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Abstract
Objective
A cross-sectional study was performed to evaluate whether quantitative oculomotor measures
correlate with disease severity in late-onset GM2 gangliosidosis (LOGG) and assess cognition
and sleep as potential early nonmotor features.

Methods
Ten patients with LOGG underwent quantitative oculomotor recordings, including meas-
urements of the angular vestibulo-ocular reflex (VOR), with results compared to age- and sex-
matched controls. Disease severity was assessed by ataxia rating scales. Cognitive/
neuropsychiatric features were assessed by the cerebellar cognitive affective syndrome
(CCAS) scale, Cerebellar Neuropsychiatric Rating Scale, and sleep quality evaluated using
subjective sleep scales.

Results
Oculomotor abnormalities were found in all participants, including 3/10 with clinically normal
eye movements. Abnormalities involved impaired saccadic accuracy (5/10), abnormal vertical
(8/10) and horizontal (4/10) pursuit, reduced optokinetic nystagmus (OKN) responses (7/
10), low VOR gain (10/10), and impaired VOR cancellation (2/10). Compared to controls, the
LOGG group showed significant differences in saccade, VOR, OKN, and visually enhanced
VOR gains. Severity of saccadic dysmetria, OKN, and VOR fixation-suppression impairments
correlated with ataxia scales (p < 0.05). Nine out of ten patients with LOGG had evidence of the
CCAS (5/10 definite, 2/10 probable, 2/10 possible). Excessive daytime sleepiness was present
in 4/10 and 8/10 had poor subjective sleep quality.

Conclusions
Cerebellar oculomotor abnormalities were present in all patients with LOGG, including those
with normal clinical oculomotor examinations. Saccade accuracy (dorsal cerebellar vermis
localization), fixation suppression, and OKN gain (cerebellar flocculus/paraflocculus locali-
zation) correlated with disease severity, suggesting that quantitative oculomotor measurements
could be used to track disease progression. We found evidence of the CCAS, suggesting that
cerebellar dysfunction may explain the cognitive disorder in LOGG. Sleep impairments were
prevalent and require further study.
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Late-onset GM2 gangliosidoses (LOGG), comprising late-onset
Tay-Sachs (LOTS) and Sandhoff disease, are rare (<50 known
US patients) inherited neurodegenerative lysosomal storage dis-
orders due to deficiency in β-hexosaminidase A (LOTS) and A
and B (Sandhoff disease), and are believed to be clinically in-
distinguishable.1 Symptoms include progressive ataxia, anterior
horn cell disease, and psychiatric symptoms with cognitive dys-
function, hypothesized to represent, at least in part, the cerebellar
cognitive affective syndrome (CCAS).2 Brain MRI reveals cere-
bellar atrophy, even in patients without cerebellar motor signs.
Pathology reveals cerebellar vermian and hemispheric atrophy,
without brainstem involvement.1 New outcome measures and
scales have been developed to assess cerebellar pathology.

We assessed 3 areas poorly delineated in LOGG, which may
represent potential early motor and nonmotor clinical bio-
markers: oculomotor pathology, cognitive performance/
neuropsychiatric symptoms, and sleep. Oculomotor abnor-
malities are found in LOTS,3,4 are early signs of motor dys-
function in cerebellar diseases,5–7 predating more obvious
clinical ataxia,6,7 and quantitative oculomotor analysis has been
suggested as a potential biomarker in LOGG.3 Cognitive im-
pairment may precede motor signs in metabolic ataxias8 and
other neurodegenerative diseases9 and while common in
LOTS, there has been little formal study.4,8,10–12 Sleep dis-
orders are common in neurodegenerative disorders13–15 and
may predate motor symptom onset.16 There is cerebellar in-
volvement in normal sleep, sleep disorders are common in
related ataxias,17,18 and functional and structural cerebellar
changes are found in common sleep disorders.18 Our hypoth-
esis is that these 3 features may be present in patients with
LOGG, even in the absence of recognized clinical symptoms.

Methods
Standard protocol approvals, registrations,
and patient consents
This study was approved by the Partners Human Studies
Committee and all patients provided written informed con-
sent prior to participation.

