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1  |  INTRODUCTION

Lysosomal storage diseases (LSD) represent a group of het-
erogeneous disorders defined by abnormal intracellular 
accumulation of substrate in various tissues due the defi-
ciency of specific lysosomal enzymes. Over 50 LSDs have 
been described, most as pediatric- onset, progressive multi- 
systemic diseases with phenotypes dependent on the nature 
and location of the accumulated substrate and amount of 
residual enzyme activity. Most LSDs are associated with 
neurological manifestations including developmental 

delay, neurodegeneration, epilepsy, motor- neuronopathy, 
neuropathy, cerebrovascular events, or movement disor-
ders; though findings such as visceromegaly, ophthalmo-
logic, or skeletal pathology are also common (Pastores & 
Maegawa,  2013). While individually rare, the incidence 
of LSDs in the general population is about 1:5000 (Platt 
et al., 2018). Late- onset forms of some LSDs such as Gaucher 
disease (MIM 230800), Fabry disease (MIM 301500), 
Tay- Sachs (MIM 272800), and many of the mucopolysac-
charidoses (MPS) are well described and increasingly recog-
nized (Platt et al., 2018). Adults with these conditions often 
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have milder organ involvement with slower progression, 
such as the case with the mucopolysaccharidosis, or can 
present in a way that mimics other adult- onset conditions, 
such as the case with late- onset Tay- Sachs. The true inci-
dence and profile of LSDs in adults is not known, though 
patients affected are often underdiagnosed or misdiagnosed 
with a mean delay of almost 15 years from symptom onset 
to diagnosis (Pérez- López et al., 2017). Potential reasons for 
the diagnostic delay in this group include poor characteriza-
tion of possible disease phenotypes, milder manifestations 
of symptoms that may mimic common conditions or delay 
patients seeking medical attention, and poor awareness of 
LSDs among adult providers.

The Undiagnosed Disease Program, later expanded to 
the Undiagnosed Diseases Network (UDN) was created in 
2008 to take an integrated clinical and genomic approach 
in evaluating patients with unexplained diseases (Gahl 
et al.,  2012). Applications are reviewed by experts with 
the goal of identifying patients with no diagnosis despite 
comprehensive workup, objective findings, novel presen-
tations, or are likely to generate new knowledge about 
disease pathogenesis. To date, over 1400 patients have 
been evaluated of which around half were adults and one- 
third received a diagnosis. Since patient referrals occur 
after comprehensive evaluations at tertiary care facilities, 
we hypothesized that the characterization of adults diag-
nosed with LSDs through the UDN could illustrate limita-
tions and pitfalls explaining the delay in LSD diagnosis.

2  |  METHODS

We retrospectively queried UDN sites for applicants over 
18 years of age at the time of application who received a 
final diagnosis of an LSD. Medical history, referral indica-
tion, prior medical evaluations and testing were reviewed. 
All subjects were enrolled on protocol 76- HG- 0238 or 15- 
HG- 1030, both approved by the designated and previously 
published IRB (Splinter et al., 2018). Molecular diagnoses 
were achieved by genomic analysis or re- analysis of prior 
clinical testing and independent confirmation by enzyme 
activity levels. Details for the UDN genomic analysis pipe-
line were previously published (MacNamara et al., 2019).

The medical records of accepted patients were re-
viewed by a multi- disciplinary group of experts. If a spe-
cific diagnosis is suspected, targeted genetic, biochemical, 
and clinical evaluations were performed. If a diagnosis is 
not reached or no specific genetic diagnosis is suspected, 
patients received an agnostic evaluation that included ge-
nomic testing.

Variant annotations were in reference to NM_000520.5 
(HEXA), NM_000203 (IDUA), NM_152419 (HGSNAT), 
NM_000263.4 (NAGLU), and NM_000199.5 (SGSH).

