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Objective: This study evaluated the feasibility of a matching-pair test using
eye-tracking technology to assess nusinersen effectiveness in patients with
advanced spinal muscular atrophy (SMA) type I.

Methods: This prospective, observational study enrolled patients with
59-SMA type | who had lost gross motor function. Three different
levels of matching-pair tests were conducted using the eye-gaze system
(My Tobii; TobiiDynavox Inc.) at baseline, and after 9 and 24 weeks
of nusinersen treatment. The primary endpoint was the change from
baseline in matching-pair test scores and response times (i.e., the time to
answer matching-pair test) at 24 weeks from baseline. Children’s Hospital
of Philadelphia Infant Test of Neuromuscular Disorders (CHOP-INTEND),
Pediatric Quality of Life inventory for patients with Neuromuscular Disease
(PedsQL-NM) and Numerical Rating Scale (NRS) scores were also assessed
as secondary endpoints. Analysis of ocular fixation was performed as an
additional analysis. This study was registered at https://www.umin.ac.jp/ctr/
(UMINO00033935).

Results: Seven patients (one male, six female) aged 5-21 years (median
11 years) were enrolled; all patients were bedridden and six patients were
ventilated. All seven patients were able to conduct level 1 matching-pair tests
at each assessment; five patients were also able to conduct levels 2 and 3.
Two patients (those with the highest CHOP-INTEND scores) were able to
complete all tests correctly within 60s. There was a non-significant trend
toward improvement in CHOP-INTEND, PedsQL-NM, and NRS scores over
the 6-month period. There were no significant differences in the number of
actions, errors, correct answers, or response times between baseline and Week
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9 or 24 at any level. However, the result of an additional analysis suggests that
detection of eye movement would be useful to evaluate for advanced SMA.

Conclusions: Eye-tracking systems are possibly feasible for the assessment of
treatment efficacy in patients with advanced SMA type I.

eye-tracking, nusinersen, spinal muscular atrophy, advanced, evaluation method,
observational study

Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive
neuromuscular disorder that causes degeneration of motor
neurons, leading to progressive muscle atrophy and weakness
(1). In approximately 95% of patients, SMA is caused by a
homozygous deletion in exon 7 of the survival motor neuron
1 (SMNI) gene located on chromosome 5q13, which results
in reduction of SMN protein expression, and degeneration of
motor neurons of the spinal cord (1).

SMA is classified into four severity grades (I-IV) based
on the age of onset and achieved motor function (2, 3).
Approximately 50% of patients with SMA have type I disease
(the most severe type) and present with hypotonia and loss of
tendon reflexes, poor head control, and predominantly proximal
symmetrical flaccid quadriparesis preferentially affecting lower
limbs (4, 5). Patients with SMA type I develop chronic
respiratory failure and bulbar dysfunction, and the median time
to the composite outcome of death or mechanical ventilation for
>16 h/day is 7.7 months (6).

Three SMN-dependent therapies have been approved in
Japan—nusinersen, risdiplam, and onasemnogene abeparvovec.
These therapies have dramatically changed the lives of SMA
patients, particularly those with early-onset SMA type I. For
instance, the pivotal studies for nusinersen (ENDEAR) and
risdiplam (FIREFISH) showed marked improvements in motor
function in infants with SMA who started treatment before the
age of 7 months (7, 8). Of note, these pivotal clinical trials
excluded infants with impaired pulmonary function, such as
those receiving invasive ventilation or tracheostomy; however,
many patients with advanced SMA type I are bedridden and
mechanically ventilated in real-world settings (9). Tracheostomy
or mechanical ventilation in severe SMA type I patients are
not recommended in several countries due to their impact
on patient quality of life (QoL), risk of complications, ethical
questions around prolonging life when there is no likelihood of
improvement, or religious reasons (6, 10-12). A survey in the
United States found that 29.5% of patients with SMA type I have
a tracheostomy (13), while in Japan, 97.9% have tracheostomy
and physicians tend to choose life-sustaining care (14, 15), so
the number of patients with advanced SMA type I is expected to
be higher in Japan than in other countries.
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Although measurement scales for gross motor functions,
have been used in clinical trials for the treatment of SMA,
these are not suitable for evaluating treatment effects in
advanced patients who have lost almost all gross motor function.
Therefore, it is important to develop measurement scales of fine
motor function to assess the effectiveness of treatment and its
impact on QoL in patients with advanced SMA type I (16). It has
been reported that normal oculomotor function is preserved in
motor neuron disease (MND) patients as well as SMA patients
(17-19), so eye-tracking systems are used as communication
tools in patients with amyotrophic lateral sclerosis (ALS) (20,
21), locked-in syndrome (22), and SMA (16, 19). In SMA, it is
reported that eye movement is preserved in types II and III (17),
but some individual cases, reported before the availability of
genetic testing, have suggested extraocular muscle dysfunction
in SMA (23-26). Further, it is also reported that ALS patients
show oculomotor dysfunction (27, 28), which may be useful as a
biomarker (29).

Pair-matching tasks using an eye tracker device have
previously been used to evaluate cognitive performance in
patients with SMA type I (30), and we hypothesized that
such tests could also be useful for the measurement of
treatment effects in patients with advanced SMA type L
Therefore, we conducted a pilot study to evaluate whether pair-
matching tasks using an eye-tracker device are useful to assess
treatment effectiveness.