Participants
Patients were identified and recruited through the National Tay-
Sachs and Allied Diseases Association. We performed a cross-
sectional study at the Massachusetts General Hospital comparing
a cohort of patients ≥18 years old with genetically confirmed
LOGG with age- and sex-matched controls. We enrolled 10
patients with LOGG(7 LOTS, 3 Sandhoff disease) betweenApril

and September 2017. All patients were genetically confirmed.
Each patient with LOGG received a detailed clinical examination
performed by a movement disorders specialist with expertise in
the assessment of ataxia (C.D.S.). Each patient underwent eye
movement recordings at the Jenks Vestibular Laboratory at the
Massachusetts Eye and Ear Infirmary using standard clinical
paradigms,19 and these included measurements of saccades (la-
tency, amplitude, and peak velocity); horizontal and vertical pur-
suit (sinusoidal visual stimuli at 0.2 Hz and 0.4 Hz); optokinetic
nystagmus (OKN) tested with sinusoidal (0.05 Hz) visual stim-
ulation; vestibulo-ocular reflex (VOR) testing in the dark using
sinusoidal yaw-axis rotations over a 0.01–1.0 Hz frequency
range20; and fixation-suppression (focus on a visual target rotating
with the head) and visual-augmentation (focus on the stationary
surround) of theVORduring sinusoidal 0.05Hz yaw rotation.We
also assessed 10 age- and sex-matched healthy control participants.
We assessed disease severity with candidate clinical ataxia rating
scales21 including theBrief Ataxia Rating Scale (BARS),22 Scale for
the Assessment and Rating of Ataxia (SARA),23 Friedreich’s
Ataxia Rating Scale (FARS),24 and the Elstein LOTS severity scale
(LOTS-SS).11 We also used a measure of functional status, the
Functional Staging for Ataxia, as assessment of ataxia disease stage,
as well as the patient-reported FARS Part 2 Activities of Daily
Living (ADL) score, providing a multidomain assessment of dis-
ability.24 Cognitive/neuropsychiatric features were assessed by the
novel CCAS Scale (CCAS-S)25 and Cerebellar Neuropsychiatric
Rating Scale (CNRS).26 Subjective sleep quality was evaluated
with the Pittsburgh Sleep Quality Index (PSQI)27 and the
Epworth Sleepiness Scale (ESS).28 All participants underwent 3T
MRI as part of an ongoing natural history study in LOGG. There
were nomissing data. Statistical analysis was carried out using SAS
9.4 (SAS Institute, Cary, NC).We performed descriptive statistics,
t tests for comparison of continuous variables, Pearson correlation
coefficients, and linear regressionmodeling to control for potential
confounders, including patient age.

Data availability
We will share deidentified data upon request to the corre-
sponding author. Data will be shared in Excel format and in-
clude scores and quantitative measures across the various
neurologic domains assessed.

Results
Clinical and imaging features
The demographics of the LOGG cohort with markers of dis-
ease severity and the controls are detailed in table 1. The clinical

Glossary
BARS = Brief Ataxia Rating Scale; CCAS = cerebellar cognitive affective syndrome; CCAS-S = cerebellar cognitive affective
syndrome scale; CNRS = Cerebellar Neuropsychiatric Rating Scale; ESS = Epworth Sleepiness Scale; FARS = Friedreich’s
Ataxia Rating Scale; FARS ADL = Friedreich’s Ataxia Rating Scale Part 2 Activities of Daily Living; LOGG = late-onset GM2
gangliosidosis; LOTS = late-onset Tay-Sachs; LOTS-SS = LOTS severity scale; OKN = optokinetic nystagmus; PSQI =
Pittsburgh Sleep Quality Index; SARA = Scale for the Assessment and Rating of Ataxia; VOR = vestibulo-ocular reflex.

e706 Neurology | Volume 94, Number 7 | February 18, 2020 Neurology.org/N

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


characteristics, including disease stage and functional status,
clinical oculomotor findings, and imaging findings, of the
LOGG cohort are presented in table 2. Some of the patients
with LOGG were related, with a group of 3/7 LOTS and 2/3
Sandhoff disease being siblings. Given the rare nature of this
disease, we do not mention their subject numbers to avoid
identifying these individuals. Clinically, patients with LOTS
and patients with late-onset Sandhoff disease had frequent
weakness, with a predilection for involvement of the triceps and
quadriceps, resulting in gait impairment, sometimes requiring
a walking aid. In comparison, cerebellar motor features were
mainly present in LOTS andwere generallymild. This involved
a generally mild, nasal, and slightly stuttering dysarthria (only
seen in LOTS, with normal speech in 3/3 patients with
Sandhoff disease), mild appendicular dysmetria, and common
but generally mild cerebellar eye signs, almost exclusively
present in LOTS. In addition, 5/7 patients with LOTS had
a slightly jerky, high-frequency postural and action tremor,
which was not seen in the patients with Sandhoff disease.Mood
or anxiety symptoms were present in 3/7 patients with LOTS
and 2/3 patients with Sandhoff disease. It is notable that all
patients with LOTS had considerable global cerebellar atrophy
on imaging, in comparison to visually normal cerebellar volume
in the patients with Sandhoff disease. MRI of the LOGGcohort
is included in figure 1.

