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Abstract

Background Tay–Sachs disease (TSD) is an inherited neurodegenerative disorder caused by a lysosomal β-hexosaminidase 

A deficiency due to mutations in the HEXA gene. The late-onset form of disease (LOTS) is considered rare, and only a 

limited number of cases have been reported. The clinical course of LOTS differs substantially from classic infantile TSD.

Methods Comprehensive data from 14 Czech patients with LOTS were collated, including results of enzyme assays and 

genetic analyses.

Results 14 patients (9 females, 5 males) with LOTS were diagnosed between 2002 and 2018 in the Czech Republic (a cal-

culated birth prevalence of 1 per 325,175 live births). The median age of first symptoms was 21 years (range 10–33 years), 

and the median diagnostic delay was 10.5 years (range 0–29 years). The main clinical symptoms at the time of manifestation 

were stammering or slurred speech, proximal weakness of the lower extremities due to anterior horn cell neuronopathy, signs 

of neo- and paleocerebellar dysfunction and/or psychiatric disorders. Cerebellar atrophy detected through brain MRI was 

a common finding. Residual enzyme activity was 1.8–4.1% of controls. All patients carried the typical LOTS-associated 

c.805G>A (p.Gly269Ser) mutation on at least one allele, while a novel point mutation, c.754C>T (p.Arg252Cys) was found 

in two siblings.

Conclusion LOTS seems to be an underdiagnosed cause of progressive distal motor neuron disease, with variably expressed 

cerebellar impairment and psychiatric symptomatology in our group of adolescent and adult patients. The enzyme assay of 

β-hexosaminidase A in serum/plasma is a rapid and reliable tool to verify clinical suspicions.

Keywords Late-onset Tay–Sachs disease · GM2 gangliosidosis · β-Hexosaminidase A · Ataxia · Cerebellum · Proximal 

weakness of lower extremities

Introduction

Tay–Sachs disease (TSD, OMIM 272800, 606869) is one 

of three neurodegenerative disorders caused by the intralys-

osomal storage of a specific glycosphingolipid, GM2 

ganglioside, in neurons. Physiologically, the degradation 

of GM2 ganglioside is performed by the intralysosomal 

enzymes β-hexosaminidase A (HexA) and β-hexosaminidase 

B (HexB) in cooperation with a specific glycoprotein called 

GM2 activator. Both HexA and HexB are dimers. HexA is 
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a heterodimer composed of subunit α, the product of the 

HEXA gene, and subunit β, the product of the HEXB gene. 

HexB is a homodimer containing two β subunits. TSD (the B 

variant of GM2 gangliosidosis) is characterized by very low 

or absent HexA activity in the serum, plasma, dried blood 

spot, white blood cells or other tissues from a symptomatic 

person in the presence of normal or elevated HexB activity. 

Mutations specific for TSD are present in the HEXA gene. 

Significantly decreased or absent activities of both HexA 

and HexB are typical for Sandhoff disease (the 0 variant 

of GM2 gangliosidosis), with associated mutations in the 

HEXB gene. In the very rare disorder GM2 activator defi-

ciency (the AB variant of GM2 gangliosidosis), the enzyme 

activities of both HexA and HexB are normal with fluoro-

genic substrates [1, 2]. All three disorders have autosomal 

recessive inheritance.

TSD is classified into three subtypes according to the 

clinical course—an acute infantile (classic) form with rapid 

progression and death before the age of 4 years, a suba-

cute juvenile form with onset in early childhood and longer 

survival, and a chronic adult/late-onset form (LOTS) with 

slow progression and long-term survival. While the infantile 

form is characterized by early and rapid neurodevelopmental 

regression, epileptic seizures and vision deterioration with a 

typical "cherry-red spot" caused by the accumulation of vari-

ous sphingolipids within retinal cells [3], the main reported 

symptoms of LOTS are cerebellar and extrapyramidal signs, 

lower motor neurons impairment and variable psychiatric 

conditions [2].

The birth prevalence of the acute infantile form of TSD 

was originally very high in the Ashkenazi Jewish community 

(approximately 1:3600) and some other genetically isolated 

populations. The introduction of population-based carrier 

screening, education and counselling helped to decrease 

the frequency of infantile TSD patients in such endangered 

communities [4-6]. On the other hand, LOTS, which is not 

so tightly associated with the Ashkenazi Jewish commu-

nity, has rarely been reported in the literature. A study of 21 

patients with LOTS was published in the USA [7], but only 

3 isolated case reports have been published in Europe [8-10]. 

A substantial number of LOTS patients may escape a correct 

diagnosis, as their clinical symptomatology significantly dif-

fers from the well-known picture of classic infantile TSD [7, 

11]. Although an effective treatment for TSD is not available 

at present, evaluation of the occurrence and clinical mani-

festation of LOTS may be important for future progress in 

this field. Therefore, we present clinical phenotypes, labora-

tory data and mutation spectrums of 14 Czech patients with 

LOTS, diagnosed between the years 2002 and 2018.

Patients and methods

Patients

In all patients, final diagnoses of LOTS were performed 

in the Department of Paediatrics and former Institute of 

Inherited Metabolic Disorders of the First Faculty of Med-

icine, Charles University in Prague. Two patients were 

primarily revealed by clinical exome sequencing (CES) 

in the molecular genetic laboratory of the Department 

of Biology and Medical Genetics of the Second Faculty 

of Medicine, Charles University and University Hospital 

Motol in Prague. Brain MRI and electromyography/nerve 

conduction velocity (EMG/NCV) studies were conducted 

through neurologists who provided regular patient care. 

Clinical examinations were carried out by clinicians of 

the concerned institution in cooperation with individual 

patients’ neurologists. To our knowledge, the reported 14 

patients represent the absolute majority of Czech patients 

diagnosed with LOTS in the past 20 years.

Enzymology

For the determination of enzyme activities, serum, 

plasma and white blood cells were prepared by stand-

ard procedures. The activities of the lysosomal enzymes 

β-hexosaminidase A (N-acetyl-β-D-glucosaminidase A) 

and β-D-galactosidase (control enzyme) were determined 

by fluorometric methods using 4-methylumbelliferyl-6-

sulpho-2-acetamido-2deoxy-β-D-glucopyranoside and 

4-MU-β-D-galactopyranoside as substrates, respectively 

[12].

Molecular genetic analyses

Genomic DNA was isolated from blood. Mutation analysis 

in all but two patients was based on direct sequencing of 

PCR products for all coding exons (1 to 14) of the HEXA 

gene using a 3500xL Genetic Analyzer capillary sequencer 

(Applied Biosystems). Primer specifics and reaction con-

ditions are available upon request. The DNA mutations 

are described according to actual HEXA reference DNA 

sequence [13] (nomenclature via HGVS recommendations) 

[14]. For the CES of two patients, a Focused Exome and 

SureSelect Reagent kit (Agilent Technologies) was used 

for clinical exome capture, and sequencing was performed 

with an Illumina HiSeq1500 system. The detected variants 

were confirmed by Sanger sequencing.
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Ethics

All information were accessed in accordance with the 

applicable laws and ethical requirements for the study 

period concerned (in particular the Helsinki Declaration, 

revised in 2000). All patients signed informed consent 

with genetic testing. The study was approved by the Insti-

tutional Review Board of the General University Hospital 

in Prague (Ethics Committee Approval Number: 41/12).

Results

Study group

In total, 14 LOTS patients from 10 families, 9 females and 5 

males, were included in the study (Table 1). All but one were 

diagnosed between the years 2011 and 2018. The median 

age of first symptoms was 21 (range 10–33 years), while the 

median age of the diagnostic assessment was 35 years (range 

18–54 years), resulting in a median diagnostic delay of 10.5 

(range 0–29 years). The calculated birth prevalence of LOTS 

for the Czech Republic (CR) is 1 per 325,175 live births 

and the calculated birth prevalence of all forms of TSD in 

the CR is 1 per 212,071 live births. No patient reported was 

of Jewish Ashkenazi ancestry. All but one patient are still 

alive; the first diagnosed patient (Table 1, Pt 6) died due to 

complications from a head injury.

Clinical manifestations

The main clinical findings are summarized in the Table 1 

(initial complaints) and Table  2 (neuropsychiatric 

symptomatology).

Table 1  Onset of the disease, enzyme activity and mutations in the HEXA gene in 14 Czech patients with the late-onset form of Tay–Sachs dis-

ease

LE low extremities, UE upper extremities, L leukocytes, F female, M male
a Patients 1 and 2; 4 and 5; 10 and 11; 12 and 13 are siblings
b Mutation in siblings 10 and 11 is novel

No G Age at 

onset 

(years)

First symptoms Age at 

diagnosis 

(years)

Diagnos-

tic delay 

(years)

Approx. Resid. 

