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Purpose: Leukodystrophies are frequently regarded as childhood disorders, but they can
occur at any age, and the clinical and imaging patterns of the adult-onset form are usually
different from the better-known childhood variants. Several reports have shown that various
late-onset leukodystrophies, such as X-linked adrenoleukodystrophy and Krabbe disease,
may present as spastic paraplegia with the absence of the characteristic white matter lesions
on neuroimaging; this can be easily misdiagnosed as hereditary spastic paraplegia. The
objective of this study was to investigate the frequency of late-onset leukodystrophies in
patients with spastic paraplegia.

Patients and Methods: We performed genetic analysis using a custom-designed gene
panel for leukodystrophies in 112 hereditary spastic paraplegia-like patients.

Results: We identified pathogenic mutations in 13 out of 112 patients, including five patients
with adrenomyeloneuropathy, three with Krabbe disease, three with Alexander disease, and
two with cerebrotendinous xanthomatosis. In terms of clinical manifestations, in addition to
spastic paraplegia, three adrenomyeloneuropathy probands also had adrenocortical insuffi-
ciency, two Alexander disease probands developed urinary retention, one CTX proband
developed cataracts and chronic diarrhea and the other presented with chronic diarrhea and
mild tendon xanthomatosis. None of the patients had evidence of diffuse leukodystrophy on
neuroimaging.

Conclusion: Patients with late-onset spastic paraplegia should be screened for underlying
leukodystrophies, irrespective of the presence of additional complicating symptoms and
neuroimaging abnormalities.

Keywords: targeted next-generation sequencing, pathogenic mutations, genetic causes,
leukodystrophy frequency, magnetic resonance imaging

Introduction

Leukodystrophies are frequently regarded as disorders of childhood, but they can affect
humans of any age, and the clinical and imaging patterns of the adult-onset form are
usually different from the better-known childhood variants." In routine clinical practice,
white matter lesions on magnetic resonance imaging (MRI) are frequently regarded as
a hallmark of leukodystrophies; however, these lesions can be very mild or even absent
in some late-onset patients. Several reports have shown that various late-onset leuko-
dystrophies, such as X-linked adrenoleukodystrophy (ALD) and Krabbe disease (KD),
may present as spastic paraplegia (SP) without leukodystrophy on neuroimaging and be
easily misdiagnosed as hereditary spastic paraplegia (HSP) on clinical grounds.”
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Currently, no effective treatment is available for HSP,
but recent breakthroughs in the treatment of leukodystro-
phy, such as enzyme replacement therapy and hematopoie-
tic stem cell transplantation,"® have provided more
opportunities for improving the clinical outcome of
patients with leukodystrophy. Therefore, the early differ-
entiation of leukodystrophy from HSP is of great impor-
tance in improving patients’ prognosis and in providing
early treatment opportunities for other pedigree members.

To investigate the frequency of late-onset leukodystro-
phies in patients with SP and to compare their phenotypic
spectra with HSP in the Chinese population, in this study,
112 patients with late-onset spasticity lacking common
HSP-causal genes and diffuse leukodystrophy on neuroi-
maging were screened for underlying genetic causes asso-
ciated with leukodystrophies.

Patients and Methods

Patient Recruitment

Our cohort included 112 patients with progressive lower limb
spasticity admitted to Qilu Hospital of Shandong University
for diagnosis or management between January 2016 and
June 2020. Written informed consent was obtained from all
study participants for genetic analysis, and the study was
carried out with institutional ethical approval.

The inclusion criteria were as follows: (1) age of onset
of spastic gait > 14 years; (2) evidence of a detailed
examination, including blood tests, blood amino acid and
fatty carnitine screening, urine organic acid screening,
cerebrospinal fluid, and neuroimaging, to exclude other
potential etiologies including metabolic derangements
(including vitamin B12 and folic acid deficiency, hepatic
myelopathy, methylmalonic acidemia, urea cycle disor-
ders, and phenylketonuria), infection, inflammation, vas-
cular abnormalities, and spinal cord compression; (3) brain
MRI showed no evidence of diffuse white matter lesions;
(4) no causative genes were found during the gene screen-
ing for SPG4 and SPG 11, which are the most common
types of HSP. A flow chart describing the selection proce-
dure of the cohort is shown in Supplementary Figure 1.

