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Abstract: Mucopolysaccharidoses (MPS) are a group of inherited, multisystem, lysosomal storage
disorders involving specific lysosomal enzyme deficiencies that result in the accumulation
of glycosaminoglycans (GAG) secondary to insufficient degradation within cell lysosomes.
GAG accumulation affects both primary bone formation and secondary bone growth, resulting in
growth impairment. Typical spinal manifestations in MPS are atlantoaxial instability, thoracolumbar
kyphosis/scoliosis, and cervical/lumbar spinal canal stenosis. Spinal disorders and their severity
depend on the MPS type and may be related to disease activity. Enzyme replacement therapy
or hematopoietic stem cell transplantation has advantages regarding soft tissues; however,
these therapeutic modalities are not effective for bone or cartilage and MPS-related bone deformity
including the spine. Because spinal disorders show the most serious deterioration among patients
with MPS, spinal surgeries are required although they are challenging and associated with high
anesthesia-related risks. The aim of this review article is to provide the current comprehensive
knowledge of representative spinal disease in MPS and its surgical management, including the related
pathology, symptoms, and examinations.
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1. Introduction

The mucopolysaccharidoses (MPS) are a group of inherited lysosomal storage disorders involving
specific lysosomal enzyme deficiencies that result in accumulation of glycosaminoglycans (GAGs)
because of insufficient degradation within cell lysosomes. Each MPS shows a wide spectrum of clinical
manifestations, including the onset of signs/symptoms, according to the different residual enzyme
activity [1–3].

GAG accumulation in prenatal chondrocytes affects primary bone formation and results in
severe skeletal manifestations. This accumulation also affects the secondary ossification centers and
epiphyseal cartilage growth plates and disturbs the normal systemic endochondral and membranous
bone growth after birth, resulting in growth impairment. Once skeletal deformity is established, it is
almost irreversible without surgical intervention [4,5]. Features such as dysostosis multiplex, skeletal
dysplasia, and resulting short stature suggest the diagnosis of MPS [6–8]. The accumulation of GAGs
in the ligaments and capsule around the joint causes chronic joint stiffness with limited range of motion
(in MPS I, II, III, VI, and VII) or joint hypermobility with ligamentous laxity (in MPS IV) [9–14].

Typical spinal manifestations in MPS are atlantoaxial instability (with odontoid hypoplasia),
thoracolumbar kyphosis/scoliosis (gibbus deformity), and cervical/lumbar developmental spinal canal
stenosis. Spinal disorders and their severity depend on the MPS type and may be related to disease
activity. Atlantoaxial instability is frequently observed in MPS IV followed by MPS VI and MPS I.
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Thoracolumbar kyphosis is a well-known hallmark of MPS I but is also common in MPS II, IV, and VI.
Cervical stenosis is broadly recognized in all MPS types except for MPS III [15,16]. (Figure 1).
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surrounding tissue, can result in hypermobility and joint laxity, whereas that occurred in connective 
tissue in anterior extradural space and ligamentum flavum leads to spinal canal stenosis. Atlantoaxial 
instability is caused by skeletal deformity, hypermobility, and spinal canal stenosis, though the lack of 
instability leads to cervical stenosis. Skeletal deformity is the first and fundamental factor of all spinal 
problems. Thus, early diagnosis and intervention is necessary to avoid skeletal deformity and further 
deterioration of spinal cord/nerve. 

Enzyme replacement therapy (ERT) or hematopoietic stem cell transplantation (HSCT) has 
advantages regarding organs such as the liver, skin, and other soft tissue. However, these therapeutic 
modalities are not effective in MPS-related bone deformity, including of the spine, because of their 
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unsolved problem regarding ERT/HSCT [17,18]. Because spinal disorders show the most serious 
deterioration among patients with MPS, spinal surgery may be required, although surgery is 
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Figure 1. Pathophysiology of spinal cord/ nerve compression in mucopolysaccharidoses (MPS).
Pathophysiology of all spinal problems in MPS are accountable by combination factors of skeletal
deformity, hypermobility/ joint laxity, and spinal canal stenosis. Skeletal deformity including odontoid
hypoplasia, C1 hypoplasia and other vertebral deformities is caused by glycosaminoglycan (GAG)
accumulation in chondrocytes of primary/secondary ossification centers. It starts in prenatal period and
continues until bone growth stops. Every spinal problem in MPS is based on skeletal deformities. GAG
accumulation in spinal ligament and capsule of facet joints, inducing inflammation and degradation of
surrounding tissue, can result in hypermobility and joint laxity, whereas that occurred in connective
tissue in anterior extradural space and ligamentum flavum leads to spinal canal stenosis. Atlantoaxial
instability is caused by skeletal deformity, hypermobility, and spinal canal stenosis, though the lack of
instability leads to cervical stenosis. Skeletal deformity is the first and fundamental factor of all spinal
problems. Thus, early diagnosis and intervention is necessary to avoid skeletal deformity and further
deterioration of spinal cord/nerve.

Enzyme replacement therapy (ERT) or hematopoietic stem cell transplantation (HSCT) has
advantages regarding organs such as the liver, skin, and other soft tissue. However, these therapeutic
modalities are not effective in MPS-related bone deformity, including of the spine, because of their
poor perfusion into bone and cartilage. Thus, bone deformity slowly advances with age, and it is
an unsolved problem regarding ERT/HSCT [17,18]. Because spinal disorders show the most serious
deterioration among patients with MPS, spinal surgery may be required, although surgery is typically
invasive and associated with high anesthesia-related risks [5].

The aim of this review article is to provide the current comprehensive knowledge of representative
spinal disease in MPS and its surgical management including the related pathology, symptoms,
and examinations.