Enzyme activity in 

L (%)

Mutations (gene HEXA), predicted 

effect on protein

1a F 10 Slurred speech 30 20 2.2 c.805G>A/c.1123delG

p.G269S/p.E375Rfs*7

2a F 15 Slurred speech, proximal weakness 

(LE)

18 3 2.5 c.805G>A/c.1123delG

p.G269S/p.E375Rfs*7

3 M 30 Cerebellar ataxia, falls, dysmetria, 

dysarthria

46 16 2.3 c.805G>A/c.1073 + 1G>A

p.G269S/missplicing

4a F 30 Depression, proximal weakness 

(LE), dysphonia

38 8 3.3 c.805G>A/c.1274_1277dupTATC 

p.G269S/p.Y427Ifs*5

5a F 30 Depression, proximal weakness 

(LE), dysarthria

33 3 3.7 c.805G>A/c.1274_1277dupTATC 

p.G269S/p.Y427Ifs*5

6 M 18 Schizophrenia-like disorder 31 13 4.1 c.805G>A/c.806G>A

p.G269S/p.G269D

7 M 33 Tremor, cerebellar ataxia, dysarthria 37 4 1.8 c.805G>A/c.805G>A

p.G269S/p.G269S

8 F 20 Cerebellar ataxia, tremor, proximal 

weakness

45 25 2.4 c.805G>A/c.1274_1277dupTATC 

p.G296S/p.Y427Ifs*5

9 F 23 Cerebellar ataxia, proximal weak-

ness (LE), tremor (UE)

38 15 2.6 c.805G>A/c.1123delG

p.G269S/p.E375Rfs*7

10a M 25 Proximal weakness (LE), falls, 

slurred speech

46 21 3.8 c.805G>A/c.754C>Tb

p.G269S/p.R252Cb

11a M 25 Proximal weakness (LE), slurred 

speech

54 29 3.5 c.805G>A/c.754C>Tb

p.G269S/p.R252Cb

12a F 17 Mild dysarthria, proximal weakness 

(LE), falls

24 7 3.3 c.805G>A/c.1274_1277dupTATC 

p.G296S/p.Y427Ifs*5

13a F 17 Proximal weakness (LE), falls 20 3 3.7 c.805G>A/c.1274_1277dupTATC 

p.G296S/p.Y427Ifs*5

14 F 25 Dysarthria, proximal weakness 

(LE), tremor (UE)

25 0 2.9 c.805G>A/c.1073 + 1G>A

p.G296S/missplicing
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Generally, the main initial complaints in the cohort were 

mild articulation difficulties, especially slurred rapid speech 

and/or stammering (nine patients), proximal weakness of the 

lower extremities limiting walking down and up the stairs 

(nine patients), dysmetria, action tremor and gait instability 

with frequent falls (eight patients), and/or schizophrenic and 

maniodepressive disorders (three patients). Some patients 

reported having been “a clumsy child”, but others (three 

patients) participated in various sports during childhood 

and adolescence. No optic atrophy or “cherry-red spot” was 

described in any patient, but mild variable signs of oculomo-

toric dysfunction (gaze dyscoordination, mild saccade and 

pursuit irregularity) were present in some patients during 

clinical progression of the disease. Fluctuating horizontal 

nystagmus was present in one male (Pt 7). Some patients 

suffered from common myopia or hypermetropia. In one 

male (Pt 3), gait instability with frequent falls and severe 

dysmetria without significant weakness of the lower extremi-

ties (combined cerebellar syndrome) dominated. He had no 

nystagmus, nor any other ocular movement dysfunction. 

Organomegaly and/or cardiac disease were not found in any 

patient of the cohort.

In three patients, the first symptom of LOTS was a psy-

chiatric disorder. In one male (Pt 6), acute schizophrenia-like 

disorder with relapses preceded the development of com-

bined cerebellar symptomatology by 6 years. Schizoaffective 

disorder (predominantly depression) and weakness of the 

lower extremities were the first symptoms in two sisters (Pts 

4 and 5). In another two females (Pts 1 and 8), severe epi-

sodes of maniodepressive disorder requiring psychopharma-

cologic treatment appeared about 10 years after manifesta-

tion of the first motor symptoms. Four other patients suffered 

from likely secondary moderate depressive symptomatology. 

All but one patient underwent at least one psychological 

examination; mild cognitive decline was assessed in four 

females, while in other patients, the overall cognitive level 

was normally distributed.

Mild dystonia/dyskinesia in two females (Pts 4 and 5) 

may have been partly due to neuroleptic treatment. No signs 

of pyramidal tract impairment were found in patients of the 

cohort.

In patients manifesting predominantly with proximal 

weakness of the lower extremities, results of complex neu-

rological examinations corresponded to anterior horn cell 

damage. These patients had proximal and distal amyotro-

phy predominantly in the lower limbs without any sensory 

impairment. Fasciculations were noticed only rarely in some 

patients, less frequently in severely disabled persons. EMG/

NCV studies were performed in 12 patients and documented 

chronic neurogenic lesion with reinnervation changes of 

motor unit potentials (MUPs), especially in the proximal 

muscles of lower extremities, corresponding to anterior horn 

cell neuronopathy.

Variably prominent lamellar cerebellar atrophy (in two 

females very mild) was found in brain MRI in all 14 patients.

Laboratory findings

Residual enzyme activities ranged between 1.8 and 4.1% of 

the control average; there were no significant differences in 

serum/plasma and leukocytes. The most frequent nucleo-

tide expansion-based spinocerebellar ataxias (SCAs) were 

excluded by routine DNA analyses in six patients. Due to the 

clinical picture resembling spinal amyotrophy, DNA analysis 

of the SMN1 gene was performed in ten patients with nor-

mal results, while the late-onset form of Pompe disease was 

excluded in five patients by an enzyme assay. The c.805G>A 

(p.Gly269Ser) mutation that is typically associated with 

LOTS [9] was found in all 14 patients, with 1 patient car-

rying this mutation on both alleles (Table 1, Fig. 1). In half 

of cases (7/14), a compound heterozygosity for c.805G>A 

and the previously described null mutation (c.1073+1G>A 

or c.1274_1277dup) were detected, while in another three 

cases, the c.805G>A mutation occurred along with the 

frameshift mutation c.1123delG. The remaining two patients 

were carriers of a previously unpublished missense mutation 

c.754C>T (p.Arg252Cys). One patient carried the mutation 

c.806G>A, which is the first nucleotide of exon 8 in the 

conserved splice domain (possibly inducing missplicing).

Discussion

LOTS is considered to be a very rare disease. However, 

in the Czech Republic, with 10.58 million inhabitants, 13 

patients have been diagnosed in the last 8 years, which 

is in sharp contrast to only 3 isolated cases published by 

European authors so far [8-10]. From the genetic point of 

view, it is likely that the Czech population does not differ 

from other European countries substantially. We presume 

c.805G>A

53%

c.1274_1277dupTATC

18%

c.1123delG

11%

c.754C>T

7%

c.1073+1G>A

7%

c.806G>A

4%

c.805G>A c.1274_1277dupTATC c.1123delG c.754C>T c.1073+1G>A c.806G>A

Fig. 1  Frequency of distinct mutations in the group of 14 Czech 

patients with the late-onset form of Tay–Sachs disease
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that reasons for the apparent underdiagnosis of this disease, 

documented also by the long interval between age of onset 

and age of diagnosis, include both the quite different clinical 

symptomatology of LOTS in comparison with the infantile 

form TSD and the broad differential diagnostic spectrum of 

spinal muscular atrophy, motor axonal neuropathies, cerebel-

lar disorders and psychiatric conditions.

Neurological clinical features of LOTS are variable, but 

slowly progressing symptoms of anterior horn cell neu-

ronopathy especially at the lower extremities and cerebellar 

dysfunction (not necessarily simultaneously in one patient) 

are prominent. In accordance with literary sources, about 

half of patients in our cohort suffered from psychiatric 

disturbances including schizophrenia-like psychosis and 

depression, and in three persons these symptoms represented 

the first manifestation of LOTS. Psychiatric symptoms were 

sometimes atypical and bizarre, such as disorganized schizo-

phrenia, catatonia, regression to childhood behaviour or con-

flicting personality disorder (as in Pt 6) [15, 16].

While amyotrophy of the lower limbs and cerebellar signs 

(dysmetria, action tremor, severe gait instability without sen-

sory deficits, typical dysarthria) were frequent symptoms in 

our patients with LOTS, dystonia mentioned in the literature 

was found in only two females of our cohort. A partial effect 

of neuroleptic treatment could not be excluded. It is impor-

tant to mention that falling in LOTS is often the result of 

"knee buckling" due to weakness of knee extensor muscles 

rather than due to ataxia. Only four of our patients suffered 

from mild cognitive impairment, though the possibility of a 

negative influence from reactive depression is not negligible. 

The absence of significant cognitive decline or dementia in 

our patients is in concordance with findings in a group of 

21 American patients, and thus seems to be an important 

feature of LOTS [7]. The involvement of the eyes in some 

patients was minimal and unspecific. There was no optic 

nerve atrophy or finding of a “cherry-red spot” in our cohort. 

EMG/NCV findings indicating chronic anterior horn cell 

neuropathy and cerebellar atrophy in the brain MRI were 

typical clinical laboratory findings.

Based on our experience, the enzyme assay of 

β-hexosaminidase A in serum/plasma is a rapid, inexpen-

sive and reliable tool to verify clinical suspicion, and we 

did not experience any false positive result in our Czech 

cohort. Similarly as in some other lysosomal disorders, 

β-hexosaminidase A activity assessment in serum/plasma/

dried blood spot could serve as a possible screening method 

in the groups of clinically selected patients.

