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Abstract

Purpose Hereditary spastic paraplegia (HSP) and hereditary spastic ataxia (HSA) are a heterogeneous group of genetic
disorders characterized by progressive lower limb spasticity resulting from pyramidal tract dysfunction. By identifying
critical imaging findings within the clinical context of spasticity, radiologists are uniquely positioned to recommend
specific genetic testing, and thus facilitate diagnosis.

Methods We present two examples of HSP and HSA that had gone clinically unrecognized for years, and in which
magnetic resonance imaging played a critical role in the diagnosis.

Results Radiologists’ awareness of HSP and HSA, combined with a critical review of the clinical history and characteristic
imaging findings led to specific genetic testing and a definitive diagnosis.

Conclusion Awareness of HSP and HSA among radiologists will expedite more accurate diagnosis, explanation of patient
symptoms, recommendation for syndrome-specific treatment, and family planning considerations.

Keywords ARSACS - SPG11 - HSP - HSA

Abbreviations TPF

ALS Amyotrophic lateral sclerosis WMH

ARSACS Autosomal recessive spastic ataxia of Charle-
voix-Saguenay

Transverse pontine fibers
White matter hyperintensity

CST Corticospinal tract Introduction

DTI Diffusion tensor imaging

FA Fractional anisotropy Hereditary spastic paraplegia (HSP) and hereditary spastic
HSA Hereditary spastic ataxia ataxia (HSA) are a heterogeneous group of genetic dis-
HSP Hereditary spastic paraplegia orders characterized by progressive lower limb spasticity
MCP Middle cerebellar peduncle resulting from pyramidal tract dysfunction. These disorders
SPG Spastic paraplegia may be associated with other neurological signs including
TCC Thin corpus callosum

ataxia, dysarthria, peripheral neuropathy, seizures and in-
tellectual disability [1-3]. While no curative treatments are
currently available, accurate diagnosis provides patients and
families an explanation for progressive neurological impair-
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among radiologists will result in more accurate diagnosis
in the future.

Methods

A case review of magnetic resonance imaging (MRI)
examinations of two patients referred to the neurology
department to evaluate spasticity was conducted. Imaging
was performed on a 1.5T General Electric (Milwaukee, W1,
USA) HDxT scanner. Diffusion tensor imaging (DTI) was
performed on both patients and analyzed with FUNCTOOL
software, with generation of directional and fractional
anisotropy (FA) maps and fiber tractography. Based on the
findings of these examinations, specific genetic testing was
recommended.

Fig.1 A 21-year-old male with spasticity and gait disturbance found
to have SPG11. Sagittal T1-weighted image (a) exhibits marked thin-
ning of the corpus callosum (arrows). Axial FLAIR image (b) shows
periventricular white matter hyperintensities extending anteriorly from
the frontal horns, referred to as the “ears of the lynx” sign (arrows)

Fig.2 Diffusion tensor imaging of the same patient with SPG11 as in
Fig. 1. Fractional anisotropy (FA) map (a) reveals severely reduced FA
of the genu of corpus callosum (arrows) and marked attenuation of the
splenium as well as the cortical spinal tracts (asterisks). Selective fiber
tractography (b) also shows severe reduction of anterior callosal tracts
(arrows)
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CASE 1: Spastic Paraplegia Gene 11 (SPG11)

A 21-year-old American male presented to the neurology
clinic with a 2-3 year history of progressive gait imbal-
ance and bilateral leg weakness. He had sat, crawled, and
walked at appropriate ages, but had a history of cognitive
developmental delay and did not speak until age 4-5 years.
He required leg bracing for bowlegs at the age of 2 years
and was seen in a cerebral palsy clinic for tight hamstrings,
when he was 10 years old. He was seen in a pediatric neu-
rology clinic and laboratory tests for urine organic acids and
FMRI gene sequencing were normal. The cause of his cog-
nitive developmental delay remained unknown. Neuropsy-
chiatric testing at age 15 years showed mild to moderate
mental retardation.

