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Abstract

Background: Neurosurgical features of mucopolysaccharidosis (MPS) patients mainly involve the presence of
cranio-vertebral junction (CVJ) abnormalities and the development of communicating hydrocephalus. CVJ pathology is a
critical aspect that severely influences the morbidity and mortality of MPS patients. Hydrocephalus is slowly progressing; it
must be differentiated from cerebral atrophy, and rarely requires treatment. The aim of this paper was to review the
literature concerning these conditions, highlighting their clinical, radiological, and surgical aspects to provide a practical
point of view for clinicians.

Results: CVJ involvement may present with cervical pain, unsteady gait, frequent falls, and progressive impairment of
autonomous ambulation, an acute tetraplegia even after minor trauma. Magnetic resonance imaging (MRI) of the cervical
spine, including active dynamic flexion and extension scans, is the most powerful imaging technique for detecting spinal
cord compression at the CVJ in MPS patients. The main radiological features include atlanto-axial subluxation, odontoid
hypoplasia, periodontoid soft tissue masses, spinal canal narrowing, and spinal cord compression. Together with
MRI, fine-cut computed tomography (CT) scans with coronal and sagittal three-dimensional reconstructions are
important diagnostic tools in the preoperative workup thanks to the information gleaned about bone structure
conformation and angles. Finally, angio-CT slices are equally useful in preoperative planning, defining vertebral
artery position in relation to bony structures. Surgery of the CVJ is proposed both to treat cord compression with
MRI signs of myelopathy or as a preventive treatment in patients at high risk of cord damage. Among different
surgical options, we always suggest performing decompression and instrumented stabilization.

Hydrocephalus may occasionally present clinically with intracranial hypertension symptoms such as headache,
vomiting, and high sight impairment. Neurocognitive symptoms may be hidden by the constitutive cognitive
impairment. MRI with a study of dynamic cerebrospinal fluid (CSF) flow is helpful to differentiate from ventriculomegaly,
which does not require treatment. Ventriculo-peritoneal shunt placement is the gold standard to treat hydrocephalus,
although endoscopic third ventriculostomy has recently shown good results in some patients.

Conclusion: Farly recognition of CVJ pathology and hydrocephalus is critical to avoid the development of severe
complications. A multidisciplinary approach involving physicians, neuroradiologists, and neurosurgeons is needed to
detect such conditions and to select patients eligible for surgery.
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Background
Mucopolysaccharidoses (MPS) are a group of inherited
autosomal recessive lysosomal storage diseases (except for
MPS 11, which is sex-linked) caused by the deficiency of the
enzymes involved in the degradation of glycosaminoglycans
(GAGs), a major component of connective tissue [1].
Among the several systemic conditions associated with
MPS, two major features are of neurosurgical interest:
the presence of cranio-vertebral junction (CV]) abnor-
malities, especially in Morquio’s disease (MPS IV) [2],
and the development of communicating hydrocephalus
[3], the occurrence of which differs according to the
pathology subtype (Table 1). The former condition is po-
tentially life threatening or progressively invalidating [4].
In fact, abnormalities of the CVJ with spinal stenosis
need to be recognized early since they may result in slow
and progressive myelopathy or sudden post-traumatic
tetraplegia and respiratory failure [5, 6]. On the other
hand, hydrocephalus is a slowly progressive condition
[3]; it has to be differentiated from cerebral atrophy, and
rarely requires treatment. The aim of the present paper
is to critically review the clinical, radiological, and surgi-
cal management of MPS patients, focusing on both the
aforementioned conditions to provide a practical point
of view for the clinicians who take care and routinely
face these patients and their families.

Table 1 The occurrence rate of hydrocephalus/ventriculomegaly,
brain atrophy, and spinal stenosis in patients with
mucopolysaccharidosis (MPS)

Hydrocephalus/  Atrophy  Spinal stenosis
ventriculomegaly
MPS |
Hurler +++ ++ ++
Hurler/Scheie ++ + ++
Scheie +eh 4 + ++
MPS Il (Hunter) e +++ +

MPS 1l (Sanfilippo)

A ++ + +

B ++ +++ _

I - - _

D + + -
MPS IV (Morquio)

VA +/— - +++

VB +/~ - .
MPS VI (Maroteaux-Lamy)  + + +H+
MPS VI ++ - +
MPS IX - - -

Cerebral pathology is more common in MPS |, II, and llI, while spinal involvement
principally occurs in MPS IV and VI
Modified from Zareiriou et al. [3]
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Myelopathy in MPS: How to recognize it?