2. Results

2.1. Clinical Manifestations and the Surgical Treatment

2.1.1. Atlantoaxial Instability

Atlantoaxial instability (sometimes termed “occipito–cervical instability”) is a common pathology
in MPS IV and VI and is accompanied by hypoplasia of the dens and the C1 posterior arch, ligamentous
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laxity, and extradural accumulation of GAGs [19–21]. Impingement between C2 and the C1 posterior
arch in flexion/extension may cause irreversible spinal cord damage resulting in sudden death or in
respiratory failure with quadriparesis [22]. Neurological signs and symptoms vary. Numbness and
clumsiness in patients’ hands, hyperreflexive deep tendons, hypotonia of the extremities, and general
fatigue are single or combined signs of upper cervical cord compression. However, MPS is sometimes
difficult to diagnose correctly because of communication difficulties related to the patient’s age or
developmental delay and joint contracture masking the underlying disease. The earliest complaint of
patients with upper cervical compression is sometimes loss of endurance, diminished walking distance,
and gait instability [23]. Motor signs tend to be more severe in the lower extremities, but the upper
extremities may be affected as well [24].

Atlantoaxial instability is usually evaluated on flexion/extension radiographs by measuring the
distance between the posterior wall of the odontoid process and anterior wall of the C1 posterior arch.
However, in cases of odontoid hypoplasia, the cranial edge of the odontoid process is substituted for
the odontoid process in plain radiographs and termed “the space available for the cord” [25]. The space
available for the cord is normally wider at the atlantoaxial level than that at subaxial levels [26],
although this level is usually the narrowest in patients with MPS with atlantoaxial instability. Assessing
hypoplasia of the odontoid is more accurate in sagittal computed tomographic (CT) images than
in magnetic resonance images (MRI) or plain radiographs because the lack of ossification is easily
identified. A compressed spinal cord can be clearly evaluated by MRI, although its incidence can be
underestimated because MRI is usually performed in the neutral position. Therefore, flexion/extension
MRI using an open system is useful to evaluate the degree of compression, if this imaging option is
available [27]. High signal intensity within the spinal cord in T2-weighted images at the compressive
level is a sign of edema or myelomalacia, which suggests irreversible damage to spinal cord neurons.
However, clinical symptoms are not always correlated with MRI changes [28]. (Figure 2) Giussani et al.
described the importance of early recognition of cranio-vertebral joint to avoid severe complications [29].
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because of irreversible spinal cord damage at the craniocervical junction. 

Regarding the timing of operation, it is most important to perform fixation/decompression 
surgery to relieve instability and compression before irreversible cord damage occurs. However, it 
remains unclear when to perform early prophylactic fusion surgery to prevent future spinal cord 
damage. Furthermore, there are problems associated with this surgery in patients with MPS. First, it 
is difficult to use instruments for fixation such as plates and screws for immature small vertebrae, 
and it is also difficult to maintain stability using orthoses, postoperatively. The development of 
cervical vertebrae and bony union between the vertebral body and the laminae usually occurs by 3–
6 years of age, at which time the size of the spinal canal almost matches that of adults [30]. Therefore, 
fusion surgery should be performed after the maturation of the cervical vertebrae if the patient’s 
neurological state allows. Subaxial adjacent instability requiring additional surgery is another 

Figure 2. Atlantoaxial instability in MPS IVa. Hypoplasia of the dens (asterisk) and C1 posterior
arch (arrowhead) are more clearly recognized in computed tomography (a), while GAG accumulation
(white arrow) and spinal cord compression are more identifiable in magnetic resonance images (b).
The space available for the cord (red arrow) indicates the most narrowing between the posterior wall of
C2 and the C1 posterior arch (c). This patient had tetraplegia and required ventilator control because of
irreversible spinal cord damage at the craniocervical junction.

Regarding the timing of operation, it is most important to perform fixation/decompression surgery
to relieve instability and compression before irreversible cord damage occurs. However, it remains
unclear when to perform early prophylactic fusion surgery to prevent future spinal cord damage.
Furthermore, there are problems associated with this surgery in patients with MPS. First, it is difficult
to use instruments for fixation such as plates and screws for immature small vertebrae, and it is also
difficult to maintain stability using orthoses, postoperatively. The development of cervical vertebrae
and bony union between the vertebral body and the laminae usually occurs by 3–6 years of age, at which
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time the size of the spinal canal almost matches that of adults [30]. Therefore, fusion surgery should
be performed after the maturation of the cervical vertebrae if the patient’s neurological state allows.
Subaxial adjacent instability requiring additional surgery is another problem with early spinal fusion.
Ozgur et al. reported that 7/20 (35%) patients with MPS IVa required revision surgery 36–168 months
after their initial surgery because of adjacent level problems [21]. Mollmann et al. reported the efficacy
of a scoring system for assessing the severity of cervical cord problems in patients with MPS IVa to
determine the optimal surgical timing [28].