3  |  RESULTS

Ten adults were diagnosed with an LSD by the UDN 
through May 2020 (Table 1). The age at symptom onset 
ranged from 6 to 36 years while the age at diagnosis ranged 
from 25 to 41 years with a mean gap of 23 years between 
symptom onset and diagnosis. Five individuals were re-
ferred by neurology, four by medical genetics, and one by 
pediatric neurology at age 39. The most common reason 
for referral was cognitive decline (Table  1). By the time 
of referral, records contained an average of seven medical 
specialist evaluations representing 20 subspecialties. All 
participants were evaluated by adult neurologists prior to 
referral (Table 2) to the UDN and nine had primarily neu-
rological symptoms. All patients had at least one genetic 
test performed prior to referral, including 6 karyotypes, 7 
gene panels, 4 exomes, and 3 microarrays. Neuroimaging, 
enzyme analysis, and molecular data on all individual 
participants appear in Table 1.

4  |  CASES

Patient 1 presented with progressive ataxia and weakness 
as a teenager. She saw multiple neurologists for muscle 
atrophy, fasciculations, and hyporeflexia consistent with 
lower motor neuron disease, eventually receiving a clini-
cal diagnosis of Spinal muscular atrophy (SMA) after 
negative SMN testing. Her brain MRI demonstrated cer-
ebellar atrophy. She was referred to the UDN as a case 
of unusual SMA, however upon reviewing her imaging 
late onset Tay- Sachs was suspected due to the combina-
tion of cerebellar atrophy and lower motor neuronopathy. 
β- hexosaminidase A enzyme activity was low and HEXA 
(MIM 606869) sequencing confirmed the diagnosis.

Patient 2 had progressive arthralgias in her teens and 
was diagnosed with sero- negative rheumatoid arthritis. 
She developed bilateral carpal tunnel syndrome and pro-
gressive aortic valve stenosis in her 20s, at which time 
exome sequencing (ES) was non- diagnostic. Brain MRI 
demonstrated prominent perivascular spaces interpreted 
as normal variation (Figure  1). Upon evaluation by the 
UDN, subclinical cataracts were discovered which, to-
gether with dilated perivascular spaces, suggested a MPS. 
After decreased alpha- L- iduronidase enzyme activity was 
found, reanalysis of her ES data uncovered one IDUA 
(MIM 252800) pathogenic variant which was previously 
not reported since only one variant was found for a reces-
sive disease that was thought to be a poor fit for the pa-
tient's phenotype. However, the second allele was poorly 
covered and a second pathogenic variant was identified 
after sequencing of the entire IDUA gene. After diagnosis, 
this patient was placed on enzyme- replace therapy with 
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the goal of slowing progression of valvular and corneal 
involvement.

Patients 3 and 4 (brother/sister pair) presented with 
developmental arrest in late childhood, during which they 
initially received psychiatric diagnosis including major 
depressive disorder, attention deficit and hyperactivity dis-
order (ADHD), and auditory processing disorder. Retinal 
changes were noted during their teenage years around 
which time they had developmental regression, leading 
to a clinical diagnosis of neuronal ceroid lipofucinosis. 
A genetic retinopathy panel and ES were non- diagnostic. 
After referral for familial progressive intellectual disability 
and retinopathy, research RNA sequencing for early- onset 
dementia genes revealed under- expression of HGSNAT 
(MIM 610452). On our reanalysis of the exome data, bi- 
allelic pathogenic variants were found confirming MPS 
IIIC (MIM 252930).

Patients 5 and 6 (sister pair) presented with behav-
ioral issues in childhood. Both received a sequence of 
psychiatric diagnoses including ADHD, autism spectrum 
disorder, bipolar disorder, pervasive developmental dis-
order, and oppositional defiant disorder until cognitive 
decline was noted in their late teens; this led to their re-
ferral from psychiatry to behavioral neurology. They were 
referred to the UDN for early onset dementia after they 
were unable to obtain genetic testing aside from a karyo-
type and Fragile X testing. During our evaluation, patient 
6 was noted to have hepatomegaly and subsequent screen-
ing of LSD enzymatic activity showed deficient α- N- 
acetylglucosaminidase activity. Compound heterozygous 
variants in NAGLU (MIM 609701) confirmed the diagno-
sis of MPS IIIB (MIM 252920) and the same variants were 
identified in patient 5.