Patients with MPS may present with complex neuro-
logical findings due to multiple and diffuse involvement
of dural, ligamentous, and bony structures of the cer-
vical, thoracic, and lumbar regions. Moreover, the ortho-
pedic comorbidities that usually coexist in these patients
can negatively affect the clinical evaluation both in the
interpretation of patient history as well as during the
neurologic examination. In our experience, the attention
of the examiner should be mainly focused on cervical
pain or torticollis, suggestive of CV] instability (even if
very rare), progressive impairment of autonomous am-
bulation, postural instability, and fatigue and progressive
weakening of upper limbs. However, clinical assessment
and neuroradiological studies may not localize the exact
level of the canal lesion. At this point, electrophysio-
logical studies could be considered for determining the
priority of affected levels before myelopathy worsens and
becomes irreversible. Electrophysiological studies are also
an objective instrument to observe postoperative improve-
ment of neurological symptoms and signs. However, there
is uncertainty in the literature about the possible interindi-
vidual feasibility of neurophysiological studies because of
the anatomical peculiarity of these patients (e.g., multiple
spinal curves). Thus, the integration of medical history,
the knowledge of the natural course of the disease, neuro-
logical examination, and neuroradiology are critical to de-
tect patients eligible for spinal surgery.

What are the radiological examinations needed to
evaluate CVJ myelopathy?

Unrecognized upper cervical cord compression, aggra-
vated by physiological movements of the occipito-cervical
and atlanto-axial joints, may result in slow and progressive
myelopathy or sudden, unexpected post-traumatic tetra-
plegia and respiratory failure [5, 6]. Therefore, it is man-
datory to regularly assess the morphoanatomical integrity
of the cervical spine at regular scheduled intervals. Char-
row et al. recently reviewed routine examinations in MPS
IV patients, suggesting a complete neurological evaluation
and magnetic resonance imaging (MRI) scan every year
[7]. MR], including active dynamic flexion and extension
scans, is the most powerful imaging technique to detect
spinal cord compression at the CV] level in MPS patients
[3, 8]. It clearly documents the presence of spinal canal
narrowing, signs of spinal cord compression, and spinal
cord signal alteration. Together with the routinely per-
formed T1- and T2-weighted axial and sagittal MRI scans,
steady-state free-procession (SSFP) sequences provide in-
teresting images that can be used to study the presence of
subarachnoid cerebrospinal fluid (CSF) in the narrowed
upper cervical canal [9], thus helping in the recognition of
stenosis severity through the Space Available for the Cord
(SAC) scale [8].
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A fine-cut computed tomography (CT) scan with cor-
onal and sagittal three-dimensional reconstructions is a
powerful instrument for examining the CVJ]. Nevertheless,
CT studies of the CVJ should be reserved for children
whose MRI has evidenced significant pathological features
leading to consideration of a surgical procedure [7].

Atlanto-axial (C1/C2 subluxation) and occipito-atlanto-
axial instability, diagnosed by the Atlanto-Dental Interval
(ADI) >5 mm [10] and dynamic sequences, is seldom ob-
served in MPS [4, 11]. Major radiological features to be
considered in MPS include odontoid hypoplasia, period-
ontoid soft tissue masses (due to GAG accumulation be-
hind the odontoid process), and cervical canal stenosis
linked to fibrocartilage reactive hypertrophy associated
with hypertrophy of the dura and ligamentum flavum [3],
with or without MRI signs of cervical myelopathy (see
Fig. 2 below).

In addition to cervical stenosis, multilevel subaxial sten-
osis has been reported, especially in MPS VI (Maroteaux-
Lamy), mainly due to posteriorly protruding intervertebral
discs, thickened dura, and hypertrophy of the ligamentum
flavum [12].