Materials and methods

Study design and participants

This prospective, multicenter, observational study enrolled
patients with SMA type I who were scheduled to start nusinersen
treatment. Patients and/or parents received information about
the study and parents (or the patient’s legally authorized
representative) provided written informed consent prior to
participation in the study. The study was approved by the
institutional review boards of all participating hospitals, as
well as the Ethics Committee of the Kurume University
(reference 18103). The study was registered at the University
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Administration of Nusinersen 12 mg
+ ¢+ ¢+ 1 4 4
Dosing schedule D1 D15 D29 D56 D161 D302
(first dose) (Week 9) (Week 24)
\ ) \ )
Y Y
loading dose maintenance dose
The red arrows indicate the time points at which the assessments were made
FIGURE 1
Study design.

Hospital Medical Information Network Center Clinical Trials
Registry (UMIN000033935).

Eligible patients were aged >3 years (considered to be the
minimum age to allow patients to understand the task and
follow instructions), had genetically confirmed 5q-SMA type I,
an Hammersmith Functional Motor Scale Expanded (HFMSE)
score of 0 (to ensure inclusion of patients with limited gross
motor function), and a plan to start nusinersen treatment.
Patients who were unable to perform a matching-pair test,
had a history of hypoxic brain injury/epileptic episode, or had
respiratory tract infection were excluded.

Treatment

Nusinersen was administered intrathecally according to the
approved dosage schedule in Japan, i.e., a loading dose of 12 mg
on Day 0, and at Weeks 2, 4, and 9, followed by maintenance
therapy with 12 mg every 4 months thereafter (Figure 1).

Study procedures

Study assessments were conducted on Day 0 £ 7 (baseline),
Day 56 + 14 (Week 9-at the end of the loading dose period),
and Day 161 £ 14 (Week 24-after the first maintenance
dose) of nusinersen treatment. On each assessment day,
patients underwent the matching-pair test, and were assessed
using Children’s Hospital of Philadelphia Infant Test of
Neuromuscular Disorders (CHOP-INTEND) (31, 32), Pediatric
Quality of Life inventory for patients with Neuromuscular
Disease (PedsQL-NM) (33), and a Numerical Rating Scale
(NRS). The PedsQL-NM includes 25 items in three core
domains: (1) child’s disease (17 items related to the disease
process and associated symptomatology); (2) communication
(three items related to the patient’s ability to communicate with
health care providers and others about his/her illness); and (3)
family resources (five items related to family financial and social
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support systems) (33). Parents scored each item on a 5-point
Likert scale from 0 (never a problem) to 4 (almost always a
problem), followed by reverse scoring and linear transformation
to a 0-100 scale (i.e., 0=100, 1=75, 2=50, 3=25, 4=0), with an
increase in score indicating improvement. Caregivers also rated
the severity of 15 systemic symptoms (related to gross motor
function, fine motor function, respiration, swallowing, feeding,
intestinal motility, sleep, fatigue) on a NRS from 1 to 10, where 1
= extremely severe and 10 = extremely mild; an increase in NRS
score indicated clinical improvement. Adverse events (AEs) and
serious AEs were also monitored.

Matching pair-test

Eye gaze tracking system

The matching-pair test was conducted using a far-red
light-based gaze detector (My Tobii; TobiiDynavox Inc.;
commercially available as a communication tool), which was
attached under the screen of a laptop (display size 15.6 inch).
Once the system is correctly positioned in front of the patient,
the Tobii detector tracks the movements of one or both eyes.
Image processing software analyzes the Tobii’s image of the eye
and determines where on the screen the user is looking, based
on the relative position of the center of the pupil and the corneal
reflection within the Tobii’s image.

Test set-up and calibration

Whenever possible, each matching-pair test was conducted
by the same evaluator and at the same time of day, and the
test videotaped to be evaluated later. The physician selected
appropriate timing for the test, based on the patient’s general
condition. A laptop computer was fixed to a stand, the height
and angle of which was adjusted according to the eye level and
posture of each patient so that the same distance and angle were
maintained between the screen and the face (Figure 2A). The test
was conducted each time at the same fixed setting position.
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FIGURE 2

The eye-tracking system and example display of a matching
pair-test. (A) A laptop was positioned in the patient’s eyeline. (B)
An example of the level 1 matching-pair test in which patients
were asked to gaze for 1s at each image, consecutively
identifying matching pairs. The eye-tracking device at the base
of the laptop screen captured data on eye movements.

The patient’s pupil position was calibrated after the patient
had received an explanation of the test and played a mini-
game using the device in order to familiarize them with the
device prior to starting the test. Calibration was performed using
at least two points to project the gaze accurately and identify
each patient’s dominant eye using calibration software included
in the system. Once calibrated, the patient played one level 1
matching-pair test as a practice.

Matching-pair test

The test included three levels (levels 1-3); all patients were
asked to start at level 1 and principal investigators determined
whether patients could attempt additional levels, depending on
the patient’s ability.

In level 1, patients were presented with 6 panels (each a
square of 10.8 x 7.6cm) and required to identify 3 sets of
matching pairs (Figure 2B); in level 2, patients were given 12
panels (each a square of 6.0 x 4.5cm) to identify 6 sets of
matching pairs; and in level 3, patients had 20 panels (each a
square of 4.7 x 3.5cm) to identify 10 sets of matching pairs.
The patient was asked to select a panel by gazing at it for Is.
Each patient performed the test twice at each level. Because
patients with SMA commonly experience fatigue, more tests
may cause increased tiredness; therefore, we decided to perform
the matching-pair test only twice. The first test allowed the
patient to practice performing the tasks correctly but may have
made them nervous, so only data from the second test were
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recorded. If the second test could not be performed, data from
the first test were used in the analysis.