In line with literary data [17], the presence of the 

p.Gly269Ser (c.805G>A) allele in the HEXA gene respon-

sible for incorrect enzyme dimer forming is typical for the 

adult form of the disease. Combinations with null alleles 

in our group of patients led to both a more complex symp-

tomatology and a more progressive course of disease. In 

two brothers with the common c.805G>A mutation and the 

novel c.754C>T mutation, LOTS manifested in their 3rd 

decade, but the course was slow, with relatively mild weak-

ness of the lower extremities, mild cerebellar symptomatol-

ogy and normal cognitive functions.

Currently, there is no effective treatment for LOTS and 

management is only supportive, but several treatment strate-

gies have been tested. Although bone marrow transplantation 

led to stabilisation of the disease in a 15-year-old boy [18], 

the therapeutic effect is generally considered to be minimal 

[19]. Intrathecal infusion of the pure β-hexosaminidase A 

was tested in two patients with the infantile form TSD with 

no benefit [20]. Substrate reduction therapy with miglustat 

or chaperone therapy with pyrimethamine likewise showed 

no clinical benefits [21, 22]. While the results of these stud-

ies are still not satisfactory, we strongly believe that a higher 

number of diagnosed patients may enhance research for 

effective treatment.

Conclusion

Though the individual clinical course of disease is variable, 

the combination of slowly progressive anterior horn cell 

neuronopathy manifesting mostly at the lower extremities, 

with variably expressed cerebellar symptomatology and 

corresponding cerebellar atrophy in the brain MRI should 

direct clinicians´ suspicion to LOTS, especially if episodes 

of psychotic behaviour occur simultaneously. A serum/

plasma enzyme assay of beta-hexosaminidase A activity 

is an inexpensive and reliable primary diagnostic tool. We 

hope that the increased number of diagnosed patients will 

support efforts in the search for effective treatments.
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Abstract

Purpose Late-onset Tay-Sachs disease (LOTS) is a form of GM2 gangliosidosis, an autosomal recessive neurodegenerative 

disorder characterized by slowly progressive cerebellar ataxia, lower motor neuron disease, and psychiatric impairment due 

to mutations in the HEXA gene. The aim of our work was to identify the characteristic brain MRI findings in this presum-

ably underdiagnosed disease.

Methods Clinical data and MRI findings from 16 patients (10F/6 M) with LOTS from two centers were independently 

assessed by two readers and compared to 16 age- and sex-related controls.

Results Lower motor neuron disease (94%), psychiatric symptoms—psychosis (31%), cognitive impairment (38%) and 

depression (25%)—and symptoms of cerebellar impairment including dysarthria (94%), ataxia (81%) and tremor (69%), were 

the most common clinical features. On MRI, pontocerebellar atrophy was a constant finding. Compared to controls, LOTS 

patients had smaller mean middle cerebellar peduncle diameter (p < 0.0001), mean superior cerebellar peduncle diameter 

(p = 0.0002), mesencephalon sagittal area (p = 0.0002), pons sagittal area (p < 0.0001), and larger  4th ventricle transversal 

diameter (p < 0.0001). Mild corpus callosum thinning (37.5%), mild cortical atrophy (18.8%), and white matter T2 hyper-

intensities (12.5%) were also present.

Conclusion Given the characteristic clinical course and MRI findings of the pontocerebellar atrophy, late-onset Tay-Sachs 

disease should be considered in the differential diagnosis of adult-onset cerebellar ataxias.

Keywords Late-onset Tay-Sachs disease · Ataxia · Cerebellar atrophy · GM2 gangliosidosis · HEXA gene

Introduction

Tay-Sachs disease (OMIM #272,800), a form of GM2 gan-

gliosidosis, is an autosomal recessive lysosomal neurode-

generative disorder caused by mutation in the HEXA gene. 

Dysfunction of the encoded enzyme beta-hexosaminidase 

A leads to intra-lysosomal accumulation of glycosphin-

golipid GM2 ganglioside in neurons. According to the clini-

cal course, Tay-Sachs disease is classified into three sub-

types—the acute infantile form, and the subacute juvenile 

and chronic adult forms that are also referred to as late-onset 

form of Tay-Sachs disease (LOTS). The infantile form is 

clinically characterized by progressive neurodevelopmental 

regression, hypotonia, epilepsy, blindness with the typical 

finding of a cherry-red spot in the retina, spasticity and early 

death before the age of four. LOTS is characterized by later 

onset of clinical symptoms and slower progression [1]. The 

typical manifestation of LOTS includes slowly progressive 
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symptoms of distal motor neuron lesion, cerebellar dysfunc-

tion, and psychiatric impairment. The calculated prevalence 

of LOTS in the Czech Republic is 1 per 325,175 live births 

[2] and it is believed that LOTS is underdiagnosed due to the 

slowly progressive disease course with psychiatric manifes-

tation often preceding neurologic symptoms [2, 3].

Although the diagnosis is nowadays confirmed by genetic 

analysis, high clinical suspicion based on clinical manifes-

tation and neuroimaging findings is necessary, particularly 

when whole exome sequencing is not readily available. The 

differential diagnosis includes motor neuropathies and spi-

nocerebellar ataxias. Neuroimaging has proven to be partly 

helpful in the diagnosis due to the frequent finding of pro-

found cerebellar atrophy without other conspicuous abnor-

malities in LOTS [3–14]. Other unspecific abnormalities 

such as thinning of the corpus callosum or gyral atrophy 

were also reported in some cases [4].

It was advocated that neuroimaging classification of cer-

ebellar disorders according to the pattern of atrophy may 

assist in the clinical diagnostic process [15]. Specifically, 

three subtypes of cerebellar atrophy that follow classical 

neuropathological descriptions were suggested: spinal atro-

phy, cortical cerebellar atrophy, and (olivo)pontocerebellar 

atrophy. To date, no study assessed quantitative parameters 

and/or performed subtyping of cerebellar atrophy in LOTS.

Here, we aimed at describing characteristic brain MRI 

findings in LOTS with particular attention to semiquantita-

tive measures of cerebellar and brainstem atrophy.

Patients and methods

Study participants

In this retrospective study, 16 patients from 13 families with 

a genetically confirmed diagnosis of LOTS and at least one 

brain MRI examination were included. None of the patients 

was of Jewish Ashkenazi descent. Patients were recruited 

from two centers—the Department of Paediatrics and Inher-

ited Metabolic Disorders, General University Hospital and 

First Faculty of Medicine at the Charles University, Prague, 

Czech Republic (n = 14), and the Department of Neurology, 

Ludwig-Maximilians University, Munich, Germany (n = 2). 

Clinical data of 11 Czech patients have been reported in a 

previous study [2]. Sixteen sex- and age-comparable control 

subjects who underwent MRI as part of differential diagno-

sis process due to headache were included.

MRI parameters and assessment

Altogether, 32 MRI datasets were assessed. Twenty-one 

MRI exams were performed on 1.5 T and 11 MRI exams 

on 3 T scanners. All MRI datasets included standard clini-

cal axial T1 weighted, T2 weighted, and fluid-attenuated 

inversion recovery (FLAIR) images. In each MRI dataset 

sagittal T1 weighted or FLAIR image was available. Control 

MRI datasets had normal MRI finding and pulse sequence 

parameters comparable to those of LOTS patients.

Several predefined markers were independently assessed 

by two raters (PD, JM): presence of pons vertical line/hot 

cross bun sign, severity of cerebellar cortical atrophy, trans-

versal (latero-lateral) diameter of  4th ventricle, diameters 

of superior cerebellar peduncle (SCP) and middle cerebel-

lar peduncle (MCP) from both sides, mid-sagittal area of 

midbrain, pons and medulla oblongata. Midbrain, pons, and 

medulla oblongata areas were manually delineated accord-

ing to an adapted, previously described procedure [16, 17]. 

Brain MR assessments including semiquantitative measures 

are exemplified in Fig. 1. For SCP and MCP, mean values 

from the right and left side were used for analysis. Cerebel-

lar cortical atrophy was scored on the four-point scale as 

absent (-), mild ( +), moderate (+ +), and severe (+ + +). 

The assessment of cerebellar atrophy was based on the 

degree of thinning of the cerebellar folia, widening of the 

cerebellar fissures and subarachnoid spaces in the posterior 

fossa (Fig. 2). Supratentorial structures and skull were also 

systematically analyzed and presence of cortical or central 

atrophy, corpus callosum thinning, signal changes of the 

brain parenchyma as well as dural thickening, craniocervi-

cal junction abnormalities, sinus hypoplasia and mucosal 

thickening were noted for each subject. Discrepancy in the 

assessment were solved out through inter-rater discussion.

Clinical findings

Medical history and physical examination were retrospec-

tively obtained from medical records. The following clini-

cal data were evaluated: tremor, dysarthria, ataxia, dystonia, 

proximal leg weakness, depression, psychosis, and cognitive 

impairment.

Statistical analyses

Differences between patients with LOTS and control groups 

were performed using univariate general linear model with 

the group as a fixed factor and age and sex as covariates. 

Agreement between raters was evaluated using intraclass 

correlation coefficient.  Spearman’s rank correlation coef-

ficient was calculated to assess the associations between dis-

ease duration and MRI parameters. P-values of < 0.05, cor-

rected for multiple comparisons using the Holm-Bonferroni 

method, were considered statistically significant. IBM SPSS 

statistics version 25 (IBM, Armonk, NY, USA) was used 
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for statistical analysis; graphs were plotted using Prism 8 

(GraphPad Software, San Diego, CA, USA).