Several operative methods have been introduced for atlantoaxial/occipito–cervical fixation in
patients with MPS, namely, in situ fusion using a halo-vest, cables or wires, transarticular screws,
or laminar screws [21,31–33]. The surgical technique is selected depending on the patient’s age and
anatomical vertebral size, and the surgeon’s preference. If there is enough atlas antero-posterior
diameter and size, atlantoaxial fixation is preferred to preserve occipito–atlanto motion. However,
occipito–cervical fusion should be selected when C1 laminectomy is required to decompress the spinal
cord because of a hypoplastic or immature C1 posterior arch. Vertebral arteries and related anatomy
must be evaluated by contrast-enhanced CT before surgery to avoid intraoperative vascular injuries,
and an intraoperative navigation system is recommended, if available [34]. There is no clear evidence
regarding bone union rates after bone grafting spinal surgery, but the rate appears to be similar to that in
normal conditions and depends more on the surgical technique than on osteogenic ability in MPS [35].
(Figure 3) Krenzlin et al. reported the feasibility of posterior arch resection alone in 15 patients with MPS
with craniocervical stenosis; however, the authors did not consider atlantoaxial instability, and nearly
half of the patients required revision surgery [36]. It is unclear whether decompression of C1 alone
accelerates future instability, and distal junctional instability is a major problem after occipito–cervical
fusion. Upper cervical fusion provides reliable neural outcomes [21], and laminectomy of C1 alone in
young patients should be avoided because this carries the risk of atlas fracture [37].
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Figure 3. Occipito–cervical fusion in MPS IVa (10-year-old girl). Hypoplasia of the dens and the C1
posterior arch (asterisk) in the computed tomographic image causing spinal cord compression and
myelomalacia (arrowhead) in the magnetic resonance image before surgery (a,d). Occipito–C2 fusion
surgery was performed, and the spinal canal was totally decompressed at the occipito–cervical junction.
The outer plate of the occipital bone (yellow arrowhead) was used for bone grafting material (yellow
asterisk) (b,e). Good bone union (red star) was achieved and, interestingly, bone formation in the dens
(white arrow) was observed 10 months postoperatively. C2 laminar screws combined with occipital
plating were used for this surgery (c,f).
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2.1.2. Cervical Stenosis

Cervical stenosis is widely recognized in MPS I, II, VI, VII, and mucolipidosis [16] and is the
main spinal problem in patients with MPS [38]. There are two pathophysiological factors in spinal
stenosis in MPS: developmental and acquired factors. Developmental spinal canal stenosis is classified
into two types: hereditary–idiopathic stenosis and skeletal growth disorder-related stenosis-like
MPS [39]. Acquired factors are related to GAG accumulation in the connective tissues surrounding the
epidural space, especially in the subligamentous membrane between the dura and the ligamentum
flavum, a hypertrophied ligamentum flavum, degenerated facet joints, and intervertebral discs. GAG
accumulation is mainly observed between the dura and ligamentum flavum and not within the dura
mater or subarachnoid space; therefore, it is important to remove these deposits during surgery to
achieve complete decompression.

The symptoms of cervical stenosis depend on the severity and compressed level of the spinal cord.
C1 hypoplasia with atlantoaxial instability is a common pathology in MPS IV and VI; however, this is
not common in other MPS types although hypoplasia of the C1 posterior arch is widely recognized.
The main cause of cord compression at the C1 level is GAG accumulation behind the dens combined
with hypoplasia of the C1 posterior arch. In most patients, the initial symptom of cord compression is
numbness in both hands. A neck extension test (considered positive if a patient feels numbness in both
hands when they extend their neck), Phalen’s test, and Tinel’s sign are necessary for diagnosis because
carpal tunnel syndrome is also common in MPS I, II, and III [15,40,41].

MRI is required to diagnose cervical stenosis. A thickened ligamentum flavum and hypertrophic
changes in the circumferential epidural space caused by GAG accumulation and spinal canal narrowing
with obstructed cerebrospinal fluid flow are evidence of a compressed spinal cord. Progressive
degenerative changes in the intervertebral discs are also observed in patients with MPS compared
with patients of the same age with a normal cervical spine. If intramedullary high-intensity changes in
T2-weighed images are recognized, irreversible cord damage is suspected [19] (Figure 4). Additionally,
the spinal canal appears as a small triangular shape with thickened laminae compared with a
normal cord, which looks wider with CT (Figure 5). The width of the spinal canal measured in
lateral plain radiographs should be > 13 mm in adult men and 12 mm in adult women, and is
defined as developmental canal stenosis if these measurements are smaller [42,43]. This definition of
developmental canal stenosis is not useful for patients with MPS because vertebral size is originally
smaller, and the spinal canal is narrower. Therefore, narrowing of the cervical canal should be evaluated
by comparisons with unaffected spinal cord levels.

Patients with cervical stenosis should undergo decompressive surgery before irreversible cord
damage occurs [19]. Posterior decompression surgery without instrumented fixation is appropriate
for patients without obvious cervical instability. Laminoplasty using artificial hydroxyapatite
spacers is preferable to avoid complications, further instability, and post-laminectomy membrane
fibrosis compared with total laminectomy [44,45]. In most cases, the addition of C1 laminectomy is
recommended combined with C2–C7 laminoplasty, and the necessity of suboccipital decompression
should be considered when stenosis at the occipito–cervical is suspected (Figure 6). In young
patients with immature cervical laminae, total laminectomy is the only surgical option. In these
patients, recurrence of stenosis secondary to instability or laminectomy membrane fibrosis should be
carefully monitored long-term. Mayfield fixators are used for adult patients with MPS to stabilize
the head and neck during surgery, but a halo-vest is necessary for infants with MPS (Figure 7).
Kawaguchi et al. investigated patients who had undergone laminoplasty more than 20 years previously
and found that 49.2% of the survivors had worsened clinical outcomes measured by the Japanese
Orthopedic Association score during follow-up, and the patients in the worsened group had undergone
additional spinal operations [46]. There are currently no long-term follow-up data for patients
with MPS undergoing cervical laminoplasty or laminectomy. However, findings similar to those of
Kawaguchi et al. are expected because of the extended life expectancy in patients with MPS.
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Figure 4. Cervical stenosis in MPS. Typical sagittal T2-weighed magnetic resonance image of the
cervical spine in a normal adult (a), MPS I (31-year-old woman) (b), and MPS II (37-year-old man).
GAG accumulation and stenosis is evident, especially around the odontoid process. Multiple T2
high-signal-intensity changes are observed in the spinal cord (arrows). Compared with the upper thoracic
levels, blocked cerebrospinal fluid flow secondary to the hypertrophied ligamentum flavum is seen (c).
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Figure 5. Shape of the spinal canal and spinal cord in MPS. 13-year-old boy with MPS II (a) and
3-year-old boy (b). The bony spinal canal is composed of thickened laminae and small vertebrae with
less cerebral spinal fluid compared with a 48-year-old normal man (c). High-signal-intensity change in
T2-weighed magnetic resonance image is seen (b). The upper column (computed tomographic images)
and the lower column (T2-weighed magnetic resonance images) represent the same cervical level.
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before surgery (b) was totally decompressed postoperatively (c). Numbness and clumsiness in both hands 
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general anesthesia before surgery in the supine position (a) and connected to the operating table via 
a special connector (arrow in image (a)) in the prone position (b). We used the halo-vest to stabilize 
the patient’s neck, instead of a neck orthosis, for 2–3 weeks postoperatively. 