The number of errors and correct answers were measured, as
well as the time to complete each level. The target time for level
completion was 60s, but if the test was not completed within
60, it could be continued until all correct answers had been
obtained. If the test was interrupted, the time and the results
up to the interruption were recorded. The action number was
defined as the number (sum) of correct and incorrect answers
within 60 s.

Outcomes

The primary endpoint was the change from baseline in
matching-pair test scores and response times (i.e., the time to
answer the matching-pair test) after 24 weeks (6 months) of
nusinersen treatment. Additional endpoints were the change
from baseline in: the number of correctly matched pairs at 6
months; CHOP-INTEND scores on items 1-7 after 24 weeks (6
months) of nusinersen; PedQL-NM scores, and NRS scores after
24 weeks of nusinersen treatment.

Safety assessment

All potential AEs were recorded and reported to the sponsor
(Biogen). AEs were assessed for their relationship to nusinersen
and for their severity.

Statistical analysis

As an exploratory analysis, no sample size was predefined.
All data were analyzed descriptively using mean and standard
deviation (SD) or median and interquartile range (IQR)
for continuous variables, and count and percentage for
categorical variables. Changes from baseline at Weeks
9 and 24 were evaluated by dividing the value of the
parameter at that time point by the value at baseline.
The Wilcoxon signed-rank test was used to calculate the
p-value for the matching-pair test, CHOP-INTEND, and

QoL scores.

Results

Patients

The study included seven patients with SMA type I with
2 or 3 copies of the SMN2 gene. There were one male and
six female patients, aged between 5 and 21 years (Table 1). All
patients were non-ambulant and bedridden with an HFMSE
score of 0 and CHOP-INTEND scores of between 0 and 11
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TABLE 1 Patient characteristics.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7
SMN gene (exon 7, 8) copy number
SMN1 0,0 0,0 0,1* 0,0 0,0 0,0 0,0
SMN2 2,2 3,3 2,1 2,2 2,2 2,2 2,2
Age, years 10 17 7 11 21 14 5
Sex F F F M F F F
Height, cm 131 140 120 125 151 123.5 102.6
Weight, kg 18.2 21.8 21 22.8 42 18.7 11.1
Patient’s daily activity ability Bedridden Bedridden Bedridden Bedridden Bedridden Bedridden Bedridden
Respiratory support Tracheostomy, IPPV ~ NPPV Tracheostomy, Tracheostomy, Tracheostomy, Tracheostomy, Tracheostomy,
IPPV IPPV IPPV IPPV IPPV
Nutritional support Gastrostoma Oral ingestion ~ Gastrostoma Gastrostoma Gastrostoma Gastrostoma Gastrostoma
Strabismus present No No Yes Yes No Yes No
Nystagmus present Yes No No Yes No No No
Communication tool Let's Chat® Natural speech ~ Eye movement  Lets Chat® Let's Chat® Let’s Chat® Eye movement
Tobii, fine
motor
Cobb angle 75 140 NA 60 NA 95 42
CHOP-INTEND score 6 11 0 0 0 1 4

“Patient 3 had one copy of exon 8 but no copies of exon 7 (where the stop codon is located), which indicates a deleted SMNT gene.
CHOP-INTEND, Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders; IPPV, invasive positive pressure ventilation; NA, not applicable; NPPV, non-invasive positive
pressure ventilation; SMN, survival motor neuron.

TABLE 2 Number of actions performed by each individual patient in the matching-pair test.

Patient 12 Patient 2P Patient 3 Patient 4 Patient 5 Patient 6 Patient 7

Level 1

Baseline 3 3 0 0 3 3 2

Week 9 3 3 0 3 3 2 3

Week 24 3 3 2 3 3 3 5
Level 2

Baseline 6 6 - - 6 2 1

Week 9 6 6 - - 6 10 3

Week 24 6 6 - - 6 5 4
Level 3 - -

Baseline 10 10 - - - - 1

Week 9 10 10 - - 5 5 6

Week 24 10 10 - - 6 3 2

“Finishing times-level 1, 16 s at baseline vs. 15s at Week 9 and 15 s at Week 24; level 2, 32, 29, and 31 s, respectively; level 3, 54, 48, and 51 s, respectively.
b Finishing times-level 1, 165 at baseline vs. 15s at Week 9 and 15 s at Week 24; level 2, 31, 30 and 29 s, respectively; level 3, 51, 50, and 53 s, respectively.

at baseline. Six of the seven patients had a tracheostomy Matching-pair test and CHOP-INTEND

and gastrostomy. Most of them had severe scoliosis, three results

patients had strabismus, and two patients had nystagmus. In

daily life, one patient was able to communicate with natural Level 1 matching-pair tests were completed by all seven
speech, four patients used a tablet-like communication device patients at each assessment, level 2 tests by five patients, and level
(Lets Chat; PHC holdings Corporation), and two patients 3 tests by three patients (Table 2). A planned statistical analysis
communicated with eye movement due to limited motor was performed; however, some of the data could not be analyzed
function (Table 1). due to missing data values, so statistical analysis was conducted
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TABLE 3 Rate of change (%) from baseline in matching-pair test parameters at Week 9 and Week 24.

n Week 9 Week 24
Median (IQR) P-value? Median (IQR) P-value?