Ethics

All information was accessed in accordance with the appli-

cable laws and ethical requirements for the study period con-

cerned in compliance with the Declaration of Helsinki, revised 

in 2013. All examined patients signed an informed consent 

form for genetic testing. The study was approved by the Insti-

tutional Review Board of the General University Hospital in 

Prague (Ethic Committee Approval Number 1471/19).

Results

Patient characteristics

Clinical data of 16 patients (10 females, 6 males) are sum-

marized in Table 1. The median age at symptom onset was 

21.5 years (range 6–33 years) and the median diagnostic 

delay was 12.5 years (range (0–31 years)). The median age 

at the last brain MRI exam that was used for the analysis in 

this study was 34.5 years (range 17–54 years). The median 

time gap between brain MRI and neurological examinations 

in a specialized center was 0.5 (range 0–9) years.

Proximal leg weakness was present in 15/16 patients 

(94%), other neurological symptoms included dysarthria 

(15/16; 94%), ataxia (13/16; 81%), tremor (11/16; 69%), 

and dystonia (3/16; 19%). The most common psychiatric 

symptoms were psychosis (5/16; 31%), cognitive impair-

ment (6/16; 38%), and depression (4/16; 25%).

MRI datasets were available for 16 age- and sex-matched 

controls (10 females, 6 males, median age at the time of MRI 

exam was 34, range 18–53 years).

MRI findings

Between-rater agreement for semi-quantitative measures of 

brainstem and cerebellar atrophy was good to excellent with 

intraclass correlation coefficient values ranging from 0.80 to 

0.97 (Table 2).

Fig. 1  Assessment of brain MR images. A) Representative mid-

sagittal T1-weighted image in a control subject. Midbrain, pons, and 

medulla oblongata areas were delineated manually according to the 

method described by Oba et al. [16] and Reetz et al. [17]. In short, the 

caudal edge of midbrain was defined as line passing through the supe-

rior pontine notch and the inferior edge of the quadrigeminal plate; 

caudal edge of pons was defined as a line parallel to the first line 

passing through the inferior pontine notch; caudal edge of medulla 

oblongata was delimited along the foramen magnum. The area of the 

midbrain (excluding the tectum) was traced above the first line (out-

lined as white dashed line). The area of the pons was traced between 

the first and second line (outlined as blue dashed line). The medulla 

oblongata was traced between the second and third line (outlined as 

green dashed line). Representative axial T1-weighted images at the 

level of B) superior and C) middle cerebellar peduncles in a healthy 

control. Diameter of superior cerebellar peduncles (orange lines) was 

measured in the middle between cerebellum and midbrain. Diameter 

of  4th ventricle (yellow line) was measured in an axial slice where its 

latero-lateral size was largest; the measurement was performed in the 

middle of antero-posterior diameter of the ventricle (yellow dashed 

line). Diameter of middle cerebellar peduncles was measured at the 

same slice as 4th ventricle perpendicularly to the anterior boundary 

of the peduncle (red lines)
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Brain MRI findings of patients are summarized in Table 1 

and comparison with controls in Table 2.

Vertical line in the pons was observed in three patients 

(19%) (Fig. 2) while the hot cross bun sign was not noted in 

any subject. Cerebellar cortical atrophy was present in all 

patients; it was rated as mild in one (6%), moderate in six 

(38%), and severe in nine (56%) patients.

Compared to controls, LOTS patients had significantly 

smaller mean MCP diameter (p < 0.0001), mean SCP diam-

eter (p = 0.0002), mesencephalon sagittal area (p = 0.002), 

pons sagittal area (p < 0.0001), and larger  4th ventricle trans-

versal diameter (p < 0.0001) (Table 2). Pons sagittal area in 

11 (69%) and MCP diameter in 15 (94%) LOTS patients was 

lower than in any control subject. With the cutoff 1.7 cm, 

there was no overlap in  4th ventricle transversal diameter 

between LOTS patients and controls (Fig. 3).

We found no correlation between the degree of cerebellar 

atrophy and clinical symptoms; e.g., two patients (number 9, 

11) with moderate to severe cerebellar cortical atrophy were 

free of cerebellar ataxia (Table 1). We also found no associa-

tions between disease duration and  4th ventricle transversal 

diameter, SCP or MCP diameters, sagittal areas of mesen-

cephalon, pons or medulla oblongata, and cerebellar cortical 

atrophy score.

Mild corpus callosum thinning was seen in six patients (38%) 

and mild cortical atrophy in three patients (19%). Abnormalities 

in supratentorial signal intensity were observed in two patients 

(13%)—one patient had left frontal periventricular white matter 

T2 hyperintensity, the other had right frontal deep white matter 

T2 hyperintensity. Abnormal signal in the deep grey matter and 

skull abnormalities were not observed in any patient.

Discussion

We performed a retrospective analysis of routine clinical 

brain MRI in 16 LOTS patients in order to identify and 

describe characteristic imaging features. In contrast to 

Fig. 2  Brain MRI findings in late-onset Tay-Sachs disease. Repre-

sentative axial T2-weighted images at the level of the 4th ventricle 

in A) control subject, and LOTS patients with B) mild, C) moder-

ate, D) severe cerebellar cortical atrophy. Note that the  4th ventricle 

is enlarged and the middle cerebellar peduncle is atrophic (dotted 

white arrows) in all LOTS patients regardless of the degree of cer-

ebellar cortical atrophy. Vertical line in the pons (white arrowhead) 

is apparent in C). Sagittal T1-weighted images of E) healthy control 

and LOTS patients with F) moderate, and G) severe cerebellar cor-

tical atrophy. Note the enlargement of cisterna magna (asterisk) and 

antero-posterior flattening of the pons (white arrowheads) in both 

patients. Mild thinning of corpus callosum (white arrows) is apparent 

in G)
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previous reports of absent brainstem atrophy [4, 5, 7, 11, 

12], we found pontocerebellar atrophy to be the hallmark of 

LOTS in our study. In three patients, pontine atrophy was 

accompanied by vertical line in the pons, features also recog-

nized in the cerebellar type of multiple system atrophy and 

several spinocerebellar ataxias [18]. Prominent atrophy of 

cerebellum, pons and middle cerebellar peduncles underlay 

the enlargement of the  4th ventricle that was a common find-

ing in all patients. Additionally, we have found atrophy of 

mesencephalon and SCP although it was not consistent and 

its effect size was notably smaller compared to pontine and 

MCP atrophy. While pontocerebellar atrophy is an unspe-

cific finding that is present in several sporadic and hereditary 

disorders such as multiple system atrophy, autosomal domi-

nant spinocerebellar ataxias [19], or fatty acid hydroxylase-

associated neurodegeneration [20], it may help to narrow 

down the differential diagnosis and distinguish LOTS from 

ataxias with predominant spinal or cerebellar cortical atro-

phy such as Friedreich ataxia and other autosomal recessive 

cerebellar ataxias, or paraneoplastic/ autoimmune cerebellar 

degenerations [21].

Mild thinning of the corpus callosum was found in 38% 

of patients, similarly to the study of Streifler et al. [4], which 

described thinning of the corpus callosum in five out of ten 

patients. The specificity of corpus callosum thinning is low 

due to its presence in a variety of disorders including leu-

koencephalopathies, metabolic disorders, microcephaly, 

hydrocephalus, fetal alcohol syndrome, trauma and others 

[22].

Mild cortical atrophy was described in 19% of patients. 

Notably, none of these patients had cognitive impairment. 

Marked frontal atrophy that was previously reported [23] 

was not seen in any of our patients. Supratentorial abnor-

malities of signal intensity were seen only in two patients, 

which suggests that this finding may not be related to LOTS 

and is rather coincidental. Abnormal signals in the corti-

cospinal tract [24] were not noted in any patient.

Clinical course of LOTS is highly variable. In line with 

the literature, cerebellar signs (ataxia, tremor, dysarthria) 

together with proximal leg weakness and psychiatric symp-

toms were the most common manifestation in our cohort 

[3, 6, 7, 25]. Cerebellar cortical atrophy is a constant neu-

roradiological finding in LOTS patients that is also visible 

in CT images [4, 10, 26]. Cerebellar atrophy was described 

even in patients without ataxia suggesting that cerebellar 

atrophy precedes clinical symptoms [4]. Accordingly, there 

was no correlation between severity of cerebellar atrophy 

and clinical symptoms in our group of patients. Addition-

ally, no associations between disease duration and any MRI 

parameter were found in our study confirming that pontine 

and cerebellar atrophy is present early in the disease course. 

This is likely a consequence of very slow and individually 

variable disease progression as well as of differences in the M
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brainstem and cerebellar degeneration during the prodromal 

phase. On the other hand, unreliable patient-reported age 

of disease onset due to different individual thresholds for 

perceiving neurological symptoms may also contribute to 

this finding.