In a previous study, we reviewed radiological features
in a consecutive series of 42 MPS patients followed at
our Center for Metabolic Diseases, including 12 MPS I,
15 MPS 1I, 2 MPS 111, 9 MPS 1V, and 4 MPS VI patients.
CV] abnormalities were frequent in the whole series of
MPS patients, with a reduced diameter of the spinal
canal at the CV] in 40% of patients. The most severe
spinal canal stenosis and cord compression were ob-
served in MPS IV (33%) and MPS VI (50%). MRI signs
of myelopathy were present in only 7% of cases, all af-
fected by MPS 1V, highlighting the importance of a regu-
lar scheduled diagnostic follow-up in these patients.
Increased canal stenosis during dynamic MRI studies in
flexion and extension was seen in 67% of MPS IV pa-
tients. Dens hypoplasia was present in 79% of cases and
was a constant feature in MPS IV and VI. However, due
to the low mean age of the children in the series, it was
difficult in some cases to differentiate dens hypoplasia
from a “physiological” incomplete development of C2
dens [13].

When to perform surgery in CVJ pathology?
Clinical and/or radiological evidence of acute or progres-
sive myelopathy due to spinal cord compression at the
CV] represents an absolute indication for surgery since
the natural history of untreated patients is ineluctably
progressing to major neurological deficits [14, 15].

In asymptomatic patients without evidence of myelop-
athy, preventive treatment is still a matter of debate. It
would be recommended in all patients affected by MPS
IV (Morquio) with MRI evidence of stenosis and in-
stability at the CV], with canal narrowing >50% [11]. In
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our experience, surgery is indicated in cases of severe
spinal canal narrowing and complete obliteration of
perimedullary subarachnoid spaces (SAC<1 mm), re-
duction of the upper cervical canal width of more than
50%, and MRI signs of instability (spinal canal stenosis
and cord compression) [4, 13]. Whenever possible, in
very young patients we suggest delaying the time of sur-
gery until 3 years to obtain sufficient bone maturation,
although surgery can be successfully performed even at
a younger age as demonstrated in a 17-month-old symp-
tomatic boy by Dickerman et al. [15].

How to perform surgery in CVJ pathology?

As already underlined, CT axial and sagittal scans are es-
sential in preoperative planning to exactly assess bone
geometry and diameters and thus to help choose the
most appropriate hardware placement in tailored surgical
procedures with screwing techniques. In selected cases,
angio-CT delineating the course of vertebral arteries may
be indicated, especially if the suitability of C1/C2 transarti-
cular screws is evaluated [7].

Thanks to the improvement in preoperative radio-
logical workup allowing the identification of individual
anatomical bone features, the development of several
techniques and hardware for instrumented bone fu-
sion, and the improvement in anesthesiological tech-
niques and tools, CV] surgery has become safer and
more feasible with an acceptable complication rate if
the associated medical problems and anesthesiological
challenges are recognized and managed appropriately.
Surgical options include decompression of the spinal
canal or decompression associated with spinal sta-
bilization. In MPS other than Morquio disease without
radiological evidence of occipito-atlanto-axial instabil-
ity, simple posterior decompression has been advo-
cated as a valid treatment option. In our experience,
and since all MPS patients have a constitutive connect-
ive tissue weakness even in the absence of a suggestive
radiological pattern, we recommend decompression
and fusion in most cases. Only in selected adult
patients with fully ossified dens and no radiological
evidence of instability can a simple decompression be
considered. In fact, posterior decompression alone
needs the removal of the C1 posterior ring, of the thick-
ened ligamentum flavum, and of the occipito-atlantal
membrane, actions that can worsen CV] instability. This
is also almost constantly present in MPS patients because
of odontoid dysplasia with a partially cartilaginous dens,
incomplete ossification of anterior and/or posterior
arches of C1, and ligamentous laxity [11]. The worsen-
ing of spinal instability may expose patients to acute
post-traumatic myelopathy, even following a minor
trauma in flexion, as shown in a 6-year-old child
affected by MPS IV in our series (see Case 1 below).
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Recent advances in fixation technologies have en-
hanced our ability to achieve stable posterior cervical fu-
sions with a variety of screwing techniques which are
adaptable to the individual anatomical features of MPS
patients, and they should be preferred for their superior
biomechanical stability. Among the most widespread
surgical options, C1/C2 transarticular screws, C1 lateral
mass screws, C1 Olerud clamps, C2 pars screws, and C2
translaminar screws, or a combination of them as an-
chors for occipito-cervical U-loop constructs can be
taken into consideration [16—18]. The choice should be
based on fine-cut three-dimensional reconstructed pre-
operative CT studies. In addition to this hardware, au-
tologous bone grafts from the iliac crest, rib graft, or
calvarial bone will be used to increase posterior fixation
and achieve biological bone fusions. The development of
these technique has progressively superseded the use of
external halo orthoses and posterior wiring techniques.
Nevertheless, wiring techniques can still be considered
in selected patients, achieving good clinical results and
long-term CV]J fusion [18]. Traditionally, an irreducible
anterior compression deserves transoral microsurgical or
video-assisted/transnasal video-assisted anterior decom-
pression and posterior fusion double or one-stage com-
bined in childhood [19]. Nevertheless, CV] instrumentation
and fusion procedures are also indicated in cases not appar-
ently reducing both preoperatively and intraoperatively. In
fact, a reduction during the instrumentation can be ob-
tained due to a supposed lever effect produced by the hard-
ware itself, under curarization and myorelaxation; thus a
preliminary posterior fixation can always be suggested.
Such a philosophy has been named “the always posterior
strategy” [20].