Level 1

No. of mistakes at 60 s 7 0(0,0) 1.000 0 (0, 3) 0.375

No. of correct answers at 60 s 7 0 (0, 33.3) 0.250 0 (0, 33.3) 0.375

Questions answered correctly at 60's, % 5 +33.4 (0, 49.9) - 0 (0, 49.9) -

Finishing time, s 7 —1.0 (—159.0, 0) 0.281 —1.0 (—60.0, 0) 0.281

No. of actions at 60 s 7 +1 (0, 3) 0.212 +3(1,5) 0.062
Level 2

No. of mistakes at 60 s 5 0(0,2) - 0(0,1) -

No. of correct answers at 60 s 5 +16.7 (16.7, 26.7) - +16.7 (0, 23.8) -

Questions answered correctly at 60's, % 4 +50.1 (20.0, 97.3) - +45.8 (10.0, 92.9) -

Finishing time, s 5 —3.0 (—167.0, —1.0) - —60.0 (—159.0, —2.0) -

No. of actions at 60 s 5 +3(2,3) - +3(3,7) -
Level 3

No. of mistakes at 60 s 3 0(0,4) - 0(0,0) -

No. of correct answers at 60 s 3 0(0,6.7) - 0(0,9.1) -

Questions answered correctly at 60's, % 2 0(0,0) - 0(0,0) -

Finishing time, s 3 —6.0 (—60.0, —1.0) - —3.0 (—60.0, 2.0) -

No. of actions at 60 s 3 +3(3,4) - +7 (4,7) -

The change from baseline (%) was calculated by dividing the percentage of correct answers at Week 9 or 24, minus the percentage of correct answers at baseline, by the percentage of

correct answers at baseline, x 100. Patients with a baseline score of 0 were excluded. Statistical analysis is not available for parameters assessed in <5 patients.

“Wilcoxon signed-rank test.
IQR, interquartile range; No., number.

only on parameters that had values for >5 patients. Although
there were no significant differences in the statistically analyzed
data, the median change from baseline in the percentage of
correct answers tended to increase at Week 9 (33.4%) for level
1, and at Week 9 (50.1%) and Week 24 (45.8%) for level 2, and
the median finishing time tended to decrease at each test level
over time (Table 3).

Overall, there was no significant difference in the median
number of actions at 60s between baseline and Week 9 (+1
action, p = 0.212), or baseline and Week 24 (+3 actions, p
= 0.062) in level 1 matching-pair tests (Table 3). There was a
tendency for the median number of actions at 60 s to increase in
levels 2 and 3 between baseline and Week 9 (+3 actions and +3
actions, respectively) and baseline and Week 24 (4-3 actions and
+7 actions, respectively) (Table 3). For level 1 tests, there were
no significant differences in the median number of mistakes,
correct answers, or median finishing time between baseline and
Week 9 (0 mistakes, p = 1.00; 0 correct answers, p = 0.250; —15,
p = 0.281), or baseline and Week 24 (0 mistakes, p = 0.375; 0
correct answers, p = 0.375; —1 s, p = 0.281) matching-pair tests
in the whole patient group (Table 3).

The median CHOP-INTEND score was 1.0 at baseline, and
showed a non-significant increase by a median of 0 at Week 9
[95% confidence interval (CI) —0.3, 1.5; p = 0.500], and at Week
24 (95% CI —0.8, 2.8; p = 0.375) (data not shown).
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Qol scores

PedsQL-NM score and NRS scores for each patient
are shown in Supplementary Table S1. There was a trend
in PedsQL-NM total
between baseline and Week 24 (change in mean of 8.6

toward an improvement score
points), as well as an increase in the NMD domain
subscore (change in mean of 11.6 points), but none of
the changes from baseline reached statistical significance
(Table 4).

The total NRS score also improved by 6.3 points between
baseline and Week 24, but the change was not statistically
significant (Table 4). NRS scores showed no worsening
of fatigue or sleep between baseline and both Weeks 9
and 24.

Safety

There was no severe AEs observed during this
study. There was one report of hypokalemia, possibly
One

puncture-related  headache

related to nusinersen. patient reported lumbar

(twice) and Dback pain

(three times).
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TABLE 4 Quality of life measured using the Pediatric Quality of Life
inventory for patients with neuromuscular disease (PedsQL-NM) and
symptom severity measured using a numerical rating scale (NRS).

Mean (SD) score
Baseline Week9 Week 24
PedsQL-NM score N=6 N=6 N=6
Total (25 items) 35.0 (20.3) 37.0 (18.4) 43.6 (23.1)
NMD subscore (17 items) 27.2(19.3) 32.4(14.8) 38.8 (20.7)
Communication subscore (3 items) 40.3 (45.5) 36.1 (42.7) 40.3 (43.0)
Family function subscore (5 items) 59.7 (22.4) 53.3(18.9) 61.7 (21.1)
NRS score N= N=6 N=6
Total (15 items) 75.0 (0.0)  722(21.0)  81.3(5.4)
Motor system subscore (4 items) 20.0 (0.0) 19.5 (4.8) 21.8(1.7)
Breathing subscore (3 items) 15.0 (0.0) 14.7 (2.4) 15.7 (1.2)
GI tract subscore (4 items) 20.0 (0.0) 19.5 (5.0) 21.3(2.2)
Sleep subscore (2 items) 10.0 (0.0) 10.6 (0.9)* 10.7 (1.0)
Fatigue subscore (2 items) 10.0 (0.0) 11.6 (1.5)* 11.8 (1.7)

Improvement is indicated by an increase in the PedsQL-NM score and the NRS score.
n=5.

GI, gastrointestinal; NMD, neuromuscular disease; SD, standard deviation.

Discussion

We conducted an exploratory study to evaluate fine motor
function in SMA type I patients with limited gross motor
function and HFMSE score of 0 at baseline. The effect of
nusinersen treatment was observed by matching-pair test
using an eye-tracking system, and the results demonstrated
no statistically significant difference between baseline and
Week 24 in the primary endpoint. While it was difficult
to detect any improvement by objective measures, caregivers
commented that patients’ facial expressions were more clear
and their eye movements were better, and they could more
easily communicate with patients after starting treatment with
nusinersen. Potential reasons for the lack of statistical effect
on the primary endpoint are the small number of patients
included in the study, the task settings (which should perhaps
have included repetitive tasks or time limits), and that patient
eye movements varied more than expected.