Interestingly, the involvement of the cerebellum is com-

mon in lysosomal storage disorders. The pathophysiology 

of the primary cerebellar degeneration affecting many 

lysosomal storage disorders can likely be explained by the 

increased vulnerability of Purkinje cells triggered by accu-

mulation of metabolic substrates [28]. Cerebellar atrophy as 

the neuroimaging hallmark has been reported in neuronal 

ceroid lipofuscinosis—especially the late onset and juve-

nile forms, Niemann-Pick disease type C, Gaucher disease, 

and Sandhoff disease [27, 28]. Neuroimaging findings often 

overlap. Therefore, the knowledge of other, more specific, 

markers is important. In patients with neuronal ceroid lipo-

fuscinosis, other typical findings include cerebral atrophy, 

T2 hypointensity and T1 hyperintensity in the thalami and 

periventricular white matter abnormalities [29, 30]. Cer-

ebellar atrophy is accompanied by cerebral atrophy, thin-

ning of the corpus callosum, and increased signal in the 

periventricular white matter in Niemann-Pick disease type 

C [26] and by dural thickening in Gaucher disease [28, 31]. 

Cerebellar atrophy as a secondary finding can accompany 

other disorders like metachromatic leukodystrophy [28], or 

alpha-mannosidosis [32].

With regard to clinical phenotype in our group of patients, 

dystonia was present in 19% of patients that is more frequent 

than in previous studies.[8, 23] Psychiatric manifestation 

can be the initial manifestation in some patients and overall 

occurs in 30 to 50% of patients with LOTS [33, 34]. The 

prevalence of psychiatric manifestation was 68%, which may 

be explained by the long disease duration in our patient’s 

group.

There are several limitations of the study. First, it is the 

small samples size, inherent to the rarity of this disorder, 

limiting strong conclusions and generalizability of the 

results. Due to a retrospective nature, brain MRI images 

were acquired on different scanners using non-identical 

pulse sequence parameters, which only allowed semi-quan-

titative assessments. Additionally, morphometric measure-

ments were performed on routine clinical images and were 

not corrected for intracranial volume. Yet, differences in 

head size were not described in LOTS patients and controls 

were strictly sex-matched. Also, the statistical analyses were 

corrected for sex. Thus, the morphometric changes found 

in LOTS patients are trustworthy. Lastly, time gap between 

clinical and MRI examinations as well as the lack of quanti-

tative assessment of clinical severity using validated scales 

are limiting factors for an accurate clinical-neuroimaging 

correlation.

In conclusion, profound pontocerebellar atrophy is the 

hallmark neuroradiological abnormality in patients with 

LOTS. This brain MRI feature is typical in other neuro-

logical disorders with resembling clinical symptoms such 

as spinocerebellar ataxias and multiple system atrophy. We 

propose that the concurrent presence of cerebellar symp-

toms and neuroradiological finding of pontocerebellar atro-

phy imply that LOTS should be considered the differential 

diagnosis of adult-onset cerebellar ataxias. In particular, the 

diagnosis of LOTS should be considered in cases where cer-

ebellar signs are combined with lower motor neuron disease 

and psychiatric symptoms.

Table 2  Comparison of MRI measurements in patients with late-onset Tay Sachs disease and controls

LOTS late-onset Tay Sachs disease, SD standard deviation, MCP middle cerebellar peduncle, SCP superior cerebellar peduncle, ICC intraclass 

correlation coefficient
* p-values are adjusted for age, sex (unadjusted values are shown in brackets). Significant p-values after Holm-Bonferroni correction are shown in 

bold

LOTS patients Controls p-value* Effect size 

[Cohen’s D]

Inter-rater 

agreement 

[ICC]
Mean (SD) Mean (SD)

MCP average (mm) 13.06 (1.12) 16.45 (1.55)  < 0.0001 (< 0.0001) 2.5 0.97

SCP average (mm) 1.87 (0.24) 2.35 (0.45) 0.0002

(0.0008)

1.3 0.83

4th ventricle transversal diameter (mm) 23.22 (3.03) 14.44 (1.22)  < 0.0001

(< 0.0001)

3.8 0.97

Mesencephalon sagittal area  (cm2) 1.67 (0.13) 1.85 (0.18) 0.002

(0.0033)

1.1 0.80

Pons sagittal area  (cm2) 4.66 (0.43) 5.73 (0.55)  < 0.0001

(< 0.0001)

2.2 0.94

Medulla oblongata sagittal area  (cm2) 2.65 (0.23) 2.61 (0.26) 0.555

(0.5797)

0.2 0.95
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Objective: Despite profound neurological symptomatology there are only few MRI studies focused on the brain

abnormalities in alpha-mannosidosis (AM). Our aim was to characterize brain MRI findings in a large cohort of

AM patients along with clinical manifestations.

Methods: Twenty-two brain MRIs acquired in 13 untreated AM patients (8 M/5F; median age 17 years) were in-

dependently assessed by three experienced readers and compared to 16 controls.

Results: Focal and/or diffuse hyperintense signals in the cerebral white matter were present in most (85%) pa-

tients. Cerebellar atrophy was common (62%), present from the age of 5 years. Progression was observed in

two out of 6 patients with follow-up scans. Cortical atrophy (62%) and corpus callosum thinning (23%) were al-

ready present in a 13-month-old child. The presence of low T2 signal intensity in basal ganglia and thalami was

excluded by the normalized signal intensity profiling. The enlargement of perivascular spaces in white matter

(38%), widening of perioptic CSF spaces (62%), and enlargement of cisterna magna (85%) were also observed.

Diploic space thickening (100%), mucosal thickening (69%) and sinus hypoplasia (54%) were the most frequent

non-CNS abnormalities.

Conclusion:Whitematter changes and cerebellar atrophy are proposed to be the characteristic brainMRI features

of AM. The previously reported decreased T2 signal intensity in basal ganglia and thalamiwas not detected in this

quantitative study. Rather, this relativeMR appearance seems to be related to the diffuse high T2 signal in the ad-

jacent white matter and not the gray matter iron deposition that has been hypothesized.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Alpha-mannosidosis (AM; OMIM 248500) is a rare autosomal reces-

sive lysosomal disorder caused byα-D-mannosidase enzyme deficiency

due to pathogenic variants within the MAN2B1 gene on chromosome

19p.13 [1,2]. The deficient enzyme activity leads to the lysosomal accu-

mulation of undegraded oligosaccharides in the cells of multiple organ

systems including the CNS. Brain disease mainly manifests by progres-

sive intellectual disability, ataxia, hypotonia, epilepsy and psychiatric

disorders including states of confusion, delusions, depression or anxiety.

Overall, the disease is clinically variable with a continuum from severe

forms with early death to milder forms with survival to adulthood [1].

Enzyme replacement therapy (ERT) and hematopoietic stem cell trans-

plantation (HSCT) showed mixed or limited effects on the CNS [3,4].

There is limited information regarding brainMRI studies in this pop-

ulation, and prior reports have described a spectrum of abnormalities

variably present in AMpatients. Cerebral and cerebellar atrophy, vermis
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hypoplasia, widening of the diploë, skull disfiguration and enlarged

perivascular spaces in the white matter have been reported [5–12].

High T2 signal has been described in cerebral white matter, predomi-

nantly in the parieto-occipital region [6,7,10]. Additionally, decreased

T2 signal intensity in the basal ganglia suggestive of iron storagewas de-

scribed in two AM reports [5,9] with some authors suggesting a linkage

to neurodegeneration with brain iron accumulation (NBIA) [9].

Here, we present the largest cohort described to date, including 13

patients that have not been previously analyzed or systematically stud-

ied. The aims of the present study were to estimate the prevalence,

characterize the severity of abnormalities, and to propose potential neu-

roimaging outcomemeasures for future studies of alpha-mannosidosis.

2. Methods

2.1. Study participants

This retrospective study included patients with genetically and/or

enzymatically confirmed diagnosis of AM and at least one brain MRI

performed. Patients were followed in three clinical centers – First Fac-

ulty of Medicine at the Charles University, Prague, Czech Republic

(n = 5); University of Minnesota (n = 4); and the National Institute

of Children's Diseases, Comenius University in Bratislava, Slovakia

(n=4). 16 sex- and age-comparable control patientswith no structural

abnormalities on brain MRI were identified. Reasons for obtaining brain

MRI were headache (in five individuals), fatigue, numbness,

parasomnia, functional vertigo, tremor, staging of leukemia, epilepsy,

perinatal asphyxia, failure to thrive, and retinoblastoma (each in one

individual).

2.2. MRI parameters and assessments

A total of 22MRI examswere available for 13 patients; seven patients

had oneMRI exam, four had two exams, one had three, and one had four

MRI exams. Ten MRI exams were performed on 1.5 T and 12 MRI exams

on 3 T MRI scanners, with ten patients having at least one scan at 3 T.

BrainMRI abnormalitieswere assessed on routine clinical axial images ac-

quired with following pulse sequences: T2-weighted (T2w) with echo

time [TE]/repetition time [TR] = 80–112/3000–7250 ms, T1-weighted

(T1w) with TE/TR = 2.2–15/8.3–596 ms), T2-FLAIR (fluid attenuated in-

version recovery) or T2-TIRM (turbo inversion recovery magnitude)

with TE/TR/inversion time [TI] = 65–385/2500–11,000/900–2500 ms.

Susceptibility-weighted images (SWI) (TE/TR = 20/27 ms) were avail-

able in two and high-resolution magnetization-prepared rapid gradient-

echo (MP-RAGE) (TE/TR/TI= 2.6–2.9/1900–2500/900–1100ms) images

were available in ten patients.