Clinical ataxia scales in LOGG
The late-onset Sandhoff disease cohort were older and tended
to have less severe ataxia as measured by the disease rating
scales than their LOTS counterparts, although the sample size
was too small to make any assertions. Using the Pearson
correlation coefficient, there was strong correlation among
the 3 ataxia rating scales (BARS, SARA, FARS), r > 0.90, p ≤
0.0005. However, these scales correlated considerably less
well with the LOTS-SS (r = 0.72–0.80, p < 0.05), likely due to
its reduced sensitivity for assessing clinical ataxia and inclusion
of psychiatric symptoms and weakness.

Oculomotor abnormalities in LOGG
Eye movement abnormalities were evident on clinical exam-
ination in 7 of 10 patients with LOGG and typically included
impaired pursuit and dysmetric saccades (table 2). There was
a greater clinical burden of oculomotor abnormalities in
LOTS (6/7) than in Sandhoff disease (1/3). The most se-
verely affected patient (who had LOTS) had extensive clinical
oculomotor abnormalities, including saccadic slowing and
square wave jerks. Another patient with LOTS had difficulty
with the voluntary initiation of pursuit eye movements on
examination. No patient described clinical visual symptoms,
despite abnormal oculomotor examinations, which is typical
for such dysfunction in other ataxias.

Table 1 Demographic details and disease severity in late-onset GM2 gangliosidosis (LOGG) and control groups

Subject group

Total LOGG (n = 10) LOTS (n = 7) Sandhoff (n = 3) Controls (n = 10)

Demographic details

Male:female, n 6:4 5:2 1:2 6:4

Age at assessment, y 41.7 (12.5) 37.4 (11.4) 51.7 (10.0) 41.9 (12.2)

Age at onset, y 19.4 (9.7) 16.7 (9.3) 25.7 (9.3)

Disease duration, y 22.3 (11.5) 20.7 (9.2) 26.0 (17.6)

Disease severity rating scale scores

BARS 5.2 (4.1) 6.7 (3.8) 1.5 (2.2)

SARA 7.9 (4.3) 9.4 (3.7) 4.3 (4.0)

FARS 24.0 (12.7) 27.4 (11.7) 16.2 (13.3)

FSA 2.6 (0.9) 2.6 (0.9) 2.3 (1.0)

LOTS severity scale 6.7 (3.1) 7.6 (3.3) 4.7 (1.2)

Neuropsychiatric and sleep scales

CCAS scale 95.4 (14.2) 93.0 (15.8) 101 (9.5)

CNRS 22.2 (15.4) 17.3 (15.3) 33.7 (8.7)

ESS 8.3 (5.3) 6.6 (2.6) 12.3 (8.5)

PSQI 8.0 (5.2) 5.6 (2.5) 13.7 (6.0)

Abbreviations: BARS = Brief Ataxia Rating Scale; CCAS = cerebellar cognitive affective syndrome; CNRS = Cerebellar Neuropsychiatric Rating Scale; ESS =
Epworth Sleepiness Scale; FARS = Friedreich’s Ataxia Rating Scale; FSA = Functional Staging of Ataxia; LOTS = late-onset Tay-Sachs; PSQI = Pittsburgh Sleep
Quality Index; SARA = Scale for the Assessment and Rating of Ataxia.
Values are mean (SD).
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Table 2 Clinical and imaging characteristics of the late-onset GM2 gangliosidosis cohort

Patient Disease

Age at
assessment,
y

Age at
onset,
y FSA BARS SARA FARS

LOTS-
SS Clinical examination Functional status

Clinical oculomotor
findings MRI findings

1 Sandhoff 42 36 1.5 0 0.5 2 4 Normal speech, slight quads
weakness, subtle difficulties
with RAMs, slight sensory
neuropathy, normal gait and
tandem

Independent, unaided, normal
speech

Normal examination Unremarkable

2 Tay-
Sachs

34 23 3 6 8 18 9 Mild dysarthria, postural
tremor, LE > UE weakness,
appendicular ataxia, slight
sensory neuropathy, mixed gait
disorder

Walks with knees locked,
walking aid (cane), mild
dysarthria, easily understood

Saccadic pursuit Mild to moderate
global cerebellar
atrophy

3 Tay-
Sachs

43 30 2 5.5 10 26 3 Mild dysarthria, postural tremor,
mild quads weakness, UE > LE
dysmetria, sensory neuropathy,
mixed gait disorder