He had normal balance without any unusual number of
falls until the age of 18 years. At that time, he sustained
a left ankle injury while playing football, and subsequently
developed knee instability and progressive gait abnormality.
He was initially seen in a sports medicine clinic where he
was diagnosed with Achilles tendonitis and patellofemoral
syndrome. He continued having frequent falls, and devel-
oped bilateral leg weakness, leg cramps, and paresthesia of
both feet. On neurological examination at age 21 years, he
was found to have dysarthria and slowed but fluent speech.
He had spasticity in both legs and significant weakness of
the bilateral iliopsoas muscles and hamstrings. There was
reduced pinprick sensation in his hands and distal feet. He
had a wide-based, very unsteady gait and appeared to throw
his legs out when walking.

Brain MRI revealed a markedly thin corpus callosum
(TCC), most pronounced at the genu and body, best seen
on sagittal T1-weighted (T1W) sequences (Fig. 1a). Axial
T2-fluid-attenuated inversion recovery (FLAIR) images re-
vealed subtle linear white matter hyperintensities (WMHs)
extending anteriorly from the frontal horns of the lateral
ventricles (Fig. 1b) without restricted diffusion. The DTI
showed severe attenuation of the corpus callosum and cor-
tical spinal tracts (CSTs) (Fig. 2a, b). Cervical and thoracic
spine MRIs were unremarkable, showing no cord lesions
or atrophy. The electromyography/nerve conduction study
showed electrophysiological evidence for a predominantly
axonal mild sensory polyneuropathy. There was no evi-
dence of myopathy. Human T-lymphotropic virus types I
and II (HTLV I/Il) antibody testing were negative. Based
on the brain abnormality detected by MRI, genetic test-
ing for hereditary spastic paraplegia was conducted. This
showed two autosomal recessive heterozygous frameshift
mutations in the SPG11 gene (c.3320_3321: 2bp deletion
of GT and ¢.4307_4308: 2bp deletion of AA).

After the final diagnosis the patient was prescribed ba-
clofen up to 10mg three times a day, resulting in poor mus-
cular tone, and subsequently adjusted to Smg three times
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Fig.3 A 17-year-old male with progressive lower leg rigidity and
bradykinesia found to have ARSACS. Axial T2-weighted image (a)
shows horizontal pontine striations in the region of the cortical spinal
tracts (arrows). Axial-T1 weighted image (b) shows pontine and
middle cerebellar peduncle hypertrophy (asterisks). Small areas of
increased T1 signal are seen in the cortical spinal tracts (arrows)
suggesting hypermyelination. Sagittal T1-weighted images of the
brain (c) exhibit superior vermian atrophy (arrows). Cervical (d) and
thoracic (e) spine MRI (sagittal T1) showed pronounced diffuse cord
atrophy (asterisks)

a day. He was referred to physical therapy and is being fitted
for bilateral custom ankle foot orthosis, and has a rolling
walker.

CASE 2: Autosomal Recessive Spastic Ataxia
of Charlevois-Saguenay (ARSACS)

A 15-year-old male student of mixed European heritage
presented with a complaint of slow movements and stiff-
ness of the legs. At 2 years of age, he had been diagnosed
with cerebral palsy due to delayed ambulation, leg stiff-
ness, and frequent falls; however, his prenatal and perinatal
history, and subsequent MRIs of the brain (at ages 2, 8,
12, and 13 years) were reported to be normal. His mother
was told cerebral palsy was a “catch all” diagnosis. Wors-
ening of his lower extremity stiffness led to an MRI of the
lumbar spine when he was 2 years old. The diagnosis was
a thin fatty filum with the conus at the L1-2 level. Surgical
release led to rapid improvement in his ease and speed of
ambulation. Notably, this surgery did not entirely normalize
his lower extremity muscle tone and left his elevated up-