MRI datasets were available for 16 controls (5 females, median age

at the time of MRI exam was 17 (range 1–30) years; five MRI exams

were performed on 1.5 T and 12 MRI exams on 3 T clinical scanner.

The assessment of MR signal intensity changes was always compared

between an AM patient's scan and a corresponding age- and sex-

matched control scan that were acquired at the same center and scan-

ner using identical MRI pulse sequence parameters.

Three raters experienced in reading MRIs in rare disorders (IN, MV,

PD) assessed all MRIs and systematically scored the presence and

severity of predefined markers based on previous findings from AM

case report studies: cerebellar, and cortical atrophy, corpus callosum

thinning, enlargement of cisterna magna, enlargement of perivascular

spaces, diffuse and focal/periventricular white matter signal abnor-

malities, T2-hypointensities in deep gray matter nuclei (DGM), widen-

ing of perioptic CSF spaces, sinus hypoplasia and mucosal thickening,

diploic space thickening, abnormalities of craniocervical junction,

and appearance of sella Turcica; some of the abnormalities are

shown in Fig. 1. White matter signal abnormalities were assessed as

follows. Globally, the cerebral white/gray matter contrast was evalu-

ated and further referred as diffuse high/hyperintense T2 signal if the

contrast was diminished. Focally, circumscribed periventricular T2
hyperintensities were scored according to the extent (occipital/poste-

rior horns, frontal/anterior horns, body of lateral ventricles, centrum

semiovale, diffuse periventricular hyperintensity). Sinus hypoplasia

was only assessed in patients seven years and older as sinuses are

not completely formed prior to this age. All abnormalities were scored

on the 3-point scale as (−) absent, (+) abnormal, and (++) very

abnormal.

Diffuse high T2 signal in white matter precluded reliable visual as-

sessment of T2-hypointensities in DGM. Therefore, a semiquantitative

analysis was carried out to assess the white matter signal intensity of

the supratentorial white matter and of the seemingly low T2 signal in

basal ganglia and thalami. First, the signal intensity of T2w/T2-FLAIR/

T2-TIRM images was normalized to CSF. This was achieved by dividing

intensities of all single voxels by a mean ventricular CSF intensity. In

the selected axial MR slice at the level of centrum semiovale, all CSF-

normalized intensities from an oval region of interest encircling gray

and white matter voxels were plotted in the signal intensity histogram

(Fig. 2B and C). For DGM signal intensity profiling, in the selected axial

MRI slice at the level of DGM (Fig. 2A and 3) a CSF-normalized signal in-

tensity profile was generated from the row of voxels located within

thalami and adjacent white matter (Fig. 3a). Histograms and profile

plots of patients were compared to age-, sex-, and MRI- protocol

matching controls (Figs. 2C, 3). The semiquantitative signal intensity

analysis was performed in ImageJ (NIH, Bethesda, MD) [13].

2.3. Clinical findings

Medical history and physical examination were obtained. The fol-

lowing clinical data were evaluated: intellectual disability, ataxic gait,

hearing and speech impairment, coarse facial features, short stature,

heart disease, hepatomegaly, splenomegaly, adenoidectomy, tonsillec-

tomy and frequent infections. Intellectual disability was scored on the

4-point scale as absent (−), mild (+), moderate (++), and severe or

profound (+++) [14]. The other clinical signs were scored as absent

(−), abnormal (+), and very abnormal (++). Short stature was de-

fined as the height of patients below the 3rd population percentile.

2.4. Ethics

All informationwas accessed in accordance with the applicable laws

and ethical requirements for the study period concerned and compliant

with the Declaration of Helsinki, revised in 2000. All examined patients

signed an informed consent for genetic testing. The studywas approved

by the Institutional ReviewBoard (IRB) of the General University Hospi-

tal in Prague (Ethics Committee Approval Number: 1471/19). The data

sharing was approved by the University of Minnesota IRB (code num-

ber: 1504E69081).

2.5. Data availability

De-identified individual participant data that underlie the results re-

ported in this article will be shared upon reasonable request to one of

the corresponding authors coming from researchers who provide a

methodologically sound proposal.

3. Results

3.1. Patient characteristics

Demographics with clinical data of AM patients are summarized in

Table 1. Themedian age at the onset of the first symptomwas 9months

(range 0 months – 4 years) and the median diagnostic delay was

4.5 years (range 8months– 35 years). Themedian age at the last clinical

visit and at MRI examwas 17 years (range 13months - 36 years). Intel-

lectual disability was present in all patients spanning mild (three
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patients), moderate (five patients) and severe (five patients). Other

neurological deficits included speech impairment (12/13; 92%) and

ataxic gait (9/13; 69%). Hearing impairment and coarse facial features

were constant findings across all patients. Heart disorder (5/9; 56%),

short stature (6/13; 46%), hepatomegaly (6/13; 46%) and splenomegaly

(4/13; 31%) were also present. Frequent infections were observed in

eleven patients (11/13; 85%). Ten patients (10/13; 77%) underwent

adenoidectomy and four patients (4/13; 31%) underwent tonsillectomy.

No patients had been treated with HSCT or ERT at the time of MRI

examination.

3.2. MRI findings

Brain MRI abnormalities in AM patients are summarized in Table 2

and representative example images shown in Fig. 1. Diffuse high T2 sig-

nal in the white matter was rated abnormal or very abnormal in eleven

patients (85%) resulting in a diminished contrast between gray and

white matter on T2w and/or T2-FLAIR images (Fig. 2A and B). This find-

ing was confirmed by visual histogram analysis showing narrower

range of CSF-normalized signal intensities with a peak shifted to higher

values in AM patients. Histogram difference of T2 signals between

patients and controls was greater at younger age and apparently dimin-

ished with increasing age (Fig. 2C).

Focal high T2 signal intensities were seen in centrum semiovale or in

the periventricular white matter areas around the occipital horns of the

lateral ventricles (retrotrigonal areas) in 11 patients (85%) including

two patients displaying a high T2 signal around frontal horns of the lat-

eral ventricles. No signal change in the cerebral white matter was ob-

served only in two patients (15%).

On initial inspection, the basal ganglia and/or thalamiwere seemingly

hypointense compared to the surrounding white matter in eight pa-

tients. However, thisfindingwas difficult to attribute either to an isolated

low T2 signal within the DGM or to a higher contrast between DGM and

white matter that exhibited an abnormally high signal in AM patients

(Fig. 3). Based on the CSF-normalized signal intensity profiling, which

quantitatively compared thalami and adjacent white matter at the level

of basal ganglia, two findings were revealed. First, the signal of “seem-

ingly” hypointense thalami did not differ between AM patients and

Fig. 1. A representative example of typical brain MRI abnormalities in alpha-mannosidosis. A) Thin corpus callosum (open arrowheads) and cerebellar vermis atrophy (open arrow),

enlargement of cisterna magna (white arrowhead), abnormal craniocervical junction due to dens dysplasia (thick white arrow), and diploic space thickening (thin white arrows) on

mid-sagittal T1w image. B) Enlargement of perivascular spaces on T2-FLAIR (white arrowheads) images. C) Diffuse increase of T2 signal with focal T2 hyperintensities in the

periventricular white matter (white arrowheads) on axial T2-FLAIR image in a 6-year-old patient; note low contrast between cerebral gray/white matter and seemingly hypointense

deep gray matter (white asterisk). D) Cerebellar atrophy (empty arrowheads) and retrocerebellar cyst (asterisk) on axial T2w image. E) Cerebellar atrophy with middle cerebellar

peduncle thinning (black arrowheads) and enlargement of the 4th ventricle (black asterisk) on axial T2w image. F) Mucosal thickening and hypoplasia of maxillary sinuses (white

arrowheads) on coronal T2w image; note also low cerebral gray/white matter contrast.
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controls. Second, the white matter adjacent to thalami showed a higher

signal intensity in AM patients that may consequently lead anMRI read-

ing towards a false impression that thalami appear hypointense.

Cerebellar and diffuse cortical atrophywas revealed in eight patients

(62%). Enlargement of cisterna magna was observed in 11 patients

(85%). Neither cerebellar atrophy nor enlargement of cisterna magna

were observed in the two youngest patients aged 1 and3 years. Cerebel-

lar atrophy progression was showed in two (33%) and cortical atrophy

progression in three (50%) of six patients with available longitudinal

scans. Only three patients (23%) had a corpus callosum thinning. The

enlargement of perivascular spaces in white matter was observed in

five (38%), and the widening of perioptic CSF spaces in eight (62%)

patients.

Non-CNS abnormalities were diploic space thickening in all patients

(100%) and sinus mucosal thickening in nine (69%). Paranasal sinus hy-

poplasia was found in seven out of nine patients (78%). Basilar impres-

sion and other craniocervical junction abnormalities were seen in three

(23%) and J-shaped sella with enlarged suprasellar cistern were only

present in one patient (8%) (Fig. 1). Progressive perioptic CSF spaces

widening, perivascular spaces enlargement, diploic space thickening,

and corpus callosum thinning were each present only once (17%) in

six patients with MRI follow-up (Table 2).

In controls, MRI revealed hypoplastic frontal sinuses in three (27%)

and sinus mucosal thickening in four (25%) individuals. Mucosal thick-

ening affected mastoid, maxillary, and ethmoid with maxillary sinuses,

each represented once in the entire control cohort. Diploic space thick-

ening was seen in one (6%) and the enlargement of cisterna magna to-

gether with J-shaped sella were observed in one (6%) control subject.