Independent, unaided, mild
dysarthria, easily understood

Saccadic pursuit and
hypometric saccades

Severe global
cerebellar atrophy
with mild
frontoparietal
atrophy

4 Tay-
Sachs

58 26 3.5 4 8.5 26.5 9 Subtle dysarthria, postural
tremor, Moderate LE > UE
weakness, sensory neuropathy,
mixed gait disorder

Walks with knees locked,
walking aid (cane), subtle
speech difficulties, easily
understood

Saccadic pursuit Moderate to severe,
mainly hemispheric
cerebellar atrophy

5 Tay-
Sachs

21 10 2 3 4 15 4 Normal speech, subtle postural
tremor, slight UE triceps
weakness, slight appendicular
dysmetria,
slight sensory neuropathy,
weakness, mild gait
difficulties

Independent, unaided, normal
speech

Normal examination Mild global
cerebellar atrophy

6 Tay-
Sachs

36 10 2 5 7.5 22 6 Slight dysarthria, slight
triceps/quads weakness, slight
UE > LE dysmetria, weakness,
sensory neuropathy, slight gait
difficulties

Independent, unaided, subtle
dysarthria, easily understood

Saccadic pursuit, slight
gaze-evoked horizontal
nystagmus, hypometric/
hypermetric saccades

Severe cerebellar
vermis and
moderate cerebellar
hemispheric atrophy

7 Tay-
Sachs

31 10 4 14 16 50 12 Moderate dysarthria, slight
postural tremor, moderate
LE > UE weakness, UE > LE
dysmetria, sensory neuropathy,
considerable mixed gait
difficulties

Considerable gait difficulties,
walking aid (walker), moderate
dysarthria, some words
indistinct but easily understood

Square wave jerks,
saccadic pursuit,
moderate saccadic
slowing with hypometric
saccades

Severe vermis >
hemispheric
cerebellar atrophy
with slight brainstem
atrophy

8 Tay-
Sachs

39 8 2 9.5 11.5 34 10 Mild dysarthria, LE > UE
weakness (triceps and IPs),
UE > LE dysmetria, sensory
neuropathy, mixed gait
disorder

Independent, unaided, mild
dysarthria, easily understood

Difficulties with voluntary
initiation of pursuit eye
movements

Severe cerebellar
hemispheric atrophy
with slight brainstem
atrophy

Continued
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Quantitative oculomotor abnormalities were found in all par-
ticipants, including the 3 participants with normal oculomotor
clinical examination results. The incidence of eye movement
abnormalities appeared to be quantitatively similar in the LOTS
and Sandhoff disease groups, although this was limited by the
small sample size. Compared to age-matched normative values,
deficits involved both voluntary and reflexive eye movements.
Voluntary eye movement deficits included abnormal saccadic
gain (amplitude of eye movement/amplitude of target move-
ment) (5/10), abnormal vertical (8/10) and horizontal (4/10)
pursuit gain (eye velocity/target velocity), and impaired
fixation-suppression of the VOR (2/10). Reflexive eye move-
ment deficits included reduced gain (eye velocity/head veloc-
ity) of the VOR (10/10) but normal VOR phase and time
constant and reduced OKN gain (eye velocity/OKN stimulus
velocity) (7/10). Compared to the normal control group, the
LOGG group had significantly abnormal saccade (t test, p =
0.036), VOR (t test, p < 0.001), visually augmentedVOR (t test,
p < 0.001), and OKN (t test, p = 0.001) gains. Saccade latencies
were longer in the LOGG group but this difference was not
significant (t test, p = 0.08). All other eye movement meas-
urements did not differ significantly between the LOGG and
control groups (p > 0.05 for all comparisons).

Correlations between oculomotor
abnormalities and markers of disease severity
Ataxia scales were adjusted for clinical weakness, to appropri-
ately assess degree of ataxia as opposed to inappropriately high
scoring in the setting of weakness, precluding assessment of
lower extremity dysmetria. Significant correlations were found
only for adjusted ataxia scores, which provide a more accurate
reflection of the severity of the clinical cerebellar motor syn-
drome. Saccade gain was negatively correlated with all 3 disease
scales as smaller saccade gains were associated with higher
scores (BARS [r = −0.76], SARA [r = −0.67], and FARS [r =
−0.65], all with p < 0.05) (figure 2, A–C). In contrast, saccade
latency and peak velocity did not correlate with any of the
disease severity scales. OKN gain was also negatively correlated
with the 3 scales (BARS, SARA, and FARS [r = −0.89, r = −0.90,
and r = −0.87, respectively], all p < 0.002) (figure 2, D–F). The
gain of the VOR during the fixation-suppression task (viewing
a head-stationary target) was positively correlated with the
SARA score (r = 0.67, p = 0.03) and the FARS showed a similar
pattern but did not reach significance (r = 0.59, p = 0.07) and
the BARS did not reach significance (p = 0.101) (figure 2, G–I).
All of these correlations remained significant after controlling
for age. The other eye movement measurements were not
correlated with the disease severity scales.