In the matching-pair tests, some patients showed a ceiling
effect in which all tests were accurately completed within 60,
while others had difficulty in performing the level 2 or 3 test. The
physician inferred that patients 3 and 4 could only undertake the
level 1 test, so these patients did not perform level 2 tests at any
time point. Patient 5 did not perform the level 3 test at baseline
because the physician noted that ocular fixation was difficult for
her in the level 2 test. Patient 6 tried to perform the level 3 test,
but the physician decided that it was too difficult for the patient
to continue and did not enter the score because she had already
shown fatigue at level 2. Although patients 5 and 6 could not
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perform level 3 test at baseline, they could perform the level 3
test from Week 9.

In this study, we analyzed observed values without
imputation of missing data. We focused on eye-movement,
especially ocular fixation, and analyzed “number of actions” that
combined the number of correct and incorrect actions as an
additional post hoc analysis. Excluding the two patients with
ceiling effects, additional analyses were performed using five
patients’ data, and missing scores (as described above) were
imputed as 0. In order to analyze total eye movement, the total
number of actions were calculated by combining scores from
levels 1-3 at each time point. The total number of actions tended
to increase at Week 9 and 24 from the baseline in level 1-
3 tests for Patients 3, 4, and 7, and in level 1 and 2 tests for
Patients 5 and 6 (Supplementary Figure S1). In the matching-
pair test, the gazing time for selection of the panel was set to
1s, so it was difficult for subjects to perform the test if they
were unable to gaze at the panel for 1s. As expected, one of the
reasons for the potential increase in the “number of actions” was
that the subjects were able to gaze at the panel for at least 1s,
suggesting that nusinersen treatment possibly improved ocular
fixation. The median change in scores from baseline in 5 subjects
tended to increase by 5 points at Week 9 (not significant, p =
0.223) and 4 points at Week 24 (p = 0.079). Although there
was no statistically significant difference, the improvement in
score appeared to be stabilized at Week 24. It is speculated that
analysis of a larger sample size may be able to provide more
accurate result.

Eye-tracking devices have been already widely used as
communication tools and are very helpful in improving QoL for
patients who are unable to communicate by voice or gesture (16).
Patients with advanced SMA who received nusinersen treatment
generally showed no significant changes in gross motor function
score but their caregivers report slight improvement in other
parameters, such as respiratory function (34-36). Therefore,
QoL is also regarded as an important evaluation item and is
measured using various tools in SMA (37). We also evaluated
QoL scores (NRS/PedsQL-NM) in this study, but there was no
significant difference during the observation period in this small
cohort of patients with advanced SMA type .

Weaver et al. analyzed the change from baseline in QoL
scores using PedsQL-NM in 35 patients with SMA type I-IIT
who were assessed 1-2 years (mean 1.8 years) after starting
treatment with nusinersen (38). Although that study included
more patients than our study, they also found no significant
change from baseline in PedsQL-NM when they analyzed all
subjects; however, there were significant improvements from
baseline in communication on the PedsQL-NM scale and in
emotional functioning on the PedsQL-family impact scale (38).

While subjective evaluation is important, it is not
recommended as the primary measure of treatment evaluation
in SMA (39), and identifying the most appropriate objective
measure of assessment is an important limitation to overcome,
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particularly in severely affected patients (40). Ocular function
is relatively preserved until the end in neuromuscular diseases,
but ocular fixation instabilities are also reported in MND (41).
Although there are no reports comparing the differences in eye
movement between SMA and other diseases, ocular fixation is
considered to be important when a gaze input device is used by
patients, and it is expected that maintaining this function greatly
affects a patient’s QoL. In addition, a method using ocular
fixation is possibly useful for evaluating fine motor function in
patients with neuromuscular diseases.

The limitations of this study include the small patient
number (attributable to the disease rarity), the wide age range
of enrolled patients, the short observation period, and the fact
that children tend to have mood swings, which may affect their
test performance. In addition, patients may become accustomed
to performing the matching-pair test, and this may possibly
affect the results. A ceiling effect of the matching-pair test was
shown in patients with preserved eye movement, so a more
difficult test would be required in order to evaluate a range of
patients including those with preserved eye movements. Also,
prior to the start of the study, only routine examination (rather
than a detailed evaluation) was performed to determine whether
the oculomotor function of each patient was stable. Cognitive
function may have also influenced the matching-pair test results,
but this association could not be examined in the current study.

In this exploratory study, there were no statistically
significant differences in the primary endpoint results, however
the assessment of ocular fixation provided important findings
that could possibly capture improvements in fine movements.
To our knowledge, there have been no previous studies
evaluating the use of eye-tracking systems to assess the effect of
nusinersen treatment on ocular fixation, which may be a new
method for the evaluation of fine motor function in patients with
advanced SMA in the future.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The study was approved by the Institutional Review Boards
of all participating hospitals, as well as the Ethics Committee
of the Kurume University (reference 18103). Written informed
consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

Author contributions

KY, YYa, and MC designed and developed the protocol
of the study and wrote the manuscript. KY, YYa, TM,

Frontiersin Neurology

08

10.3389/fneur.2022.918255

MM, OK, YB, SM, MS, and TF enrolled patients. KY,
YYa, TM, OK, YB, and MS collected and analyzed the
data. TM, FI, MM, OK, KO, YB, CY, SM, MS, TE MC,
and YYu reviewed and approved all drafts of the article.
All authors contributed to the article and approved the
submitted version.