4. Discussion

AM is an ultra-rare progressive disease [2] and reports of brain MRI

findings in AM patients are very sparse [5–10]. The currentMRI study is

the largest to date, characterizing the prevalence and the severity of

main pathological features in 13 patients with alpha-mannosidosis

across three centers. Focal and diffuse cerebral white matter abnormal-

ities with cerebellar and cortical atrophy were the most frequent CNS

findings. In some patients with follow up MRI, progressive atrophy of

the cerebrum (33%) and cerebellum (50%) was noted. Basal ganglia

and/or thalamiwere seemingly hypointense compared to the surround-

ingwhitematter. However, the normalized signal intensity profiling did

show that the thalamic MRI intensity signal was comparable between

AM and control subjects, and higher in the adjacent white matter in

AM patients than controls.

Fig. 2. Comparison of cerebral white/gray matter contrast and CSF-normalized signal intensity histograms in alpha-mannosidosis and control subjects. A) Images at the level of basal

ganglia, and B) centrum semiovale with a CSF-normalized signal intensity from 3 T MR scanner; identical windowing was applied. C) Overall signal changes in patients with AM

shown as intensity histograms of CSF-normalized signals in voxels calculated from an oval region of interest encircling brain tissue on single MR slices at the level of centrum

semiovale (see dashed line circle as an example on the control image in the upper row in B). Please note that histograms presented in C (patient in blue color, controls in black color)

correspond to the identical pair of patient/control images in the same row presented in B. Voxel distribution is shifted towards higher intensity values with a narrower range in AM

patients compared to controls. Images of patient/control pairs in the upper/middle/bottom row were acquired at the age 6/8/27 years.
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Abnormally highwhitematter signalwas almost universalfinding in

our cohort that corroborates with previous MRI and histopathological

studies in animal models [15–19] and AM patients [6–8,10,20]. Addi-

tionally, focal T2 hyperintensities were described in the white matter

of the centrum semiovale and/or of the periventricular areamostly pro-

nounced in retrotrigonal region [6–8]. In general, such changes may

suggest age-inappropriate myelination, gliosis, cellular swelling, or

shifts in water content [6,10]. Higher T2 signal intensity in the white

matter indicating more severe abnormality in younger compared to

older AM patients suggests hypomyelination as a potential etiology.

This is further supported by the localization of focal T2 hyperintensities

in the periventricular white matter, which are the predilection zones of

the delayed myelination [21–23]. These terminal zones are located

around the frontal and occipital horns of the lateral ventricles. One of

the last regions to mature in T2w image, typically at the age three

years, is the peritrigonal/retrotrigonal zone that is located around/be-

hind the trigone of the lateral ventricle [21,23], often called “terminal

zones”. The presence of high T2 signal in retrotrigonal areawas reported

in case report studies [6–8,10] and detected in almost all AM subjects in

our cohort. The finding is typical for an hypomyelination and in our AM

patients, it was detected past three years of age even in adolescence and

adulthood.

Underlyingwhitematter histopathologywas examined in feline and

guinea pig AMmodels [15,17,19] and in case reports of deceased AMpa-

tients [20,24]. Neuronal lysosomal vacuolation, widespread axonal and

dendritic spheroids, myelin loss, glial swelling, reactive gliosis, and neu-

ronal numeric atrophy in the cerebrum, brainstem, and cerebellum

were observed in AM cats and guinea pigs [15,17,19]. Similarly, neuro-

nal cytoplasmic vacuolation and diffuse neuronal and myelin loss with

white matter gliosis in cerebrum, and Purkinje cell spheroids, loss of

Purkinje and internal granule cells in cerebellum were reported at au-

topsy in deceased AM patients [20,24].

In AM cats, the histopathological findings correlated with neuroim-

aging. Gray and white matter impairment at the microstructural level

(myelin, axons, water content) with the presence of gliosis were

assessed by magnetization transfer [19], T2 mapping [17] and diffusion

weighted imaging parameters [16–18]. The histological evidence of

Fig. 3.Normalized signal intensity profiling of deep graymatter nuclei. A) Axial T2 images

with CSF-normalized signal intensity in AMpatient (left) and control (right) in the level of

basal ganglia; identical image windowing was applied. Blue (patient) and black (control)

lines represent the selected row of voxels for the profiling. Images outlined by dashed

squares were extracted, zoomed in and shown in B. B) Detailed view of the basal ganglia

and thalamus region. Basal ganglia display comparable signal intensity in globus pallidus

while thalamus is relatively hypointense in the AM patient (left). The scale denotes

signal intensity ratio (i.e. voxel intensity divided by mean intensity of ventricular CSF).

C) Signal profile plot of patient 9 at the age 17 years and age-matched control

(corresponding T2 images shown in A). D) Signal profile plot in patient 10 at the age

28 years and age-matched control. E) Signal profile plot in patient 12 at the age 27 years

and age-matched control. All signal profile plots derived from T2 images acquired at 3 T

field strength are shown for similar locations in all patients as indicated by example

lines in A. On x-axis, the distance was measured from the anatomical right (0 mm) to

the anatomical left (60 mm) on lines showed as the example in A. The lines were

centered at 30 mm, which corresponds to the midsagittal plane. The peak around the

distance of 30 mm corresponds to high-intensity CSF voxels originating from the third

ventricle. Thalamic parts of the plot are demarcated by dashed lines while gray-colored

columns mark white matter laterally adjacent to thalami in C-E. On y-axis, intensity

signal ratios are shown. The signal profile plots corresponding to thalamic normalized

signals are comparable in each patient/control pair. Normalized signals in adjacent

white matter are distinctly increased in patient 9 (C). The finding corroborates with

diffuse white matter T2 signal increase that was visually rated as very abnormal (see

Table 2). Less remarkable and virtually no increase of white matter signals is observed

in patient 10 (D) and 12 (E), respectively; diffuse increase of white matter T2 signal was

visually rated as abnormal in both of these patients. Please note that lower CSF signal

ratio in patient 12 (E) is a flow void effect caused by faster CSF flow in the caudal part of

the third ventricle.(For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Table 1

Clinical data of 13 patients with alpha-mannosidosis.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9 Patient 10 Patient

11

Patient 12 Patient 13

Sex M F F M F M M M M M F M F

Age at first

symptom

9 months 4 months 6 months 2 years 3 months 0 month 3 years 4 years 9 months 12 months 3 years 6 months 1 month

Age at

diagnosis

17 months 4 years 2 years 4 years 7 years 9 years 5 years 13 years 15 years 3 years 22 years 5 years 36 years

Current age

(age at the

last MRI)

13 months 4 years 5 years 6 years 8 years 9 years 18 years 17 years 17 years 28 years 32 years 27 years 36 years

Intellectual

Disability

++ + +++ ++ + ++ + ++ ++ +++ +++ +++ +++

Ataxic gait − + ++ − − − + + + ++ ++ ++ ++

Hearing

impairment

++ + + ++ ++ ++ + ++ ++ ++ ++ ++ ++

Speech

impairment

+ + ++ − + + + + + + ++ ++ +

Coarse facial

features

+cranio-synostosis +cranio-synostosis + + ++ + +cranio-

synostosis

++ ++ ++ ++ ++ ++

Short stature − − − − − + + + + − + + −

Heart disease − n/a − viral

myocarditis,

heart

transplant

at age

4 months

n/a − history of

pericardial

effusion

pulmonary

insufficiency

Ist degree

n/a Hyper-echogenic

aortic valve

− aortal

insufficiency

Ist degree

n/a

Hepatomegaly + − − − − − ++ + − + − + +

Splenomegaly + − − − ++ − − + − − − − +

Adenoidectomy − − + + + + + + + + + + −

Tonsillectomy − − − − − + + − − − + + −

Frequent

infections

+ + − − + + + + + + + + +

Diagnosis

confirmation by

genotyping

or enzyme

activity

low enzyme*

activity†,

genetic

analysis in

progress

c.2248C > T/

c.2248C > T

low

enzyme*

activity†,

genetic

analysis

not done

p.Y401X/full

gene

deletion

c.979_980delAT/

c.979_980delAT

c.2248C > T/

c.2248C > T

low

enzyme*

activity†,

genetic

analysis

not done

c.856G > A/

c.856G > A

c.979_980delAT/

c.979_980delAT

c.2248C > T/

c.2248C > T

low

enzyme*

activity†,

genetic

analysis

not done

c.2248C > T/

c.2248C > T

c.979_980delAT/

c.2248C > T

M male, F female; *α-D-mannosidase; †below 5% of enzyme activity; n/a not available.

Intellectual disability was scored on the 4-point scale as absent (−), mild (+), moderate (++), and severe or profound (+++). Short stature was defined as the height of patients below the 3rd population percentile. The other clinical signs were

scored as absent (−), abnormal (+), and very abnormal (++).
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Table 2

Neuroimaging characteristics in alpha-mannosidosis patients.