To assess whether these 3 oculomotormeasures were correlated
with clinical features beyond ataxia severity in what is a multi-
domain process, we compared the eye movements to a measure
of functional status using the patient-reported FARSADL score,
which provides a global assessment of functioning across several
domains. We found that the FARS ADL score correlated with
OKN gain (r = −0.66, p = 0.0361) and with the gain of the VOR
during the fixation-suppression task (r = 0.69, p = 0.0282) butTa
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not with saccade gain (p = 0.5111), as shown in figure 3, and
these correlations remained significant (p < 0.05) after con-
trolling for patient age.

Cognitive/neuropsychiatric features in LOGG
There was evidence of frequently asymptomatic cognitive
deficits with abnormal CCAS-S scores in all but one participant
(9/10): 5 fulfilled criteria for definite CCAS (3 or more failed
tests), 2 for probable CCAS (2 failed tests), and 2 for possible
CCAS (1 failed test) by the assessment criteria.25 The in-
dividual scores and tasks failed are shown in table 2 and
examples of the cube copying abnormalities in the LOGG
cohort are shown in figure 4. Only one patient described
memory or cognitive difficulties, despite the presence of clearly
abnormal scale scores. The CCAS-S scores did not correlate
with clinical ataxia scores. The pattern of deficits included

abnormal executive function in 6/10 (Go/No-Go, working
memory tested by reverse digit span, and mental flexibility
tested by category switching), visuospatial deficits tested by the
cube drawing, and linguistic impairment evident in phonemic
and semantic fluency tasks. Verbal recall was deficient in 7/10
patients, 4 of whom were not able to provide the word even
with multiple choice cues. Whereas mean CCAS-S total sores
were lower in those with LOTS (93 ± 15.8) compared to
patients with Sandhoff disease (101 ± 9.5), the difference in this
small cohort was not significant (p = 0.45). CCAS-S scores did
not correlate with the sleep scales (ESS r = 0.27, p = 0.44, PSQI
r = 0.37, p = 0.29); patients with worse CCAS-S scores tended
to have better sleep scores.

There were high levels of psychiatric symptoms using the
novel CNRS26 across all affective domains of the CCAS. All

Figure 1 MRI of the late-onset GM2 gangliosidosis (LOGG) cohort

Each row includes axial, coronal, and sagittal MRI sequences. LOTS = late-onset Tay-Sachs.
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participants were reported by caregivers to have some psy-
chiatric symptomatology, and this was pronounced in 3
participants. There was a higher burden of symptoms related
to emotional control and social skill set, with less in the
autism and psychosis spectrum, and little in attention con-
trol. The patients with Sandhoff disease hadmore psychiatric
symptoms (mean total CNRS score 33.7 ± 8.7) than those
with LOTS (mean total CNRS score 17.3 ± 15.3), but this
difference was not significant (p = 0.13). The total CNRS
score did not correlate with worsening CCAS-S, disease
stage, or clinical ataxia severity.

Sleep quality and excessive daytime sleepiness
in LOGG
There was poor subjective sleep quality (PSQI score ≥5) in 8/
10 participants, which did not correlate with ataxia severity or
disease stage. There were also significantly delayed subjective
times of sleep onset and sleep offset in the sleepiest patients,
indicating a delayed sleep phase syndrome. There were high
levels of excessive daytime sleepiness, with 4/10 scoring ≥10
on the ESS. In one patient with late-onset Sandhoff disease,
who had the highest sleep scores, this was likely related to
concurrent, considerable obstructive sleep apnea. The sleep

Figure 2 Oculomotor measures vs ataxia rating scale scores

To demonstrate differences in the cohort, late-onset Tay-Sachs (LOTS) displayed in blue and late-onset Sandhoff disease (LOSD) in red. Saccade gain vs Brief
Ataxia Rating Scale (BARS) (A), Scale for the Assessment andRating of Ataxia (SARA) (B), Friedreich’s Ataxia Rating Scale (FARS) (C); optokinetic nystagmus (OKN)
gain vs BARS (D), SARA (E), FARS (F); vestibulo-ocular reflex (VOR) gain during fixation-suppression task vs BARS (G), SARA (H), FARS (I).
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data in this small sample were skewed by this patient, although
there were no significant differences between the LOTS/
Sandhoff disease groups even when this patient was excluded.