Funding

This study received funding from Biogen Japan Ltd (Tokyo,
Japan) (Grant number: JPN-SPN-17-11270). This medical
writing assistance was funded by Biogen.

Acknowledgments

We thank the patients who participated this study and their
parents and families; and the local PT and OT for supporting
evaluation; Yuji Kimura for giving comments and suggestions
for writing. We would like to thank Catherine Rees of inScience
Communications, Springer Healthcare who wrote the first draft
of this article.

Conflict of interest

This study received funding from Biogen Japan Ltd (Tokyo,
Japan). The funder had the following involvement with the
study: design, analysis and interpretation, writing and the
decision to submit this article for publication. All named authors
have contributed significantly to the intellectual content of the
manuscript, and have critically reviewed all drafts and approved
the final version for submission.

Author KY has received speaker honoraria from Biogen
Japan, Novartis Japan, and Chugai Pharmaceutical for
activities unrelated to the present work. Author OK has
received honoraria from Biogen Japan and UCB Japan
for activities unrelated to the present work. Authors SM
and TF have attended a Biogen Japan advisory board
unrelated to the present work. Author YYu has received
honoraria from Shionogi, Novartis, Takeda, Daiichi Sankyo,
Novel Pharma and Janssen for activities unrelated to
the present work. Author MC is an employee of Biogen
Japan Ltd.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those

frontiersin.org


https://doi.org/10.3389/fneur.2022.918255
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Yae et al.

of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

References

1. Farooq FT, Holcik M, MacKenzie A. Spinal muscular atrophy:
classification, diagnosis, background, molecular mechanism and development
of therapeutics. In: Kishore U, editor. Neurodegenerative Diseases. InTechOpen
(2013). p. 561-71.

2. Finkel R, Bertini E, Muntoni F Mercuri E. 209th ENMC international
workshop: outcome measures and clinical trial readiness in spinal muscular
atrophy 7-9 november 2014, Heemskerk, The Netherlands. Neuromuscul Disord.
(2015) 25:593-602. doi: 10.1016/j.nmd.2015.04.009

3. Munsat TL, Davies KE. International
(26-28 June 1992, Bonn, Germany).
2:423-8. doi: 10.1016/S0960-8966(06)80015-5

4. Audic E Barnerias C. Spinal muscular
I (Werdnig-Hoffmann  disease). ~ Arch
7S7. doi: 10.1016/S0929-693X(20)30271-2

SMA consortium meeting
Neuromuscul — Disord.  (1992)

atrophy (SMA)
Pediatr.  (2020)

type
27:7815-

5. D’Amico A, Mercuri E, Tiziano FD, Bertini E. Spinal muscular
atrophy.  Orphanet ] Rare Dis. (2011) 6:71. doi: 10.1186/1750-
1172-6-71

6. Wijngaarde CA, Stam M, Otto LAM, van Eijk RPA, Cuppen I,
Veldhoen ES, et al. Population-based analysis of survival in spinal
muscular atrophy. Neurology. (2020) 94:e1634-e44. doi: 10.1212/WNL.00000
00000009248

7. Darras BT, Masson R, Mazurkiewicz-Beldzinska M, Rose K, Xiong H,
Zanoteli E, et al. Risdiplam-treated infants with type 1 spinal muscular atrophy
versus historical controls. N Engl ] Med. (2021) 385:427-35. doi: 10.1056/
NEJMo0a2102047

8. Finkel RS, Mercuri E, Darras BT, Connolly AM, Kuntz NL, Kirschner J, et al.
Nusinersen versus sham control in infantile-onset spinal muscular atrophy. N Engl
J Med. (2017) 377:1723-32. doi: 10.1056/NEJMoal702752

9. Pane M, Palermo C, Messina S, Sansone VA, Bruno C, Catteruccia M, et al. An
observational study of functional abilities in infants, children, and adults with type
1 SMA. Neurology. (2018) 91:e696-703. doi: 10.1212/WNL.0000000000006050

10. Bach JR, Saltstein K, Sinquee D, Weaver B, Komaroff E. Long-term
survival in Werdnig-Hoffmann disease. Am J Phys Med Rehabil. (2007) 86:339-
45. doi: 10.1097/PHM.0b013e31804a8505

11. Carson V], Puffenberger EG, Bowser LE, Brigatti KW, Young M,
Korulczyk D, et al. Spinal muscular atrophy within Amish and Mennonite
populations: ancestral haplotypes and natural history. PLoS ONE. (2018)
13:€0202104. doi: 10.1371/journal.pone.0202104

12. Chatwin M, Bush A, Simonds AK. Outcome of goal-directed non-invasive
ventilation and mechanical insufflation/exsufflation in spinal muscular atrophy
type I. Arch Dis Child. (2011) 96:426-32. doi: 10.1136/adc.2009.177832

13. Oskoui M, Levy G, Garland CJ, Gray JM, O’Hagen ], De Vivo DC, et al.
The changing natural history of spinal muscular atrophy type 1. Neurology. (2007)
69:1931-6. doi: 10.1212/01.wnl.0000290830.40544.b9

14. Sakai S, Maki M, Sakai N, Sudoh A, Kato M, Saitoh S. Questionnaire survey
conducted on the parents of patients with spinal muscular atrophy type 1 in Japan
regarding switch devices, language development, upper extremity function and
QOL [in Japanese]. No To Hattatsu. (2012) 44:465-71. doi: 10.11251/0jjscn.44.465

15. Sakakihara Y, Kubota M, Kim S, Oka A. Long-term ventilator support
in patients with Werdnig-Hoffmann disease. Pediatr Int. (2000) 42:359-
63. doi: 10.1046/j.1442-200x.2000.01241.x