How to differentiate ventricular dilatation due to
cerebral atrophy from communicating
hydrocephalus: clinical and radiological features
To avoid unneeded ventriculo-peritoneal shunt (VPS)
procedures, and consequently the burden of this surgery
and its complications, it is of paramount importance to
differentiate the frequent condition of ex-vacuo ven-
tricular dilatation (not susceptible to neurosurgical inter-
vention) from a true communicating hydrocephalus [3, 8].
Ventricular enlargement is a common feature in MPS, es-
pecially MPS I and II, with most of these patients showing
ventriculomegaly. This is believed to be the result of cere-
bral atrophy secondary to neuronal death and gliosis in-
duced by the accumulation of GAGs, venous hypertension,
and defective CSF reabsorption. Instead, hydrocephalus
would be the result of GAG deposition in the meninges,
impairing the function of pacchionian granulations and
causing a communicating hydrocephalus [21]. Differenti-
ation between communicating hydrocephalus and brain at-
rophy is a demanding task because both conditions share
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common neuroradiologic features (enlarged ventricular
and subarachnoid spaces). In MRI studies, the presence of
dilated brain sulci (either diffuse or focal) would suggest
brain atrophy and, consequently, ventriculomegaly [22].
Moreover, due to the clinical and radiological similarity of
MPS hydrocephalus and adult idiopathic normal pressure
hydrocephalus, CSF dynamic sequences (in particular, re-
versed aqueductal cerebrospinal fluid net flow) may be sug-
gested as an integrative diagnostic tool to evaluate the
disruption of CSF circulation leading to hydrocephalus
[23]. Despite these advanced techniques, neuroimaging is
not always invalidating in differential diagnosis. Therefore,
in selected patients the use of invasive techniques such as
lumbar puncture, tap-test, CSF pressure monitoring tests,
as well as the positioning of intraparechimal pressure cath-
eter, may be necessary to appropriately select patients for
surgery. Finally, fundoscopy and visual evoked potentials
are not recognized as useful tools to differentiate these two
conditions since chronic papilledema in the absence of
intracranial hypertension is a common feature of MPS pa-
tients (especially Hunter), probably due to GAG deposition
within the sclera [24].

How to treat hydrocephalus in MPS patients?
When a real hydrocephalus is diagnosed, surgical op-
tions include VPS and endoscopic third ventriculostomy
(ETV). The latter consists of an endoscopically per-
formed stoma at the level of the third ventricle floor so
that CSF is shunted directly to basal cisterns, thus
bypassing the infratentorial components of the ventricu-
lar system. This technique has been primarily advocated
for patients with obstructive hydrocephalus, especially
due to aqueductal stenosis. There is also growing inter-
est for ETV in MPS patients, as in the case described by
Da Silva Neto et al. with clinical and radiological im-
provement [25]. Technically, the procedure is demand-
ing because of the anatomical peculiarities of the
ventricular system, with the major prominence of thal-
ami and the thickness of third ventricle floor infiltrated
by undegraded GAG. However, VPS placement remains
the most used and successful technique to treat hydro-
cephalus in MPS patients, considering the etiology
(communicating hydrocephalus) and the progressive
evolution of this disease. As highlighted by Aliabadi et
al, VPS is an effective treatment, especially before stem
cell transplantation, and it appears that pretransplanta-
tion shunting allows better outcomes [26].