Patient 1 Patient 2 Patient

3

Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9 Patient 10 Patient 11 Patient 12 Patient 13

Sex M F F M F M M M M M F M F

Age at MRI 13 months 4 years 5 years 5/6 years 8 years 9 years 9/10/16/18 years 13/17 years 13/17 years 22/24/28 years 23/32 years 27 years 36 years

MRI field strength (T) 1.5 3 1.5 1.5/3 3 3 1.5/1.5/3/3 3/3 1.5/3 1.5/1.5/3 1.5/1.5 3 3

Diffuse increase of T2-signal

in WM

+ + ++ ++ ++ + − + ++ + − + +

Focal T2 hyperintensities in

periventricular WM

+ + + ++ + + − ++ + + − + +

Enlargement of cisterna

magna

− − + + + + + ++ ++ + ++ ++ +

Cerebellar atrophy − − + −/+ − − − + + +/+/++ + + ++

Cortical atrophy + − + −/+ − − −/−/+/+ + − −/−/+ + ++ −

Corpus callosum thinning + − − −/+ − − − − − − − + −

Enlargement of perivascular

spaces in WM

− + − − − + −/−/+/+ − + − − − +

Widening of perioptic CSF

spaces

+ + + + ++ − + −/+ ++ − − − −

Sinus hypoplasia location n/a n/a n/a n/a − +maxillary,

frontal,

sphenoid

+frontal, mastoid +

+maxillary,

sphenoid

+maxillary, frontal,

sphenoid, mastoid

+mastoid − +maxillary +mastoid

Mucosal thickening location − +sphenoid − +ethmoid +maxillary,

ethmoid

− +sphenoid +ethmoid +maxillary,

ethmoid

+maxillary,

ethmoid

− +maxillary,

ethmoid

+ethmoid

Basilar

impression/craniocervical

junction abnormalities

− − − − − − − + + − − + −

Diploic space thickening + + + + ++ + ++ +/++ + + + ++ ++

Sella Turcica abnormalities − − − − − − + J-shaped sella,

enlarged suprasellar

cistern

− − − − − −

Age at MRI is shown for each longitudinal scan. Ratings of each longitudinal scan are shown if an abnormality changed overtime.

M male, F female; WM white matter, CSF cerebrospinal fluid, T Tesla, n/a not available, assessment not possible because sinuses are not developed at this age yet.
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abnormal myelin, neuronal and glial swelling, and gliosis was linked to

MRI signal abnormalities measured in the cerebrum and cerebellum.

The most recent study of gene therapy in feline AM model proposed

that the therapeutic response could be measured by diffusion weighted

imaging parameters [18].

In attempts to elucidate the presence and the etiology of white mat-

ter changes, MR spectroscopy (MRS) studies measured spectra from

single voxel (volume-of-interest) using short echo time (TE) [7,10].

Metabolite ratios of myo-inositol/creatine, which is a potential glial

cells marker, and choline/creatine, which is a marker of accelerated

cell-membrane turnover (e.g. in active de−/remyelination, infla-

mmation or gliosis [25]) were quantified. MR spectra were acquired

from parieto-occipital white matter and/or centrum semiovale [7,10].

Increased choline/creatine and myo-inositol/creatine ratios when

compared to controls were only detected in the parieto-occipital

white matter [10]. This result may relate to reduced myelination,

age-inappropriate myelination in this region or potentially to gliosis or

inflammation. In contrast, higher myo-inositol/creatine ratio in AM pa-

tients and comparable choline/creatine ratio to controls were found in

the centrum semiovale [7], which is in support of gliotic changes in

this brain region.

AM and other lysosomal disorders of oligosaccharide storage such as

fucosidosis, GM1 gangliosidosis, and mucolipidosis type IV were previ-

ously suggested as the NBIA spectrum diseases in narrative reviews

[26,27]. Decreased T2 signal in thalami was proposed as a sign of lyso-

somal storage disease [28] and as a sign suggestive of iron accumulation

in basal ganglia and thalami, reported in two AMpatients [5,9]. The find-

ings of diffuse hyperintense white matter compared to relative

hypointense basal ganglia and thalamiwas observed also in our patients.

However, we found that the normalized signal intensity profiling dem-

onstrated that the signal of “seemingly”hypointense thalamiwas not dif-

ferent between AM patients and controls. The degree of basal ganglia T2
hypointensity typically seen in core NBIA syndromes was not present in

any AM subject. The finding was further supported by a higher signal in

whitematter adjacent to thalami of AMpatients, whichmay explainwhy

thalami or basal ganglia seemed more hypointense in AM than in con-

trols. Our findings suggest that apparent T2 hypointensity in deep gray

matter is a consequence of abnormal surrounding white matter rather

than DGM pathology. We oppose the iron accumulation hypothesis and

the inclusion of AM in the NBIA disease group.

We found cortical and cerebellar atrophy inmore than half of the pa-

tients, which is comparable to the previously reported prevalence

[5–7,10]. Although the lower frequency of cortical atrophywas ascribed

to the younger age in the previously reported AM cohort (range

7–17 years; mean age 12.3 years) [10], we showed cortical atrophy in

very early age as documented in our youngest 13-month-old patient.

This suggests that supratentorial degenerative changes may begin in

early childhood and progress through adulthood in most AM cases.

Cerebellar atrophywas reported in patients whowere either in their

late teens [5] or older [6,7]. In our study, cerebellar atrophy was ob-

served in a 5-year-old patient but not in the 13-month or 3-year-old pa-

tient. Additionally, cerebellar atrophy became more frequent with

increasing age. In two out of six patients with longitudinal scans a

clear progression of cerebellar atrophy was observed. The findings are

in agreement with pathological description of the atrophic cerebellum,

especially the vermis, in a 4.5-year-old boy [20]. Cisterna magna en-

largement invariably accompanied cerebellar atrophy in our cohort,

but was also observed in two patients aged 8 and 9 years without cere-

bellar atrophy. Animalmodels of lysosomal storage disorders confirmed

relatively normal initial development of cerebellum followed by degen-

erative changes and progressive atrophy beginning very early in life and

initially affecting the vermis [29,30]. As such, it is possible that enlarge-

ment of the cisterna magna in AM in humans may be a consequence of

preferential volume loss in the cerebellar vermis. In AM guinea pig

model, the histopathologic changes such as neuronal lysosomal vacuo-

lation, axonal spheroids and reduced white matter myelination were

shown from birth preceding the onset of neurologic abnormalities. Sub-

sequently, these changes rapidly progressed and were accompanied

with other abnormalities including loss of cerebellar Purkinje cells

[15] that may then eventually manifest as cerebellar atrophy. Notably,

cerebellar atrophy was associated with ataxia and none of our patients

with very abnormal neuroimaging abnormalities in the posterior fossa

was ataxia-free.Moreover, mild ataxic gait occurred before the develop-

ment of discernible cerebellar atrophy in two patients. The enlargement

of perivascular spaces in the white matter was found in 38% of our pa-

tients, which corresponds to the previous studies [8,10]. The widening

of perioptic CSF spaces was found in 62% of our patients and in one of

three patients in the study by Patlas et al. [8]. Prominent CSF space

around the optic nerves can be a marker of increased intracranial pres-

sure. Other MRI signs of intracranial hypertension were not observed

except for one patient with empty sella Turcica. No clinical signs of in-

tracranial hypertension were observed in our cohort.

Other non-CNS abnormalities were recognized on the brain MRI

such as sinus hypoplasia, mucosal thickening, diploic space thickening

or basilar impression and their prevalence was comparable with previ-

ous studies [5–8]. Patlas et al. described two AM patients with tight fo-

ramen magnum with descent of tonsils and a syrinx in the cervical

spinal cord in one of the patients. These abnormalities were not found

in our cohort. J-shaped sella Turcica, a finding previously described in

several lysosomal storage disorders [31–33] was previously reported

in one patient [8]. Other studies described AM cases of an enlarged

suprasellar cistern associated with an elongated hypothalamic infun-

dibulum [8] or partial empty sella [6]. In our control cohort, J-shaped

sella was also present in one control subject indicating that sella Turcica

abnormalities are rather incidental than associated with AM33.

The main limitation of our study was its retrospective nature, which

did not allow MR scanning protocol harmonization. MR images from

different centers were acquired on different scanners with 1.5 and 3 T

magnetic field strengths and different pulse sequence parameters. This

fact hampers inter-center comparability as well as assessment of longi-

tudinal changes. It also precludes quantitative analyses. Objectivity of

the assessment in our study was improved by comparison of pairs of

patient's MR scan to corresponding control's scan, both acquired at the

same center on the identical scanner using the identical MR pulse se-

quence parameters.

5. Conclusion

Abnormal cerebralwhitematter T2 hyperintense signal suggestive of

white matter cerebral disease or abnormal myelination and atrophy of

the cerebrum and cerebellum starting in early childhood were predom-

inant in this AMcohort. TheMRIfindingswere accompanied by intellec-

tual disability in all patients and speech impairment and ataxic gait in

most patients.We suggest assessingwhitematter integrity and cerebral

and cerebellar atrophy by quantitativeMRI approaches in future studies

and clinical trials.

The “hypointense” appearance of basal ganglia and thalami in T2w

was explained by a higher signal in thewhite matter and the previously

suggested iron accumulation in brain MRI of AM patients was not con-

firmed in this study. One must interpret MRI in AM with great caution

to avoid perpetuating misconception and future quantitative studies

using iron-susceptible imaging techniques are warranted to elucidate

the iron accumulation controversy.
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