2.1.3. Thoracolumbar Kyphosis 

Thoracolumbar kyphosis is caused by deformity of the vertebral column at the thoracolumbar 
junction and progresses with age [6]. Thoracolumbar kyphosis occurs in MPS I, II, IV, and VI, while 
scoliosis can occur in conjunction with kyphosis or in isolation in MPS I, II, and III [47]. The specific 
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ossification. Coined vertebra or beaked vertebra are terms that also represent the characteristic shape 
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Figure 6. Cervical decompression surgery for MPS. Open-door laminoplasty from C3–C6 using
hydroxyapatite spacers combined with C1 and C2 laminectomy (arrowhead) and suboccipital
decompression (yellow asterisk) was performed in a 37-year-old man with MPS II (a). Cervical
stenosis before surgery (b) was totally decompressed postoperatively (c). Numbness and clumsiness in
both hands improved, although high signal intensity was still present after surgery. (The upper images
are sagittal and the lower ones are axial T2-weighed magnetic resonance images in (b,c)).
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Figure 7. Patient positioning for an infant with MPS using a halo-vest. The halo-vest was placed under
general anesthesia before surgery in the supine position (a) and connected to the operating table via a
special connector (arrow in image (a)) in the prone position (b). We used the halo-vest to stabilize the
patient’s neck, instead of a neck orthosis, for 2–3 weeks postoperatively.

2.1.3. Thoracolumbar Kyphosis

Thoracolumbar kyphosis is caused by deformity of the vertebral column at the thoracolumbar
junction and progresses with age [6]. Thoracolumbar kyphosis occurs in MPS I, II, IV, and VI, while
scoliosis can occur in conjunction with kyphosis or in isolation in MPS I, II, and III [47]. The specific
shape of the vertebra in MPS is called platyspondyly, which is secondary to incomplete endochondral
ossification. Coined vertebra or beaked vertebra are terms that also represent the characteristic shape
of the vertebral deformity in MPS [48]. Anterior beaking of the inferior aspect of the vertebral body is
common in MPS I, while patients with MPS IV show anterior beaking of the midpoint of the vertebral
body. However, it is still difficult to determine the type of MPS only by the shape of the vertebral
deformity [49]. Thoracolumbar kyphosis causes sagittal imbalance accompanied by thoracic lordosis,
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pelvic anteversion, and lumbar hyper-lordosis, requiring flexed knee and hip joints to maintain
standing balance [50].

Regarding the treatment of thoracolumbar kyphosis in MPS, there is no clear evidence for the
ideal timing of operation, the ideal surgical method, or the efficacy of bracing. Studies report that
thoracolumbar kyphosis exceeding a 40-degree Cobb angle has the propensity to progress in MPS
I [51]. The effect of ERT or bone marrow transplantation on preventing spinal deformity is not
confirmed and requires further examination of the natural history of kyphosis progression in MPS [24].
Abelin et al. suggested using bracing to prevent kyphosis progression immediately after patients are
able to maintain the sitting position [50], and Crostelli et al. reported successful outcomes using braces
in 15 patients with MPS I [49].

Progressive kyphosis with neurological deficit is commonly accepted by spine surgeons as a
definitive indication for surgical intervention. Williams reported in a literature review of 58 patients with
MPS (MPS I: 38 patients, MPS II: 3 patients, MPS IV: 9 patients, MPS VI: 8 patients), that perioperative
neurological compromise associated with thoracolumbar kyphosis was observed only in MPS IV and
VI (MPS IV: 5 patients, MPS VI: 2 patients). According to these results, the surgical indications for MPS I
should be considered carefully because there are no long-term data describing the natural history of the
progression curve as in other skeletal dysplasias, and there is also a lack of functional and quality of life
assessments after thoracolumbar surgery [52]. Postoperative complications include death, neurological
deficits, pseudarthrosis, infection, additional junctional deformity, and anesthesia-related problems.
Additionally, perioperative thoracic spinal cord ischemia is a suspected cause of paraplegia [53].
We experienced cardiac arrest in a patient with MPS I during kyphoscoliosis surgery and had to
discontinue the surgery after inserting the pedicle screws [54]. The patient was transferred to the
intensive care unit and recovered completely after pacemaker insertion. The patient showed no
progression of kyphoscoliosis 10 years postoperatively, but experienced moderate low-back pain.
Surgeons should base the need for surgery not only on radiographical changes but also on the patient’s
neurological function and quality of life (QoL), especially in patients with MPS I (Figure 8).
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Figure 8. Thoracolumbar kyphosis in attenuated MPS I. X-ray images of a 31-year-old woman with MPS
I with low-back pain showing kyphoscoliosis and lateral slip of the lumbar spine (arrow) (a). Cardiac
arrest occurred during surgery in the prone position, which required discontinuing surgery just after
completing the pedicle screw insertion. The patient recovered fully without critical damage, although
she required a pacemaker (b). More than 10 years postoperatively, the degree of kyphoscoliosis and
low-back pain had not worsened.
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2.1.4. Lumbar Canal Stenosis