Case studies

Case 1: Acute post-traumatic myelopathy

A 6-year-old girl with MPS IVA who had previously
undergone CV] decompression at another institution for
severe canal stenosis and mild myelopathy, with removal
of the posterior arch of Cl and of the thickened
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Fig. 1 a MRI showing severe post-traumatic myelopathy after a
minor backwards fall in a previously simply decompressed MPS IV
child. b C2 pars screws, ¢ postoperative MRI, and d plain x-rays at
4 years follow-up

atlanto-occipital membrane and ligamentum flavum.
After a backwards fall from a child’s chair, she developed
acute quadriplegia with respiratory failure (Ranawat I1IB)
and was admitted to our neurological intensive care unit.
MRI showed an impressive alteration of spinal cord sig-
nal at CO-C1 (Fig. la). This patient was initially stabi-
lized with an external halo orthosis and submitted to
inpatient rehabilitation for some weeks afterwards. After
an initial neurological improvement and cardiorespira-
tory stability, she underwent internal stabilization with
C2 pars screws (Fig. 1b) anchored to an occipito-cervical
U-loop and occipito-C2 calvarial bone graft. At the
4-year follow-up examination she was able to walk with

Page 87 of 161

crutches (Ranawat IITA). Radiological follow-up exami-
nations revealed wide canal decompression and a stable
construct (Fig. 1c, d). This case supports the evidence
that stabilization should be always recommended and
that the placement of an external orthosis may still rep-
resent a valid treatment option in selected cases (e.g.,
impossibility to perform surgical intervention for re-
spiratory instability).

Case 2: Progressive myelopathy

A 6-year-old male with MPS VI. After a minor fall he
experienced a transient tetraparesis with quick recovery
of ambulation. In the following months he suffered from
recurrent urinary tract infections. Cervical MRI docu-
mented severe stenosis and cord compression at the
CVJ with spinal cord signal alterations. Physical examin-
ation evidenced pyramidal signs and a urodynamic study
was diagnostic for neurological bladder. A posterior cer-
vical decompression and stabilization with C2 pars
screws anchored to an occipito-cervical U-loop and cal-
varial bone graft was then performed. During the follow
up, there was a slow recovery of bladder function and
normal daily activities. Radiological follow-up examin-
ation revealed good canal decompression, stable con-
struct, and steady neurological conditions.

Case 3: Preventive surgery in CVJ instability

A 2-year-old boy with MPS IVA. During routine neuro-
radiological workup, severe canal stenosis >50% at the
CV] was observed without signs of myelopathy. Due to
the young age of the patient, incomplete development of
bony structures at the CV]J, and increased risks of gen-
eral anesthesia, surgery was schedule at 3 years of age.
One year later, follow-up dynamic MRI showed increas-
ing spinal cord compression in flexion (Fig. 2a), although
the absence of myelopathy persisted. A preventive CV]
decompression and internal fixation with C2 laminar
screws (Fig. 2b) anchored to an occipito-cervical loop

2 years follow-up

Fig. 2 a MRI showing severe cord compression during head flexion in MPS IVA, b laminar screws and ¢ postoperative plain x-rays at
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Fig. 3 a MRI T2-weighted slices showing ventricular dilatation with transependymal reabsorption. b A ventriculoperitoneal shunt system was
placed, with reduction of ventricular volume and disappearance of periventricular imbibition

augmented with calvarial bone was then performed.
Follow-up showed a stable construct (Fig. 2c), without
any relevant complication.

Case 4: Communicating hydrocephalus

A 7-years old MPS 1II patient. Follow-up MRI including
the brain (as in the cases of MPS type I and II) docu-
mented a progressive tetraventricular hydrocephalus with
transependymal reabsorption (Fig. 3a). Clinically, the
patient showed moderate cognitive impairment without
specific signs and symptoms of hydrocephalus. Due to the
progressive nature of hydrocephalus and radiological
evidence of decompensation, a VPS was placed (Fig. 3b),
with radiological improvement.

Conclusion

MPS patients present with a large spectrum of condi-
tions of neurosurgical interest involving both the brain
and the spinal cord. Active hydrocephalus is usually
slowly progressive and does not routinely require the
placement of VPS or an endoscopic intervention, while
CV] pathology is a major feature of these patients for
whom surgical management is often recommended and
complex. Early recognition is critical to avoid the develop-
ment of severe complications, especially for CV] path-
ology. A multidisciplinary approach involving physicians,
neuroradiologists, and neurosurgeons is needed to detect
such conditions and to select patients eligible for surgery.
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