Discussion
LOTS and late-onset Sandhoff disease are very rare genetic
disorders that have important, distinct, and pathognomonic
clinical features, although data come mainly from LOTS and
there are few case reports/case series of patients with late-
onset Sandhoff disease.29–35 In keeping with our hypotheses,
we demonstrated abnormalities in oculomotor function,
cognitive/neuropsychiatric symptoms, and sleep problems
throughout the clinical spectrum of the patients with LOGG
assessed, even in the absence of clinical symptoms.

Overview of clinical features of LOGG
These disorders are difficult to diagnose, given their clinical
heterogeneity and significantly older age at onset in compari-
son to the typical infantile and juvenile forms, and comprise
progressive mixed motor and movement disorder, as well as
nonmotor symptoms. Psychiatric symptoms can be prominent,
sometimes resulting in institutionalization,4,12 although these
features were mildly represented in our cohort. Clinical clues
include a combination of weakness, with a somewhat peculiar
predilection for the triceps and quadriceps, leading to difficul-
ties locking knees and causing the frequently early need for
walking aids. Patients tend to have a slightly nasal dysarthria,
sometimes with a stuttering quality, and stuttering can be an
initial manifestation.36,37 There is also a frequent, jerky, high-
frequency postural tremor. It was notable that in our cohort, all
patients with Sandhoff disease had normal speech and did not
have postural tremor, in comparison to their LOTS counter-
parts. Patients with LOGG may be misdiagnosed with motor
neuron disease or purely psychiatric disease in the early stages;

however, the pattern of weakness and the presence of cerebellar
atrophy on imaging (mainly in LOTS) can help point to the
diagnosis.38 Our results demonstrate that patients with LOGG
displayed disturbances across several motor and nonmotor
domains, including oculomotor dysfunction, as well as
cognitive/neuropsychiatric and sleep dysfunction.

Oculomotor abnormalities in LOGG
In prior studies of the oculomotor features in LOGG, eye
movement abnormalities were noted in 27% of one cohort of
LOTS4 and included supranuclear gaze palsy, poor conver-
gence, impaired OKN responses and VOR, internuclear oph-
thalmoplegia, and saccadic abnormalities.3 Rucker et al.3

conducted the only large-scale study addressing quantitative
oculomotor analysis in LOTS and found occasional square
wave jerks and saccades that could be hypometric, hypermetric,
or multistep. Discriminating features in this population in-
cluded transient saccadic decelerations and premature termi-
nation of the saccadic pulse,3 which was not apparent on
bedside examination. In other ataxias, eye movement abnor-
malities are common,7,39 may be the sole manifestation of
early5 and premanifest disease,6 and particular patterns may
help to distinguish between different ataxias,39 or differentiate
cerebellar disorders from other neurodegenerative disorders.40

Furthermore, in a recent study assessing the burden of clinical
oculomotor features on examination in a population of patients
with spinocerebellar ataxia at their first clinical visit, the BARS
oculomotor score (number of eye movement abnormalities
including at rest, pursuit, saccades, nystagmus, and saccadic
slowing) correlated with ataxia scales as well as measures of
functional impairment.7

In our study, oculomotor abnormalities were found across the
spectrum of LOGG. Quantitative oculomotor abnormalities
were present in all patients with LOGG, even when eye

Figure 3 Saccade, optokinetic nystagmus (OKN), and vestibulo-ocular reflex (VOR) fixation-suppression gains vs patient-
reported functional assessment

Functional assessment proxy, Friedreich’s Ataxia Rating Scale Part 2 Activities of Daily Living (FARS ADL) score against oculomotor parameters: saccade gain vs
FARS ADL (A), OKN gain vs FARS ADL (B), and VOR gain during fixation-suppression task vs FARS ADL (C). LOSD = late-onset Sandhoff disease; LOTS = late-onset
Tay-Sachs.
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movements appeared normal on clinical examination. Spe-
cifically, eye movement abnormalities in LOGG that localize
to the cerebellar flocculus and paraflocculus5 included pursuit,
OKN, VOR gain, and visual suppression and enhancement of
the VOR. Conversely, there was no evidence of cerebellar

nodulus/uvula dysfunction given the normal VOR dynamics
(phase, time constant), although more specific tests of this
brain region such as tilt suppression of the VOR were not
utilized.41,42 Saccade dysmetria was a prominent finding in
LOGG and indicates damage in the dorsal vermis of the
cerebellum, where saccade amplitude is controlled.43 Further
quantitative MRI analysis of our cohort may help delineate
the precise pattern of cerebellar involvement.