Patient 7 was diagnosed with mild autism spectrum 
disorder in childhood that was thought to be stable. 
Genetic testing in childhood included a normal karyotype, 
SNP array, and Fragile X testing. At age 25 he developed 
behavioral changes which led to the diagnosis of ADHD, 
anxiety, and intermittent explosive disorder. Further eval-
uation at this time noted pigmented retinopathy and ge-
netic testing including mtDNA evaluation and a retinitis 
pigmentosa panel were non- diagnostic. He was referred 
for a syndrome of autism with retinopathy and possible 
cognitive decline. ES identified compound heterozygous 
pathogenic variants in NAGLU. Follow- up testing, includ-
ing decreased α- N- acetylglucosaminidase activity and ele-
vated urine heparan sulfate confirmed a diagnosis of MPS 
IIIB.

Patient 8 had mild intellectual disability noted in 
childhood but genetic evaluation for an underlying 
cause was not pursued until behavioral changes, sei-
zures, and cognitive decline in her late 20s prompted her 
family to seek neurological evaluation. A commercial C
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neurodegeneration panel followed by ES was non- 
diagnostic, prompting referral to the UDN. Reanalysis by 
our research genomics pipeline identified homozygous 
pathogenic variants in SGSH (MIM 605270) consistent 
with MPS IIIA (MIM 252900).

Patient 9 had developmental delay noted at age 2 and 
had learning issues throughout grade school. He was 
diagnosed in childhood with depression, anxiety, and 
ADHD and did not receive genetic evaluation at that 
time. Progressive cognitive decline at age 24 triggered 
neurological evaluation notable for cerebral atrophy, 
orofacial dyskinesia, shuffling gait, apraxia, and apha-
sia. This prompted further workup including Fragile X 
testing and biochemical screening that were negative. 
Referral to the UDN was made for young onset neuro-
degeneration. ES done as part of UDN intake showed bi-
allelic pathogenic variants in HGSNAT consistent with 
MPS IIIC.

Patient 10 was noted to have developmental delay at 
age 2 along with dysmorphic features (prominent supraor-
bital ridges, wide nasal bridge, prominent forehead, fleshy 
earlobes, thick lips and eyebrows, and a high- arched pal-
ate) reminiscent of Aarskog syndrome. At that time ge-
netic evaluation including microarray, karyotype, PTEN, 
and FGD1 sequencing were non- diagnostic. He developed 
mild hepatomegaly at age 4 at which time evaluation for 
a glycogen storage disorder was also negative. Evaluation 
was re- initiated at age 24 after loss of language skills and 
new urinary incontinence, at which time he was referred 
for nonspecific dysmorphic features and cognitive decline. 
UDN evaluation was notable for joint contractures, coarse 
facial features, hearing loss, and diffuse skeletal dyspla-
sia. Genome sequencing identified bi- allelic pathogenic 
variants in SGSH and follow- up leukocyte enzyme testing 
showing deficient heparan- N- sulfatase activity confirmed 
the diagnosis of MPS IIIA.

F I G U R E  1  Brain MRIs in select patients. Arrows used to indicate notable pathological findings. (a) Sagittal (top) and Coronal (middle) 
T1 weighted images for patient 1 with late- onset Tay Sachs demonstrating prominent cerebellar atrophy and mild cerebral atrophy. Sagittal 
T1 image with normal cerebellum anatomy (bottom) added for comparison. (b) Axial T2 weighted images for patient 2 with MPSI show 
perivascular spaces throughout the basal ganglia (top left, top right), thalamus (top right), midbrain (middle left), pons and cerebellum 
(middle right). Axial T2 images with normal basal ganglia and cerebellum anatomy (bottom left and right) added for comparison. (c) 
Gradient Echo images for patient 5 with MPS IIIB show symmetrical iron deposition in the globus pallidus and putamen (top) along with 
thalamus, substantia nigra, and red nucleus (middle). Representative of findings in cases 4, 5, and 6. Normal gradient echo image (bottom) 
for comparison. (d) Sagittal (top) and Coronal (middle) T1 weighted images for patient 3 with MPS IIIC demonstrating mild cerebellar 
atrophy and severe cerebral atrophy. Representative of findings in cases 3, 7, and 10. T1 coronal image with normal brain volume (bottom) 
for comparison.
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5  |  DISCUSSION

Ten adult participants received a diagnosis of an LSD 
through the UDN. Nine endorsed symptom onset in child-
hood but they either did not seek medical attention due to 
their initial mild nature or sought medical attention but 
presented in a nonspecific fashion that mimicked com-
mon diagnoses. While some LSDs are known to be more 
prevalent in specific ethnic groups, we have no evidence 
this was a factor in our cohort and the predominance of 
white patients likely reflect referral biases.