Lumbar spinal canal stenosis (LCS) is a common disease among populations older than 60 years
of age. MPS is a known cause of LCS and has been categorized as congenital/developmental stenosis
since the 70’s [55]. However, LCS has received less attention than cervical stenosis or thoracolumbar
kyphosis because the symptoms of LCS are not critical, and patients had more severe systemic
problems to address before the introduction of ERT or HSCT. Hypertrophy of the ligamentum flavum,
degenerative changes in the facet joints, and bulging intervertebral discs are the three main factors
causing degenerative LCS. In addition to these factors, developmental canal stenosis related to bone
deformity may largely explain LCS in patients with MPS. Bone deformity in lumbar lesions includes
posterior scalloping and anterior beaking caused by GAG accumulation in the superior and inferior
cartilaginous plates, upon which vertebral body growth depends [56].

The main symptoms of LCS are intermittent claudication, low-back pain, and bowel and/or
bladder dysfunction. Intermittent claudication is remarkable only in normal ambulatory patients with
MPS who can walk a long time without assistance. Therefore, most LCS patients have the attenuated
type of MPS I. As in non-MPS patients, degenerative changes such as disc bulging and hypertrophic
changes in the ligamentum flavum have important roles in developing LCS in patients with MPS.
Spondylolisthesis, hypoplastic facets, deformed endplates, and vertebral malformation, which are
commonly observed in MPS, accelerate degeneration. Thus, younger patients with MPS are more likely
to develop LCS compared with patients without MPS. As life expectancy increases with ERT/bone
marrow transplantation therapies, degenerative orthopedic problems such as LCS will become more
evident [57,58].

The surgical indications for LCS in patients with MPS are the same as for the non-MPS population.
Posterior decompression of involved levels alone is enough when there is no remarkable spinal
instability. Instrumented fusion is only indicated if there is instability with spondylolisthesis or isthmic
spondylolysis affecting patients’ symptoms. No long-term follow-up data are available regarding LCS
surgery in patients with MPS (Figure 9).
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Figure 9. Lumbar canal stenosis in MPS II. Preoperative magnetic resonance images of a 37-year-old man
with MPS II showing lumbar canal stenosis with redundant nerves (arrow), multiple disc degeneration
and bulged discs, and hypertrophied ligamentum flavum (arrowhead) (a). Intermittent claudication
disappeared after posterior decompression surgery. The spinal canal was enlarged, and nerve root
redundancy also disappeared in postoperative magnetic resonance images (b). Vertebral deformity
was not evident compared with MPS IV; however, isthmic spondylolysis and degenerative changes
were observed in the plain radiograph (c).
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2.1.5. General Anesthesia for Spinal Surgery

Spinal surgery for patients with MPS is challenging. Hypertrophied tonsils and epiglottis,
macroglossia, and abundant salivary secretions in MPS are known risk factors during intubation and
extubation in general anesthesia. In most spinal operations, patients must remain in the prone position
for a long time, which leads to difficulty controlling the airway. Increased abdominal pressure in
the prone position is another problem, however, it is necessary to relieve abdominal/airway pressure
to minimize intraoperative bleeding [59]. Because of short stature/necks and abdominal bloating in
patient with MPS, the prone position is difficult but necessary to perform surgery. Careful control
of infusions and blood transfusions is required to maintain patients’ circulatory dynamics during
surgery. Excess infusion easily increases cardiac afterload and decreases cardiac reserve. Arn et al.
reported that 32/753 (4.2%) patients with MPS I who had undergone at least one surgery died within 1
month of a surgery. Most deaths were not related to surgery but rather perioperative pulmonary or
cardiac complications [60]. Patients must be evaluated for cardiac, pulmonary, and airway conditions
by specialists before surgery to avoid perioperative risks. Anesthesiologists should evaluate cervical
MRI/CT images to determine the direction of neck movement that does not impact the cervical cord
during intubation [38,61,62].

3. Conclusions

Establishing appropriate surgical indications for spinal disorders in MPS remains a challenge
though guidelines of MPS have recently been launched [63,64]. Despite new therapeutic modalities
such as ERT/HSCT, which are expected to contribute prolonging the life expectancy of patients with
MPS, problems remain regarding musculoskeletal disorders, especially spinal problems. Cervical
lesions are more critical when considering patients’ QoL. Surgeons must be aware of typical symptoms
and understand the underlying pathology to avoid delaying surgical interventions. Regarding
thoracolumbar and lumbar lesions, long-term follow-up data are not available, including for the natural
history, and there are no data defining how spinal surgeries contribute to improved QoL because of
the rarity of these lesions. Degenerative processes and related musculoskeletal disease will be more
important for MPS patients than for non-MPS populations because of the successful introduction of
ERT/HSCT. Collecting more clinical data and further study are required to determine the necessity and
optimal timing of surgery and the best surgical approach for deformity and lumbar lesions.

