, the measurements took place at short,
irregular intervals. Generally, future investigations may
simplify the approach without risk by opting for fewer
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Figure 3. Maximum bite force in patient 1 and patient
2 over the first year of nusinersen therapy. Each circle
indicates the mean value of 10 observations of maximum
bite force per measurement point. Solid lines indicate the
LOESS curve over time. Dashed lines indicate the mean
maximum bite force before the first application of nusin-
ersen.

measurement points that focus on time periods close to
the application of nusinersen. Also, to avoid any bias
from learning effects, the number of measurement points
before the first application of nusinersen should be suf-
ficiently large. Second, a central challenge is the reduc-
tion of time-variant confounding between measurement
points. The analyses showed that the largest share of un-
explained variation existed between measurement time
points — even so before the first application of nusinersen.
In comparison, 10 repetitions per measurement seemed
sufficient to capture existing variation within a measure-
ment point. This finding suggests that the use of piezo-
electric transducers provides reliable and reproducible
results, aligning with previous studies 2. The contin-
uous and ongoing development of piezoelectric sensors
and their software may further simplify the process, es-
pecially so for measurements in larger populations *.
Concerning unexplained variation between measurement
points, more knowledge is needed, including for healthy
subjects. Finally, beside maximum bite force, future in-
vestigations may also look at changes in neuromuscular
endurance. The present study focused on serial maximal
levels of bite forces. Decreases in bite force over repeti-
tions were treated merely as confounders and controlled
for in the multiple regression analyses. Given that there
is evidence for faster fatigue among SMA patients 3, it
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may be worthwhile focusing on muscle endurance as a
potential outcome measure.

Conclusions

The quantitative measurement of maximum bite
force could constitute a promising tool to evaluate the
masticatory function as a readout for the bulbar function
among patients with degenerative, neuromuscular dis-
eases. It could supplement biomarkers such as electro-
physiology or other recently suggested approaches * as a
cost-efficient measurement to identify functional changes
due to treatment. The above suggested improvement for
its future application may help to realize the diagnostic
potential of bite force quantification in patients with neu-
romuscular disorders.
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