per extremity tone unchanged. Between the ages of 3 and
15 years, the elevated muscle tone progressed very slowly,
producing only mild limitations related to slow ambulation,
a mild increase in fatigue when writing, and a longer time
to work through his muscle stiffness in the mornings or
after prolonged sitting. He actively participated in school
sports, although his slowed movements led him to prefer
solo sports (golf) to team sports. On his initial visit to the
movement disorders clinic, his extremity tone (legs> arms)
was notable for rigidity without spasticity, mild bradyki-
nesia of gross and fine movements. His strength, sensation
and reflexes were normal, as were his intellect, attention and
memory. His language and speech were normal, but speech
production was delayed and slightly slowed, in keeping with
the pace of his other movements. Based on his rigidity and
bradykinesia, he was diagnosed with Parkinsonism. Trials
of levodopa and ropinirole showed no benefit and the treat-
ments were discontinued due to gastrointestinal and mood
side effects, respectively. Subsequently, a trial of baclofen
led to substantial improvement in the ease and speed of
movement.

The patient was followed in our movement disorder
clinic for 2 years during which there was no clear pro-
gression in symptoms. Tone and speed of movement were
always moderately abnormal, but reflexes were consis-
tently normal. On routine follow-up at 2.5 years following
presentation, he was found to have pathologically brisk
reflexes at the knee and ankle, and bilateral upgoing toes in
response to Babinski testing. This finding prompted a re-
peat MRI of the brain and spinal cord. Axial T2 (Fig. 3a)
and T1 images (Fig. 3b) revealed pontine enlargement
with non-enhancing horizontal linear T2 hypointense and
T1 hyperintense striations without restricted diffusion, sug-
gesting hypermyelination of the transverse pontine fibers
(TFPs). Other findings included middle cerebellar peduncle
(MCP) hypertrophy, superior vermian atrophy and thinning
of the posterior body of corpus callosum (Fig. 3c). Cervical
and thoracic spine MRI showed pronounced cord atrophy
(Fig. 3d, e). No recurrence of tethered cord was seen on
lumbar spine MRI. The DTI revealed hypertrophied TFPs
that appeared to constrict and splay the CSTs (Fig. 4). In
retrospect, pontine striations could be traced at least as far
back as age 9 years, but had not been recognized during
the earlier studies.

The suspicion of ARSACS based on these imaging ab-
normalities led to subsequent Sanger sequencing of the
SACS gene, which revealed three compound heterozygous
mutations. One of these mutations led to replacement of
a highly-conserved amino acid and was previously reported
in only one ARSACS patient: ¢.4744G> A (p.Asp1582Asn)
[4]. One mutation led to frameshift and premature trunca-
tion, disrupting the last 2178 residues: ¢.7205_7206delTT
(p.Leu2402Argfs*6). The final mutation was designated
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Fig.4 Diffusion tensor imaging of the same patient with ARSACS as in Fig. 3. Directionally encoded color fractional anisotropy images (a) and
FA map (b) reveal small cortical spinal tracts (arrows) compressed by hypertrophic transverse pontine fibers TPFs (shown in red). Tractography (c)
reveals markedly increased fiber density within the pons (asterisks), and subsequent decrease of cortical spinal tract density in the cervicomedullary

junction (arrows)

a variant of unknown significance, due to its presence in
0.2% of the population and predictions of pathogenicity
varying from likely benign (CO, Align-GVGD) to deleteri-
ous (SIFT): c.7528 G> A (p.Ala2510Thr) [4].

After final diagnosis, oral baclofen was started and grad-
ually increased to 10 mg twice per day, providing substantial
relief from his spasticity, and he thus far remains stable. The
patient has declined intragastrocnemius botulinum toxin in-
jection. Given his late onset and slow progression, a longer
period of independent ambulation and a normal lifespan is
predicted.