Author Contributions: Writing, original draft preparation, review, and editing, H.T.; Supervision, H.N. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Terai expresses her deepest appreciation to the pediatrician, Akemi Tanaka, who passed
away in 2015, and who dedicated her life to the medical treatments of lysosomal diseases, including MPS, and
who introduced the author to research in MPS surgery.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

MPS Mucopolysaccharidoses
GAGs Glycosaminoglycans
LCS Lumbar spinal canal stenosis

References

1. Parini, R.; Biondi, A. The new frame for Mucopolysaccharidoses. Ital. J. Pediatr. 2018, 44, 117. [CrossRef]
[PubMed]

2. Hendriksz, C.J.; Harmatz, P.; Beck, M.; Jones, S.; Wood, T.; Lachman, R.; Gravance, C.G.; Orii, T.; Tomatsu, S.
Review of clinical presentation and diagnosis of mucopolysaccharidosis IVA. Mol. Genet. Metab. 2013, 110,
54–64. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s13052-018-0549-y
http://www.ncbi.nlm.nih.gov/pubmed/30442168
http://dx.doi.org/10.1016/j.ymgme.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23665161


Int. J. Mol. Sci. 2020, 21, 1171 11 of 14

3. Platt, F.M.; d’Azzo, A.; Davidson, B.L.; Neufeld, E.F.; Tifft, C.J. Lysosomal storage diseases. Nat. Rev.
Dis. Primers 2018, 4, 27. [CrossRef]

4. Peck, S.H.; O’Donnell, P.J.; Kang, J.L.; Malhotra, N.R.; Dodge, G.R.; Pacifici, M.; Shore, E.M.; Haskins, M.E.;
Smith, L.J. Delayed hypertrophic differentiation of epiphyseal chondrocytes contributes to failed secondary
ossification in mucopolysaccharidosis VII dogs. Mol. Genet. Metab. 2015, 116, 195–203. [CrossRef] [PubMed]

5. Tomatsu, S.; Alméciga-Díaz, C.J.; Montaño, A.M.; Yabe, H.; Tanaka, A.; Dung, V.C.; Giugliani, R.; Kubaski, F.;
Mason, R.W.; Yasuda, E.; et al. Therapies for the bone in mucopolysaccharidoses. Mol. Genet. Metab. 2015,
114, 94–109. [CrossRef] [PubMed]

6. Melbouci, M.; Mason, R.W.; Suzuki, Y.; Fukao, T.; Orii, T.; Tomatsu, S. Growth impairment in
mucopolysaccharidoses. Mol. Genet. Metab. 2018, 124, 1–10. [CrossRef]

7. Morishita, K.; Petty, R.E. Musculoskeletal manifestations of mucopolysaccharidoses. Rheumatology 2011, 50
(Suppl. 5), v19–v25. [CrossRef]

8. White, K.K. Orthopaedic aspects of mucopolysaccharidoses. Rheumatology 2011, 50 (Suppl. 5), v26–v33.
[CrossRef]

9. Montaño, A.M.; Tomatsu, S.; Gottesman, G.S.; Smith, M.; Orii, T. International Morquio A Registry: Clinical
manifestation and natural course of Morquio A disease. J. Inherit. Metab. Dis. 2007, 30, 165–174. [CrossRef]

10. Dubot, P.; Sabourdy, F.; Plat, G.; Jubert, C.; Cances, C.; Broue, P.; Touati, G.; Levade, T. First Report of a Patient
with MPS Type VII, Due to Novel Mutations in GUSB, Who Underwent Enzyme Replacement and Then
Hematopoietic Stem Cell Transplantation. Int. J. Mol. Sci. 2019, 20, 5345. [CrossRef]

11. Harmatz, P.; Ketteridge, D.; Giugliani, R.; Guffon, N.; Teles, E.L.; Miranda, M.C.; Yu, Z.F.; Swiedler, S.J.;
Hopwood, J.J. Direct comparison of measures of endurance, mobility, and joint function during
enzyme-replacement therapy of mucopolysaccharidosis VI (Maroteaux-Lamy syndrome): Results after
48 weeks in a phase 2 open-label clinical study of recombinant human N-acetylgalactosamine 4-sulfatase.
Pediatrics 2005, 115, e681–e689. [CrossRef] [PubMed]

12. Clarke, L.A. Mucopolysaccharidosis Type I. In GeneReviews; Adam, M.P., Ardinger, H.H., Pagon, R.A.,
Wallace, S.E., Bean, L.J.H., Stephens, K., Amemiya, A., Eds.; University of Washington, Seattle University of
Washington: Seattle, WA, USA, 1993.

13. Wagner, V.F.; Northrup, H. Mucopolysaccharidosis Type III. In GeneReviews; Adam, M.P., Ardinger, H.H.,
Pagon, R.A., Wallace, S.E., Bean, L.J.H., Stephens, K., Amemiya, A., Eds.; University of Washington, Seattle
University of Washington: Seattle, WA, USA, 1993.

14. Regier, D.S.; Oetgen, M.; Tanpaiboon, P. Mucopolysaccharidosis Type IVA. In GeneReviews; Adam, M.P.,
Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Stephens, K., Amemiya, A., Eds.; University of
Washington, Seattle University of Washington: Seattle, WA, USA, 1993.

15. White, K.K.; Harmatz, P. Orthopedic management of mucopolysaccharide disease. J. Pediatr. Rehabil. Med.
2010, 3, 47–56. [CrossRef] [PubMed]

16. Alden, T.D.; Amartino, H.; Dalla Corte, A.; Lampe, C.; Harmatz, P.R.; Vedolin, L. Surgical management
of neurological manifestations of mucopolysaccharidosis disorders. Mol. Genet. Metab. 2017, 122S, 41–48.
[CrossRef] [PubMed]

17. Chen, H.H.; Sawamoto, K.; Mason, R.W.; Kobayashi, H.; Yamaguchi, S.; Suzuki, Y.; Orii, K.; Orii, T.; Tomatsu, S.
Enzyme replacement therapy for mucopolysaccharidoses; past, present, and future. J. Hum. Genet. 2019, 64,
1153–1171. [CrossRef]

18. Stevenson, D.A.; Steiner, R.D. Skeletal abnormalities in lysosomal storage diseases. Pediatr. Endocrinol. Rev.
2013, 10 (Suppl. 2), 406–416.