Targeted Next-Generation Sequencing

Firstly, a custom-designed probe library containing 130
known pathogenic genes reported to be associated with
hereditary  leukoencephalopathies

was  synthesized

(Supplementary Table 1). Genomic DNA was extracted

from peripheral blood lymphocytes and next-generation

sequencing (NGS) was performed. The sets of variants
were classified into “pathogenic”, “likely pathogenic”,
(VUS), “likely
benign”, or “benign” according to guidelines from the

“variants of uncertain significance”
American College of Medical Genetics and Genomics
(ACMG). The “pathogenic” variants consistent with the
clinical phenotypes were determined to be responsible for
pathogenic mutations. Subsequently, three different web
tools were used to predict the functional effects of the
“likely pathogenic” and “VUS” wvariants: polyphen2
(http://genetics.bwh.harvard.edu/pph2/), Mutation Taster
(http://www.Mutationtaster.org/), and SIFT (http://sift.
The “likely
benign” and “benign” variants were excluded because of

jevi.org/www/SIFT enst submit.html).

their low pathogenic risk. Finally, candidate variants were
confirmed by Sanger sequencing. Segregation tests were
performed if the DNA of the proband’s immediate family
member was available, and the final pathogenic mutations
were determined in combination with the clinical

information.

Biochemical Examination and Clinical

Investigation

If the results were indicative of inborn metabolic disor-
ders, we conducted additional biochemical examinations,
including enzymatic activity and very long-chain fatty
acids (VLCFA), to confirm the diagnosis. Clinical data,
including neurological and psychiatric assessments, neu-
roimaging results, and neuro-electrophysiological features
were collected to predict genotypic and phenotypic
characteristics.

Results

We identified pathogenic mutations in 13 of the 112
patients, including five patients with adrenomyeloneuro-
pathy (AMN), three with KD, three with Alexander dis-
ease (AxD), and two with cerebrotendinous xanthomatosis
(CTX). Each proband’s variants and the predictions are
listed in Table 1. Four probands with a positive family
history were found through family investigation.

Clinical Characteristics of the |3 Patients
Among the 13 patients, 11 were male and 2 were female.
The age at onset of spasticity varied between 16 and 70 years
old, with an average age of 39 years. Spastic paraplegia was
the main finding in all patients, but in clinical and laboratory
examinations, we found three AMN probands presenting
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Table 1 Genomic Features of the |3 Patients
Patient Mutation Genomic Amino Acid HGMD Reported | ACMG SIFT Mutation Polyphen2
Number Gene Variants Substition or Not Criteria Taster
Pl ABCDI c.1978C>T p-R660W Yes Pathogenic ND ND ND
P2 ABCDI c.1028G>A p.G343D Yes Pathogenic ND ND ND
P3 ABCDI c.1780G>A p.G594S No VUsS Tolerated | Damaging Probably damaging
P4 ABCDI c.1415—1416del | p.Q472fs Yes Pathogenic ND ND ND
P5 ABCDI c.1780+2T>G splicing Yes Pathogenic ND ND ND
P6 GALC c.1901T>C p.L634S Yes Pathogenic ND ND ND
c.1901delT p.L634X Yes Pathogenic ND ND ND
P7 GALC c.1901T>C p.L634S Yes Pathogenic ND ND ND
c.868C>T p-R290C Yes Pathogenic ND ND ND
P8 GALC c.599C>A p-S200X Yes Pathogenic ND ND ND
c.1901T>C p.L634S Yes Pathogenic ND ND ND
P9 GFAP c.197G>A p-.R66Q Yes Pathogenic ND ND ND
P10 GFAP c.1091C>T p-A364V Yes Likely Pathogenic | Damaging | Damaging Probably damaging
Pl GFAP c.616G>A p.E206K No VUS Damaging | Damaging Probably damaging
P12 CYP27A1 c.1263+1G>A splicing Yes Pathogenic ND ND ND
c.1055C>A p.S352X No VUS NA Damaging NA
P13 CYP27A1 c.691C>T p-R231X Yes Pathogenic ND ND ND
c.1537C>T p-R513C Yes Likely Pathogenic | Damaging | Damaging Probably damaging

Abbreviations: ND, not done; VUS, variants of unknown significance; NA, not available.

with adrenocortical insufficiency characterized by elevated
adrenocorticotropic hormone levels. Two AxD probands
developed urinary retention. One CTX proband developed
cataracts and chronic diarrhea, the other CTX proband pre-
sented with chronic diarrhea and mild tendon xanthomatosis.

Plasma VLCFA levels of AMN probands were high,
while GALC enzymatic activity of KD probands was low,
which were all consistent with the genetic diagnosis. The
clinical and neuroimaging characteristics of the patients
are shown in Table 2 and Figure 1, respectively.