16. Ball LJ, Chavez S, Perez G, Bharucha-Goebel D, Smart K,
Kundrat K, et al. Communication skills among children with spinal
muscular atrophy type 1: a parent survey. Assist Technol. (2021)
33:38-48. doi: 10.1080/10400435.2019.1586788

17. Anagnostou E, Xirou S, Kararizou E, Stefanis L, Papadopoulos C, Papadimas
G. Preserved eye movements in adults with spinal muscular atrophy. Muscle Nerve.
(2021) 63:765-9. doi: 10.1002/mus.27204

Frontiersin Neurology

09

10.3389/fneur.2022.918255

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fneur.2022.918255/full#supplementary-material

18. Gizzi M, DiRocco A, Sivak M, Cohen B. Ocular motor function
in motor neuron disease. Neurology. (1992) 42:1037-46. doi: 10.1212/WNL.
42.5.1037

19. Kubota M, Sakakihara Y, Uchiyama Y, Nara A, Nagata T, Nitta H, et al.
New ocular movement detector system as a communication tool in ventilator-
assisted Werdnig-Hoffmann disease. Dev Med Child Neurol. (2000) 42:61-
4. doi: 10.1017/50012162200000116

20. Caligari M, Godi M, Guglielmetti S, Franchignoni F, Nardone A.
Eye tracking communication devices in amyotrophic lateral sclerosis:
impact on disability and quality of life. Amyotroph Lateral Scler
Frontotemporal ~— Degener.  (2013)  14:546-52.  doi:  10.3109/21678421.
2013.803576

21. Proudfoot M, Menke RA, Sharma R, Berna CM, Hicks SL, Kennard C,
et al. Eye-tracking in amyotrophic lateral sclerosis: a longitudinal study of saccadic
and cognitive tasks. Amyotroph Lateral Scler Frontotemporal Degener. (2015)
17:101-11. doi: 10.3109/21678421.2015.1054292

22. Linse K, Ruger W, Joos M, Schmitz-Peiffer H, Storch A, Hermann A. Eye-
tracking-based assessment suggests preserved well-being in locked-in patients. Ann
Neurol. (2017) 81:310-5. doi: 10.1002/ana.24871

23. Rosenberg RN, Schotland DL, Lovelace
Progressive ophthalmoplegia. Report of cases
19:362-76. doi: 10.1001/archneur.1968.00480040028002

24.  Aberfeld DC, Namba T. Progressive
Kugelberg-Welander ~ disease. Report of a case Arch Neurol.
20:253-6. doi: 10.1001/archneur.1969.00480090041005

25. Pachter BR, Pearson ], Davidowitz J, Reuben R, Boal D, Carr R,
et al. Congenital total external ophthalmoplegia associated with infantile spinal
muscular atrophy. Fine structure of extraocular muscle. Invest Ophthalmol.
(1976) 15:320-4.

Rowland LP.
(1968)

RE,
Arch  Neurol.

ophthalmoplegia  in
(1969)

26. Dubrovsky A, Taratuto AL, Martino R. Distal spinal muscular atrophy and
ophthalmoparesis. A case with selective type 2 fiber hypotrophy. Arch Neurol.
(1981) 38:594-6. doi: 10.1001/archneur.1981.00510090088014

27. Rojas P, Ramirez Al, Ferndndez-Albarral JA, Lépez-Cuenca I, Salobrar-
Garcia E, Cadena M, et al. Amyotrophic lateral sclerosis: a neurodegenerative
motor neuron disease with ocular involvement. Front Neurosci. (2020)
14:566858. doi: 10.3389/fnins.2020.566858

28. Atsuta N, Watanabe H, Ito M, Tanaka F, Tamakoshi A, Nakano I,
et al. Age at onset influences on wide-ranged clinical features of sporadic
amyotrophic lateral sclerosis. J Neurol Sci. (2009) 276:163-9. doi: 10.1016/j.jns.
2008.09.024

29. Kang BH, Kim JI, Lim YM, Kim KK. Abnormal oculomotor
functions in amyotrophic lateral sclerosis. J Clin Neurol. (2018)
14:464-71. doi: 10.3988/jcn.2018.14.4.464

30. Polido GJ, Barbosa AE Morimoto CH, Caromano FA, Favero FM,
Zanoteli E, et al. Matching pairs difficulty in children with spinal muscular
atrophy type I. Neuromuscul Disord. (2017) 27:419-27. doi: 10.1016/j.nmd.
2017.01.017

31. Glanzman AM, McDermott MP, Montes ], Martens WB, Flickinger J,
Riley S, et al. Validation of the children’s hospital of philadelphia infant test of
neuromuscular disorders (CHOP INTEND). Pediatr Phys Ther. (2011) 23:322-
6. doi: 10.1097/PEP.0b013e3182351f04

32. Glanzman AM, Mazzone E, Main M, Pelliccioni M, Wood J,
Swoboda KJ, et al. The children’s hospital of philadelphia infant test
of neuromuscular disorders (CHOP INTEND): test development and
reliability. Neuromuscul Disord. (2010) 20:155-61. doi: 10.1016/j.nmd.2009.
11.014