19. Solanki, G.A.; Alden, T.D.; Burton, B.K.; Giugliani, R.; Horovitz, D.D.; Jones, S.A.; Lampe, C.; Martin, K.W.;
Ryan, M.E.; Schaefer, M.K.; et al. A multinational, multidisciplinary consensus for the diagnosis and
management of spinal cord compression among patients with mucopolysaccharidosis VI. Mol. Genet. Metab.
2012, 107, 15–24. [CrossRef]

20. Nelson, J.; Thomas, P.S. Clinical findings in 12 patients with MPS IV A (Morquio’s disease). Further evidence
for heterogeneity. Part III: Odontoid dysplasia. Clin. Genet. 1988, 33, 126–130. [CrossRef]

21. Dede, O.; Thacker, M.M.; Rogers, K.J.; Oto, M.; Belthur, M.V.; Baratela, W.; Mackenzie, W.G. Upper cervical
fusion in children with Morquio syndrome: Intermediate to long-term results. J. Bone Joint Surg. Am. 2013,
95, 1228–1234. [CrossRef]

http://dx.doi.org/10.1038/s41572-018-0025-4
http://dx.doi.org/10.1016/j.ymgme.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26422116
http://dx.doi.org/10.1016/j.ymgme.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25537451
http://dx.doi.org/10.1016/j.ymgme.2018.03.004
http://dx.doi.org/10.1093/rheumatology/ker397
http://dx.doi.org/10.1093/rheumatology/ker393
http://dx.doi.org/10.1007/s10545-007-0529-7
http://dx.doi.org/10.3390/ijms20215345
http://dx.doi.org/10.1542/peds.2004-1023
http://www.ncbi.nlm.nih.gov/pubmed/15930196
http://dx.doi.org/10.3233/PRM-2010-0102
http://www.ncbi.nlm.nih.gov/pubmed/21791829
http://dx.doi.org/10.1016/j.ymgme.2017.09.011
http://www.ncbi.nlm.nih.gov/pubmed/29153846
http://dx.doi.org/10.1038/s10038-019-0662-9
http://dx.doi.org/10.1016/j.ymgme.2012.07.018
http://dx.doi.org/10.1111/j.1399-0004.1988.tb03423.x
http://dx.doi.org/10.2106/JBJS.J.01135


Int. J. Mol. Sci. 2020, 21, 1171 12 of 14

22. Tomatsu, S.; Montaño, A.M.; Oikawa, H.; Smith, M.; Barrera, L.; Chinen, Y.; Thacker, M.M.; Mackenzie, W.G.;
Suzuki, Y.; Orii, T. Mucopolysaccharidosis type IVA (Morquio A disease): Clinical review and current
treatment. Curr. Pharm. Biotechnol. 2011, 12, 931–945. [CrossRef]

23. Northover, H.; Cowie, R.A.; Wraith, J.E. Mucopolysaccharidosis type IVA (Morquio syndrome): A clinical
review. J. Inherit. Metab. Dis. 1996, 19, 357–365. [CrossRef]

24. Solanki, G.A.; Martin, K.W.; Theroux, M.C.; Lampe, C.; White, K.K.; Shediac, R.; Lampe, C.G.;
Beck, M.; Mackenzie, W.G.; Hendriksz, C.J.; et al. Spinal involvement in mucopolysaccharidosis IVA
(Morquio-Brailsford or Morquio A syndrome): Presentation, diagnosis and management. J. Inherit. Metab. Dis.
2013, 36, 339–355. [CrossRef] [PubMed]

25. Watanabe, M.; Toyama, Y.; Fujimura, Y. Atlantoaxial instability in os odontoideum with myelopathy. Spine
1996, 21, 1435–1439. [CrossRef] [PubMed]

26. Helenius, I.J.; Bauer, J.M.; Verhofste, B.; Sponseller, P.D.; Krengel, W.F.; Hedequist, D.; Cahill, P.J.; Larson, A.N.;
Pahys, J.M.; Anderson, J.T.; et al. Os Odontoideum in Children: Treatment Outcomes and Neurological Risk
Factors. J. Bone Joint Surg. Am. 2019, 101, 1750–1760. [CrossRef]

27. Mackenzie, W.G.; Dhawale, A.A.; Demczko, M.M.; Ditro, C.; Rogers, K.J.; Bober, M.B.; Campbell, J.W.;
Grissom, L.E. Flexion-extension cervical spine MRI in children with skeletal dysplasia: Is it safe and effective?
J. Pediatr. Orthop. 2013, 33, 91–98. [CrossRef] [PubMed]

28. Mollmann, C.; Lampe, C.G.; Muller-Forell, W.; Scarpa, M.; Harmatz, P.; Schwarz, M.; Beck, M.; Lampe, C.
Development of a Scoring System to Evaluate the Severity of Craniocervical Spinal Cord Compression in
Patients with Mucopolysaccharidosis IVA (Morquio A Syndrome). JIMD Rep. 2013, 11, 65–72. [CrossRef]
[PubMed]

29. Giussani, C.; Guida, L.; Canonico, F.; Sganzerla, E.P. Cerebral and occipito-atlanto-axial involvement in
mucopolysaccharidosis patients: Clinical, radiological, and neurosurgical features. Ital. J. Pediatr. 2018, 44,
119. [CrossRef] [PubMed]

30. Rao, R.D.; Tang, S.; Lim, C.; Yoganandan, N. Developmental morphology and ossification patterns of the C1
vertebra. J. Bone Joint Surg. Am. 2013, 95, e1241–e1247. [CrossRef]