Discussion
Hereditary Spastic Paraplegia

The HSPs are a group of genetic syndromes that share
common symptoms of slowly progressive leg weakness and
spasticity owing to corticospinal tract axonal degeneration.
Some HSPs may be complicated by other neurological find-
ings such as ataxia, seizures, developmental delay and blad-
der dysfunction [1]. The HSP nomenclature follows the
convention of “SPG”, for spastic paraplegia followed by
a number corresponding to the sequential number of gene
discovery (e.g..SPG11). As of 2014, 55 SPG genes had
been identified [S]. Mode of inheritance and age of onset of
symptoms varies depending on the specific mutation. Pre-
sentations are highly variable, even within specific families.

Pathological reports are sparse but have revealed marked
symmetric distal CST axonal loss and proximal cord sen-
sory axonal loss, corresponding to length-dependent dying-
back axonal pathology [6]. Anterior horn cell loss may also
be found [7]. Myelin pallor may be observed, but with-
out the myelin breakdown products typically seen with de-
myelination [6]. Also noteworthy is that axonal loss occurs
without pronounced cord atrophy, limiting the possible role
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of MRI volumetric cord analysis for determining disease
extent and progression [6]. Intracellular pathophysiological
mechanisms may include impaired axonal transport, mito-
chondrial dysfunction and oxidative stress, and abnormal-
ities of lipid and myelination, ultimately resulting in CST
axonal degeneration [5]. An autopsy report on a patient with
autosomal recessive HSP (ARHSP) with TCC revealed cor-
tical and deep nuclear neuronal loss and gliosis, and white
matter gliosis including severe callosal gliosis suggestive of
degeneration, as opposed to hypoplasia [7].

The SPGI1 is the most common type of ARHSP. It is
classified as an ARHSP with TCC and is caused by mu-
tations in spatacsin (also known as KIAA1840, ALSS, or
CMT2X) a protein of uncertain function. The SPG11 shares
the same mutation locus as juvenile amyotrophic lateral
sclerosis (ASL) [2, 5, 8—11]. Imaging findings in patients
with SPG11 include TCC and WMH extending anteriorly
from the frontal horns of the lateral ventricles in a linear or
tufted orientation, described as an “ears of the lynx” appear-
ance. The TCC may be misconstrued as callosal hypoplasia
or dysgenesis; however, dysgenesis results in hypoplasia of
the body and splenium, whereas TCC is characterized by
a morphologically intact, albeit severely atrophied corpus
callosum [2, 12]. Ears of the lynx WMHs may be elusive as
in case 1, however may be easily dismissed as nonspecific
or gliotic WMHs (which generally lack the anterior linear
appearance) [13] or may be misdiagnosed as leukodystro-
phy [14]. New MR spectroscopy studies have shown de-
creased brain N-acetylaspartate consistent with axonal loss
[15] and DTI studies of cerebral white matter have shown
increased radial and mean diffusivity, but intact axial dif-
fusivity, suggesting myelin loss. These studies have also
shown decreased frontal white matter FA, implying frontal
disconnection [16], potentially related to the ears of the
lynx WMHs.
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Hereditary Spastic Ataxia