The severity of several oculomotor abnormalities correlated
with clinical ataxia severity. Quantitative assessment of sac-
cadic, OKN, and VOR fixation-suppression gains correlated
with worsening disease severity, as measured by ataxia rating
scales. The gait and stance abnormalities in LOGG are fre-
quently related more to weakness, as opposed to ataxia, given
the predilection for involvement of the quadriceps in the
lower extremities. As gait and stance assessments form a dis-
proportionate part of overall severity in ataxia rating scale
scores, this suggests that overall disease severity from both
weakness and ataxia is encapsulated in these measurements.
We also performed assessments that were not purely cere-
bellar, to form a broader assessment of disease severity.
Measures assessing functional status (FARS ADL score)
correlated with OKN and VOR measures, suggesting that
these quantitative oculomotor measures may also have rele-
vance to patient disability and noncerebellar features of dis-
ease. Quantitative oculography may therefore represent
a useful biomarker of disease severity, suggesting its potential
utility to quantify response to therapy for future clinical trials.
A limitation of the current study is the low sample size in this
exceptionally rare disorder, which may have obscured other
potentially significant associations. Further work is ongoing to
assess the change in these eye movement measures over time,
as it will be important to determine if they represent a useful
marker of disease progression. Oculomotor measures may
improve power for assessment of disease progression, given
their objective, quantifiable nature, and could thus reduce
sample size requirements, and have been suggested as po-
tential outcome measures for future clinical trials in other
ataxias.44

Cognitive/psychiatric features of LOGG
Nonmotor features frequently predate motor dysfunction in
neurodegenerative movement disorders and we focused on 2
particular nonmotor symptom domains—cognitive function/
neuropsychiatric symptom burden—as well as sleep quality as
a proxy for sleep dysfunction. The CCAS describes a con-
stellation of cognitive and psychiatric symptoms involving
impairment of executive functions, visual-spatial organization,
and memory, as well as affective domains of attention control,
emotional control, autism spectrum, psychosis spectrum, and
social skill set.2 Previous studies suggest that these features are
frequently abnormal in patients with LOTS.4,12 Studies of
cognition in LOTS have revealed impairments in executive
functioning, involving processing speed, visual sequencing
and set shifting, memory, and verbal impairments.10,11 Defi-
cits range from mild memory deficits to significant global

Figure 4 Cube drawing examples as part of the cerebellar
cognitive affective syndrome scale in the late-on-
set GM2 gangliosidosis cohort

Spontaneous uncued cube drawing (left) and copying the example cube
(right). Numbers drawn in patient 7 are to count number of lines and not
produced by the patient. LOTS = late-onset Tay-Sachs.
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cognitive decline and dementia and have been found in up to
47% of patients.4,11,12 In a prospective study by Zaroff et al.10

on the cognitive/neuropsychiatric features in LOTS, no re-
lationship was found between the cognitive deficits and
neuromuscular/cerebellar dysfunction. In this study, it was
suggested that these deficits may represent the CCAS, given
that all of those studied had evidence of cerebellar dysfunc-
tion.10 Psychiatric symptoms are prominent in LOGG and
can be debilitating. They include frank psychosis (sometimes
misdiagnosed as schizophrenia), bipolar affective disorder,
other mood disorders, as well as autistic traits including
childlike behavior and poor social interaction.12 In its most
extreme form, there have been rare cases of schizophreniform-
appearing catatonia.45

In this study, there was evidence of the cognitive and neu-
ropsychiatric aspects of the CCAS in LOGG throughout the
spectrum of disease (table 3). These impairments were
identified using scales designed for this purpose (the CCAS-
S25 and the CNRS26) and showed significant abnormalities,
often despite lack of patient or relative/caregiver cognitive
concerns. This may therefore suggest that using sensitive
scales to detect the CCAS may reveal the early onset of
cognitive changes, which may even predate motor manifes-
tation, as can be seen in other neurodegenerative movement
disorders.9 Notably, 4 patients were unable to recall words
even from multiple choice lists, which is atypical for cerebellar
cognition, raising the possibility that these more severe
amnestic deficits arose from cerebral hemisphere dysfunction
rather than the cerebellum itself.2,25

Evidence for sleep disorders in LOGG
We performed a first study assessing sleep in LOGG. In the
related ataxias, a variety of sleep disorders has been found,
including REM sleep behavior disorder, restless legs syn-
drome, periodic limb movements of sleep, excessive daytime
sleepiness, and obstructive and central sleep apnea.17,18 In this
study, patients with LOGG reported widespread poor sub-
jective sleep quality and excessive daytime sleepiness, sug-
gesting possible circadian rhythm dysfunction. Formal sleep
studies in LOGG are warranted, although we acknowledge
that there may be a mismatch of reported sleep quality with
results of formal sleep studies.46 This may also represent
a further potential early disease marker.