Case Presentation

White matter changes on MRI are frequently regarded as
a hallmark of leukodystrophies. However, the white mat-
ter lesions of the patients in our series were very mild or
even absent. Therefore, “normal MRI appearance or mild
white matter lesions” does not exclude leukodystrophy as

a diagnosis. A more detailed description of the

representative cases in this study is shown below, to
increase awareness among neurologists about our study
findings.

Case | (AMN, P3 in Table 2)

A 48-year-old woman presented with increasing stiffness
in her legs, which initially affected the left leg prior to
affecting both legs, and walking difficulty for four years.
Her father had gait disturbance since he was 70 years old,
while her brother and son were reported healthy.

On physical examination, she had a spastic gait, normal
cranial nerve function, and hypertonia as well as hyperre-
flexia in the lower limbs, associated with extensor plantar
responses and hyperreflexia in the upper limbs. No cere-
bellar signs were observed. Brain and spinal MRI and
cerebrospinal fluid examination were normal (not shown).

NGS indicated a heterozygous c.1780G>A (p.G594S)
mutation in the ABCD1 gene, which has never been
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Figure | Magnetic resonance imaging (MRI) findings in patients with spastic paraplegia underlying leukodystrophy: Hyperintensities of the corticospinal tracts in patients
with adrenomyeloneuropathy (AMN) ((A), patient P5 in Table 2) and Krabbe disease (KD) ((B), patient P8 in Table 2). Mild and nonspecific hyperintensities of the white
matter are observed in a patient with cerebrotendinous xanthomatosis (CTX) ((C), patient P12 in Table 2). Atrophy from the medulla oblongata to the cervical spinal cord
(D), with hyperintensities of the medulla oblongata on T2-weighted (E) and diffusion-weighted MRI (F), are observed in patients with Alexander disease (AxD) (patient P9 in
Table 2). Cervical MRI (G) and coronal brain MRI (H) are normal, but enlargement of the Achilles tendons (1) is found in the patient with CTX (patient P13 in Table 2).

residual urine in the patient’s bladder was 140 mL.
Anal sphincter electromyography was normal. MRI
revealed severe atrophy from the medulla oblongata
to the cervical cord (Figure 1D). Interestingly, hyper-
with diffusion restriction were

intensity lesions

observed on DWI in the ventral part of the medulla
oblongata, which remained prominent over five years
in the follow-up MRI (Figure 1E and F). NGS revealed
a heterozygous pathogenic mutation of c.197G>A (p.
R66Q) in the GFAP gene.'
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Figure 2 Plasma very long-chain fatty acid (VLCFA) values (A), genomic analysis results (B), and pedigree chart (C) of patient P3 in Table 2 (need color printing).

Case 4 (CTX, P13 in Table 2)

A 42-year-old man presented with a six-year history of
leg weakness and gait disturbance. He had enlargement
of tendons. His medical history included mild chronic
diarrhea and surgery to excise an elbow lipoma. No
relevant family history was reported. Neurological
examination revealed hypertonia in his lower limbs,
sustained ankle clonus, diffuse hyperreflexia, and exten-
sor plantar responses associated with a pes cavus defor-
mity. His upper limbs appeared normal except for
symmetrically brisk tendon reflexes. Blood cholesterol
level was normal, but the triglycerides were elevated
(3.25 mmol/L, normal range 0.3—1.7 mmol/L). Spinal
cord and brain MRI were all normal (Figure 1G and
H). No abnormality was found in nerve conduction
studies. Xanthomas were found in his bilateral Achilles
tendons on MRI (Figure 1I). NGS revealed heterozy-
gous mutations in ¢.691C>T (p.R231*) and ¢.1537C>T
(p.R513C) in the CYP27A1 gene, which were pre-
viously reported.'*!?