Prior to UDN referral patients were evaluated by pro-
viders representing 17 subspecialties. Nine of ten patients 
had a neurological phenotype and all patients were eval-
uated by a neurologist or child neurologist during the 
course of their diagnostic odyssey (Table 1). Of the 8 pa-
tients who received a diagnosis of MPS III, seven received 
at least one psychiatric diagnosis and most were primarily 
followed by psychiatry early in their disease course. These 
findings suggest MPS III patients may be underrecognized 
and diagnosed with common psychiatric illnesses such as 
ADHD early in their disease course. Also, neurologists in 
particular should consider MPS III in patients with early- 
onset dementia and prior psychiatric diagnosis.

Prior to referral, 7/10 patients had molecular genetic 
testing via phenotype- specific gene panel or ES. Seven 
gene panels targeting various aspects of the clinical pre-
sentation such as neurodegeneration, retinitis pigmen-
tosa, hepatomegaly, or motor neuron disease for 4 patients 
were performed but failed to provide a diagnosis because 
the disease- causing gene was not part of the panel. This is 
consistent with prior studies suggesting some phenotype 
specific panels have low diagnostic yield for patients with 
multisystemic disease in the absence of a clinically recog-
nizable syndrome (Jiman et al., 2020). These findings un-
derscore the limited negative predictive value of genetic 
and genomic tests.

Four patients, including one sibship, had ES inter-
preted as non- diagnostic prior to referral. In three of these 
four cases, biallelic causative variants were identified on 
reanalysis after other data pointed to a specific genetic di-
agnosis. For the sibling- pair cases 3 and 4, reanalysis was 
driven by RNA- seq data that was confirmed by enzyme 
analysis. In case 8 chart review refined the phenotype as 
young- onset dementia which led to a previously unre-
ported output. For case 2, after the patient's phenotypic 
description was changed from connective tissue disease to 
MPS based on clinical and biochemical data, one patho-
genic variant was identified on reanalysis while the sec-
ond was inadequately covered, leading to the discovery of 
a second variant on targeted sequencing. These findings 
underscore the importance of clinical and biochemical 
context in the filtering and interpretation of genomic tests 

and the need for reanalysis when new data or phenotypic 
findings emerge. Since MPSs can be readily screened for 
via urine glycosaminoglycan testing and LSD enzyme 
panels are commercially available, these tests should be 
considered for patients with unexplained early onset de-
mentia, progressive neuropsychiatric symptoms, or mul-
tisystemic disease.

Cranial MRI findings were consistent with previous 
studies. MRIs in the patient with MPS I revealed extensive 
and prominent perivascular spaces which often represent 
normal variation but are a feature of MPS. The majority 
of patients with MPS III had white matter changes or 
diffuse atrophy consistent with prior literature (Reichert 
et al., 2016). Patients 5 and 6, with MPS IIIB had brain iron 
accumulation as previously published (Brady et al., 2013).

In conclusion, we report 10 individuals diagnosed with 
LSDs in adulthood following long diagnostic odysseys. 
Since our cohort is not a representative section of the gen-
eral population, we are unable to draw inferences about 
the prevalence of these conditions. However, the presence 
of these rare diseases, especially MPS III, in our study 
suggest affected patients are likely being underdiagnosed. 
Increased awareness and broader testing, especially in 
neurobehavior clinics can likely lead to earlier LSD diag-
nosis. In addition to reducing hardship and costs to pa-
tients and families an early diagnosis facilitates better care 
and proper genetic counseling. While disease- targeted 
therapy was only available for one patient with MPS I in 
our cohort, therapies for late- onset Tay Sachs and MPS III 
are active areas of investigation. Considering the progres-
sive nature of LSDs early recognition will likely become 
imperative to achieving optimal outcomes in the future.
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