Clinical differences between LOTS and late-
onset Sandhoff disease
The LOTS population demonstrated more cerebellar motor
features including more prominent quantitative oculomotor
findings (with minimal clinical eye movement abnormalities
in patients with Sandhoff disease), more cognitive deficits,
and a higher burden of psychiatric symptoms. In addition,
although not quantitatively assessed, the dysarthria and
tremor seen frequently in our patients with LOTS were not
present in patients with late-onset Sandhoff disease. Fur-
thermore, the patients with LOTS had marked cerebellar
volume loss on MRI, whereas on MRI the cerebellum of the

patients with Sandhoff disease appeared morphologically
grossly normal (figure 1). There are case reports of patients
with late-onset Sandhoff disease with a cerebellar
phenotype,29,31 however, suggesting that our patients may
have been of the lower motor neuron neuromuscular phe-
notype. These findings suggest clear differences between
these 2 diseases, which involve different genes, and although 2
of 3 patients with Sandhoff disease and 3 of 7 patients with
LOTS were related in our cohort, this requires further study.

Future directions
Given the correlation of oculomotor abnormalities and dis-
ease severity, our data suggest that eye movement recordings
may represent a marker of disease severity in LOGG and
a potential early sign of motor disease manifestation, in
keeping with other metabolic and cerebellar disorders. It is
possible that such a measure may allow the diagnosis of
clinically manifest disease in gene-positive individuals at an
earlier stage and make it possible to track the slow clinical
progression and response to interventions in a sensitive and
quantitative manner. We also found widespread evidence of 2
common nonmotor symptoms (cognitive dysfunction/
burden of psychiatric symptoms and sleep quality), both of
which were abnormal on testing despite the absence of clinical
symptoms. No participant described visual symptoms of oc-
ulomotor abnormalities, and patients rarely described cogni-
tive or sleep symptoms. This supports our hypothesis that
these subtle motor (oculomotor abnormalities) and non-
motor (cognitive/neuropsychiatric and sleep) features are not
only highly prevalent in LOGG but are either asymptomatic
(oculomotor abnormalities) or deficits are generally un-
recognized by patients. Therefore, these features may serve as
markers of early disease and may respond to potential future
therapeutic agents, suggesting that assessment for these fea-
tures in clinical trials will be important.

Further research in patients with LOGG is required to help
answer these important questions, particularly for those who
are still early in their clinical course. Current conceptions of
LOTS and late-onset Sandhoff disease are that they are clin-
ically indistinguishable. In contrast, our studies suggest that
there may be clinical and radiologic distinctions between the 2
forms of LOGG. Assessment of larger populations of patients
with LOGG will be necessary to determine whether LOTS
can be differentiated from late-onset Sandhoff disease as we
have observed, as well as to better delineate the other im-
portant features we have highlighted. Our approach could also
be applied to other rare metabolic ataxias and degenerative
cerebellar disorders.
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Table 3 Cerebellar cognitive affective syndrome scale (CCAS-S) scores and individual cognitive tasks in the late-onset GM2 gangliosidosis cohort

Patient
CCAS-S
total score

CCAS-S cognitive domain assessed with pass/fail score

Total fails per
patient

CCAS
diagnostic
categoryb

Semantic
fluency

Phonemic
fluency

Category
switching

Digit span
forward

Digit span
backward

Cube
drawing/
copying

Verbal
recall Similarities

Go/
No-
Go

Affective
component

1 95 Fail Pass Pass Pass Pass Pass Fail Pass Pass Pass 2 Probable

2 96 Pass Fail Pass Pass Pass Pass Fail Pass Fail Pass 3 Definite

3 113 Pass Pass Pass Pass Pass Pass Pass Pass Fail Pass 1 Possible

4 102 Pass Pass Pass Pass Pass Pass Faila Pass Fail Pass 2 Probable

5 78 Pass Pass Fail Pass Fail Fail Faila Pass Fail Pass 5 Definite

6 100 Pass Pass Pass Pass Pass Pass Fail Pass Pass Pass 1 Possible

7 66 Fail Fail Fail Pass Pass Fail Faila Fail Pass Pass 6 Definite

8 96 Pass Pass Pass Pass Fail Fail Faila Pass Fail Pass 4 Definite

9 112 Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass 0 No evidence

10 96 Pass Fail Pass Fail Pass Pass Pass Pass Fail Pass 3 Definite

Total fails
per task

2 3 2 1 2 3 7 1 6 0

a Patient unable to recall word even with multiple choice cues, suggestive of possible subcortical amnestic component.
b CCAS-S diagnostic criteria27: definite CCAS, ≥3 failed tests; probable CCAS, 2 failed tests; possible CCAS, 1 failed test.
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