Discussion

Progressive spasticity of the lower limbs is a diagnostic chal-
lenge in adult neurology, especially when commonly acquired
causes have been excluded. Leukodystrophies are frequently

regarded as disorders of childhood with varied patterns of
leukodystrophies in neuroimaging; as a result, they are rarely
considered in the differential diagnosis of spasticity. However,
leukodystrophies can appear at any age, and in late-onset
patients, the white matter lesions can be very mild or even
absent, in contrast to the better-known early-onset leukody-
strophy variants. In our cohort study, leukodystrophies were
found to account for approximately 11.6% (13/112) of cases of
adult-onset lower limb spasticity with an unknown cause,
which indicates that it is essential to include leukodystrophies
in the differential diagnosis of adult-onset spasticity in order to
increase the likelihood of making an accurate diagnosis.
ALD/AMN was the most frequent pathology encoun-
tered in our study (5/13). It should be noted that two
female patients with AMN presented with isolated spastic
paraplegia, without any additional complications in the
clinical background or any abnormalities on MRI, which
could have been ecasily misdiagnosed as pure HSP.
Although ALD is an X-linked disease, it may manifest as
spasticity in female carriers due to X-inactivation with
a milder phenotype and later onset than affected males.
ALD/AMN is usually diagnosed by elevated VLCFA con-
centrations and increased C24:0/C22:0 and C26:0/C22:0
ratios, but in 15-20% of affected female carriers, false-
negative results occur.'* A relevant family history could
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indicate the diagnosis, but it is usually absent.
Furthermore, adrenal involvement is usually absent and
no specific findings are found on the brain and spinal
MRI scans.'> Therefore, mutation screening of the
ABCDI gene is considered the most reliable method for
the carriers’ diagnosis.'®

Our cases show that KD may present with pure spasticity
with age of onset after the fourth decade of life. Notably, the
involvement of the pyramidal tract is characteristic in adult-
onset KD, and its incidence as high as 82-94%, which is
different from childhood-onset forms where signal changes
of the Hilus of dentate and thalamus are usually
observed.'” " Besides, rare cases resembling HSP with nor-
mal neuroimaging have been reported.® Therefore, lysosomal
enzyme testing, especially galactocerebrosidase activity, as
part of the standard workup of sporadic and autosomal reces-
sive spastic paraplegia is a promising method to improve
diagnostic accuracy with lower costs.

Adult-onset AxD is a rare leukodystrophy that typi-
cally presents with progressive spasticity, weakness, bul-
bar dysfunction, and other brainstem features. Palatal
myoclonus is characteristic, as is its autonomic involve-
ment, which mimics more common neurodegenerative
disorders.'"?° Neither case in our series had palatal myo-
clonus or prominent ataxia; the common findings in these
cases were progressive spasticity and bladder disturbance
with residual urine in the bladder. Each patient was even-
tually diagnosed based on the characteristic MRI findings
of severe atrophy from the medulla oblongata to the upper
cervical cord; of note, the extensive cerebral white matter
abnormalities often observed in infantile and juvenile
cases were not common in our patients.2 !

In CTX, the typical MRI findings of symmetrical cere-
bral and cerebellar white matter lesions are expected.
Spinal xanthomatosis is a rare CTX variant in which
patients present with symptoms of corticospinal and dorsal
column tract dysfunction with specific T2-weighted post-
gadolinium MRI changes in the lateral and dorsal tracts of
the spinal cord.?? However, as our cases demonstrate,
nearly normal MRI appearances should not detract from
a possible diagnosis of spinal xanthomatosis. The presence
of non-neurological complications, such as early-onset
cataracts (present in 96% of patients), tendon xanthomas
(50%), and chronic diarrhea (35%) are indicative but not
present in all patients.”> The diagnosis should be con-
firmed by measuring serum cholestenol and urinary bile
alcohol levels as well as molecular genetic analysis for
mutations in CYP27A1.

To the best of our knowledge, this is the first study to
use targeted NGS for leukodystrophies in the late-onset
“HSP-mimic” population in China. The ABCDI1, GALC,
GFAP, and CYP27A1 genes should be regularly included
in the HSP panel to increase diagnostic accuracy. The
introduction of NGS to screen for genetic disorders asso-
ciated with progressive SP will allow an earlier diagnosis
and treatment of these patients and will be particularly
useful in atypical cases such as those described in our
article.

Conclusion

Spastic paraplegia is frequently encountered in adult neurol-
ogy with heterogeneous causes. After the elimination of
common acquired causes, genetic causes must be sought,
and “normal MRI appearances or mild white matter lesions”
should not detract from a possible diagnosis of leukodystro-
phy, especially AMN, KD, AxD, and CTX, as described in
our series. Plasma VLCFA, serum cholestenol levels, and
lysosomal enzyme activity should be included in the routine
test of HSP-like patients and the ABCD1, GALC, GFAP,
and CYP27A1 genes should be regularly included in the
HSP genetic panel. This could greatly increase diagnostic
accuracy and expand our knowledge of the genetic and
clinical spectra of spasticity and leukoencephalopathy.
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