The HSAs are a heterogeneous group of genetic disorders
that result in progressive lower extremity spasticity, ataxia,
and may also be associated with dysarthria and extraoc-
ular muscle dysfunction. Nomenclature categorizes HSAs
as SPAX (spastic ataxia) with a sequential number corre-
sponding to the order of gene discovery. The ARSACS is
classified as SPAX6, with mutations in sacsin (gene: SACS),
a protein of uncertain function [17]. Initially described in
Quebec, other clusters have been described in Eastern Eu-
rope, Mediterranean countries, and Japan [17-19]. Other
clinical findings seen in patients with ARSACS include
lower limb peripheral neuropathy and fundoscopy may re-
veal hypermyelinated fibers radiating from the optic nerve
[12, 20]. As further cases of ARSACS have been identified
and the spectrum of causative mutations has expanded, the
range of phenotypes has also broadened, including among
Quebecois [4]. Imaging findings in patients with ARSACS
often include horizontal pontine tigroid striations, pontine
and MCP enlargement, and cerebellar and spinal cord atro-
phy [12, 21-25]. Cervical cord atrophy appears to be com-
mon in the Quebecois population, but uncommon in Bel-
gian patients [26, 27]. Other findings may include lateral
pontine and MCP FLAIR hypointensities/T2 hyperintensi-
ties, parietal atrophy, circumscribed thinning of the poste-
rior midbody of the corpus callosum, posterior fossa arach-
noid cysts, and unilateral cerebellar hemispheric atrophy
[28-30]. The DTI analysis has shown that transverse pon-
tine striations and pontine and MCP enlargement appear to
be caused by abnormally enlarged transverse pontocerebel-
lar fibers [29, 31, 32]. On tractography, these hyperplastic
fibers appear to compress and interrupt the pyramidal tracts
at the pontine level [31]. Striations may be overlooked on
MRI, as occurred several times in case 2, and cerebellar
and cord atrophy may be considered nonspecific [22-25].
Optical coherence tomography reveals retinal fiber layer
thickening [31].

Considerations for HSPs and HSAs

For both HSPs and HSAs, diagnosis involves exclusion of
other causes of paresis, spasticity, and ataxia. These include
cerebral palsy, multiple sclerosis, vitamin B12 and cop-
per deficiencies, spinocerebellar ataxia syndromes, amy-
otrophic lateral sclerosis, leukodystrophies, mitochondrial
disorders, HTLV-1-associated myelopathy, infectious and
inflammatory encephalopathies, and spinal cord tethering
or compression [5, 12]. Imaging thus plays an important
role both in excluding alternative causes, and in identify-
ing specific findings, often obscure or difficult to recognize,
which may lead to inclusion of HSP or HSA in the differen-
tial diagnosis. Radiologists need to be aware that a thinned

corpus callosum is different from callosal agenesis, in that it
is morphologically intact but small. While callosal degener-
ation can occur in other diseases such as multiple sclerosis,
in the setting of adolescent spasticity a thin corpus callosum
is highly suggestive of SPG 11. Likewise, the observation
of pontine hypertrophy with horizontal T2-hypointense stri-
ations is highly suggestive of ARSACS. The added value of
brain MRI in identifying subtle findings in hereditary spas-
tic paraplegias and hereditary spastic ataxias has been also
discussed by Goller at al. [33]. The authors indicate that
MRI examinations in younger affected patients are usually
unremarkable, whereas older patients may demonstrate cor-
tical and perisylvian volume loss and brain stem atrophy.
Additionally, we suggest that supplementing conventional
MRI with DTI can be helpful in identifying subtle tract
pathology, such as in ARSACS where DTT allows visualiza-
tion of the corticospinal tracts constricted by hypertrophic
pontine fibers, and in SPG11 where DTI may demonstrate
decreased density of callosal connections.

No definitive treatments are currently available, and
treatment is therefore focused on relieving specific symp-
toms of spasticity, dystonia, and bladder hypertonicity.
While HSPs and HSAs are relatively rare, ultimately, CST
degeneration may be a final common pathway shared with
many other neurodegenerative diseases, including spinal
muscular atrophy and ALS. Therefore, expanding the
published literature on diagnosed patients may contribute
future insights into shared disease processes and treatments,
such as targeting specific intracellular pathophysiological
mechanisms and gene therapy [5].

Conclusion

Imaging findings in patients with HSPs and HSAs may
be elusive and can easily go undiagnosed or be attributed
to other causes. Only an awareness of HSPs and HSAs and
a critical review of clinical history and imaging findings can
place the radiologist in a position to suggest specific genetic
testing. Such radiographically informed testing may lead to
definitive, previously unrecognized diagnoses, and thus pro-
vide an explanation of patient symptoms, suggest potential
prognosis-specific symptomatic treatments, and considera-
tion of family planning needs.
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