33. Tannaccone ST, Hynan LS, Morton A, Buchanan R, Limbers CA, Varni
JW, et al. The PedsQL in pediatric patients with spinal muscular atrophy:
feasibility, reliability, and validity of the Pediatric Quality of Life Inventory Generic

frontiersin.org


https://doi.org/10.3389/fneur.2022.918255
https://www.frontiersin.org/articles/10.3389/fneur.2022.918255/full#supplementary-material
https://doi.org/10.1016/j.nmd.2015.04.009
https://doi.org/10.1016/S0960-8966(06)80015-5
https://doi.org/10.1016/S0929-693X(20)30271-2
https://doi.org/10.1186/1750-1172-6-71
https://doi.org/10.1212/WNL.0000000000009248
https://doi.org/10.1056/NEJMoa2102047
https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1212/WNL.0000000000006050
https://doi.org/10.1097/PHM.0b013e31804a8505
https://doi.org/10.1371/journal.pone.0202104
https://doi.org/10.1136/adc.2009.177832
https://doi.org/10.1212/01.wnl.0000290830.40544.b9
https://doi.org/10.11251/ojjscn.44.465
https://doi.org/10.1046/j.1442-200x.2000.01241.x
https://doi.org/10.1080/10400435.2019.1586788
https://doi.org/10.1002/mus.27204
https://doi.org/10.1212/WNL.42.5.1037
https://doi.org/10.1017/S0012162200000116
https://doi.org/10.3109/21678421.2013.803576
https://doi.org/10.3109/21678421.2015.1054292
https://doi.org/10.1002/ana.24871
https://doi.org/10.1001/archneur.1968.00480040028002
https://doi.org/10.1001/archneur.1969.00480090041005
https://doi.org/10.1001/archneur.1981.00510090088014
https://doi.org/10.3389/fnins.2020.566858
https://doi.org/10.1016/j.jns.2008.09.024
https://doi.org/10.3988/jcn.2018.14.4.464
https://doi.org/10.1016/j.nmd.2017.01.017
https://doi.org/10.1097/PEP.0b013e3182351f04
https://doi.org/10.1016/j.nmd.2009.11.014
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Yae et al.

Core Scales and Neuromuscular Module. Neuromuscul Disord. (2009) 19:805-
12. doi: 10.1016/j.nmd.2009.09.009

34, Osredkar D, Jilkova M, Butenko T, Loboda T, Golli T, Fuchsova
P, et al. Children and young adults with spinal muscular atrophy treated
with nusinersen. Eur ] Paediatr Neurol. (2021) 30:1-8. doi: 10.1016/j.ejpn.
2020.11.004

35. Sansone VA, Pirola A, Albamonte E, Pane M, Lizio A, D’Amico A,
et al. Respiratory needs in patients with type 1 spinal muscular atrophy
treated with nusinersen. J Pediatr. (2020) 219:223-8.e4. doi: 10.1016/j.jpeds.
2019.12.047

36. Tozawa T, Kasai T, Tatebe H, Shiomi K, Nishio H, Tokuda T, et al. Intrathecal
nusinersen treatment after ventriculo-peritoneal shunt placement: a case report
focusing on the neurofilament light chain in cerebrospinal fluid. Brain Dev. (2020)
42:311-4. doi: 10.1016/j.braindev.2019.12.006

37. Messina S, Frongia AL, Antonaci L, Pera MC, Coratti G, Pane M,
et al. A critical review of patient and parent caregiver oriented tools to assess
health-related quality of life, activity of daily living and caregiver burden in spinal

Frontiersin Neurology

10

10.3389/fneur.2022.918255

muscular atrophy. Neuromuscul Disord. (2019) 29:940-50. doi: 10.1016/j.nmd.
2019.10.001

38. Weaver MS, Yuroff A, Sund S, Hetzel S, Halanski MA. Quality of
life outcomes according to differential nusinersen exposure in pediatric spinal
muscular atrophy. Children. (2021) 8:604. doi: 10.3390/children8070604

39. Kaufmann P, Muntoni E International Coordinating Committee for
SMASoSMACTD. Issues in SMA clinical trial design. The international
coordinating committee (ICC) for SMA subcommittee on SMA clinical trial
design. Neuromuscul Disord. (2007) 17:499-505. doi: 10.1016/j.nmd.2006.12.001

40. Osmanovic A, Ranxha G, Kumpe M, Muschen L, Binz C, Wiehler
E et al. Treatment expectations and patient-reported outcomes of
nusinersen therapy in adult spinal muscular atrophy. J Neurol. (2020)
267:2398-407. doi: 10.1007/s00415-020-09847-8

41. Donaghy C, Pinnock R, Abrahams S, Cardwell C, Hardiman O, Patterson
V, et al. Ocular fixation instabilities in motor neurone disease. A marker of
frontal lobe dysfunction? J Neurol. (2009) 256:420-6. doi: 10.1007/s00415-009-0
109-x

frontiersin.org


https://doi.org/10.3389/fneur.2022.918255
https://doi.org/10.1016/j.nmd.2009.09.009
https://doi.org/10.1016/j.ejpn.2020.11.004
https://doi.org/10.1016/j.jpeds.2019.12.047
https://doi.org/10.1016/j.braindev.2019.12.006
https://doi.org/10.1016/j.nmd.2019.10.001
https://doi.org/10.3390/children8070604
https://doi.org/10.1016/j.nmd.2006.12.001
https://doi.org/10.1007/s00415-020-09847-8
https://doi.org/10.1007/s00415-009-0109-x
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Exploratory evaluation of an eye-tracking system in patients with advanced spinal muscular atrophy type I receiving nusinersen
	Introduction
	Materials and methods
	Study design and participants
	Treatment
	Study procedures
	Matching pair-test
	Eye gaze tracking system
	Test set-up and calibration
	Matching-pair test

	Outcomes
	Safety assessment
	Statistical analysis

	Results
	Patients
	Matching-pair test and CHOP-INTEND results
	QoL scores
	Safety

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