31. Vanek, P.; Homolkova, H.; Benes, V.; Zeman, J. Occipitocervical stabilization using bilateral laminar C2
screws in children with mucopolysaccharidosis IVA. Eur. Spine J. 2015, 24, 2756–2762. [CrossRef]

32. Martinez-Del-Campo, E.; Turner, J.D.; Rangel-Castilla, L.; Soriano-Baron, H.; Kalb, S.; Theodore, N. Pediatric
occipitocervical fixation: Radiographic criteria, surgical technique, and clinical outcomes based on experience
of a single surgeon. J. Neurosurg. Pediatr. 2016, 18, 452–462. [CrossRef]

33. Wu, X.; Wood, K.B.; Gao, Y.; Li, S.; Wang, J.; Ge, T.; Zhao, B.; Shao, Z.; Yang, S.; Yang, C. Surgical strategies
for the treatment of os odontoideum with atlantoaxial dislocation. J. Neurosurg. Spine 2018, 28, 131–139.
[CrossRef]

34. Mueller, C.A.; Roesseler, L.; Podlogar, M.; Kovacs, A.; Kristof, R.A. Accuracy and complications of
transpedicular C2 screw placement without the use of spinal navigation. Eur. Spine J. 2010, 19, 809–814.
[CrossRef] [PubMed]

35. Roberts, S.B.; Dryden, R.; Tsirikos, A.I. Thoracolumbar kyphosis in patients with mucopolysaccharidoses:
Clinical outcomes and predictive radiographic factors for progression of deformity. Bone Joint J. 2016, 98-B,
229–237. [CrossRef] [PubMed]

36. Krenzlin, H.; Ta-Chih, T.; Lampe, C.; Knuf, M.; Horn, P.; Schwarz, M. Stand-alone craniocervical
decompression is feasible in children with mucopolysaccharidosis type I, IVA, and VI. Spine J. 2018,
18, 1455–1459. [CrossRef] [PubMed]

37. Shimizu, T.; Otsuki, B.; Fujibayashi, S.; Kumamoto, S.; Hijikata, Y.; Shimizu, Y.; Takemoto, M.; Ota, M.; Ito, H.;
Matsuda, S. Incidence and Risk Factors of Anterior Arch Fracture of the Atlas Following C1 Laminectomy
Without Fusion. Spine 2018, 43, 667–674. [CrossRef]

38. Ghotme, K.A.; Alvarado-Gomez, F.; Lampe, C.; White, K.K.; Solano-Villareal, M.; Giugliani, R.; Harmatz, P.R.
Spinal cord issues in adult patients with MPS: Transition of care survey. Childs Nerv. Syst. 2018, 34, 1759–1765.
[CrossRef]

39. Nouri, A.; Tetreault, L.; Singh, A.; Karadimas, S.K.; Fehlings, M.G. Degenerative Cervical Myelopathy:
Epidemiology, Genetics, and Pathogenesis. Spine 2015, 40, E675–E693. [CrossRef]

40. Wipperman, J.; Goerl, K. Carpal Tunnel Syndrome: Diagnosis and Management. Am. Fam. Physcian 2016, 94,
993–999.

http://dx.doi.org/10.2174/138920111795542615
http://dx.doi.org/10.1007/BF01799267
http://dx.doi.org/10.1007/s10545-013-9586-2
http://www.ncbi.nlm.nih.gov/pubmed/23385297
http://dx.doi.org/10.1097/00007632-199606150-00007
http://www.ncbi.nlm.nih.gov/pubmed/8792520
http://dx.doi.org/10.2106/JBJS.19.00314
http://dx.doi.org/10.1097/BPO.0b013e318279c51f
http://www.ncbi.nlm.nih.gov/pubmed/23232386
http://dx.doi.org/10.1007/8904_2013_223
http://www.ncbi.nlm.nih.gov/pubmed/23580366
http://dx.doi.org/10.1186/s13052-018-0558-x
http://www.ncbi.nlm.nih.gov/pubmed/30442179
http://dx.doi.org/10.2106/JBJS.L.01035
http://dx.doi.org/10.1007/s00586-015-3879-0
http://dx.doi.org/10.3171/2016.2.PEDS15544
http://dx.doi.org/10.3171/2017.5.SPINE161211
http://dx.doi.org/10.1007/s00586-010-1291-3
http://www.ncbi.nlm.nih.gov/pubmed/20140465
http://dx.doi.org/10.1302/0301-620X.98B2.36144
http://www.ncbi.nlm.nih.gov/pubmed/26850429
http://dx.doi.org/10.1016/j.spinee.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29649608
http://dx.doi.org/10.1097/BRS.0000000000002402
http://dx.doi.org/10.1007/s00381-018-3834-6
http://dx.doi.org/10.1097/BRS.0000000000000913


Int. J. Mol. Sci. 2020, 21, 1171 13 of 14

41. Dabaj, I.; Gitiaux, C.; Avila-Smirnow, D.; Ropers, J.; Desguerre, I.; Salon, A.; Pannier, S.; Tebani, A.;
Valayannopoulos, V.; Quijano-Roy, S. Diagnosis and Management of Carpal Tunnel Syndrome in Children
with Mucopolysaccharidosis: A 10 Year Experience. Diagnostics 2019, 10, 5. [CrossRef]

42. Starshak, R.J.; Kass, G.A.; Samaraweera, R.N. Developmental stenosis of the cervical spine in children.
Pediatr. Radiol. 1987, 17, 291–295. [CrossRef]

43. Nakstad, P. Myelographic findings in cervical spines without degenerative changes. Special reference to
sagittal diameter of the dural sac. Neuroradiology 1987, 29, 256–258. [CrossRef]

44. Levin, T.L.; Berdon, W.E.; Lachman, R.S.; Anyane-Yeboa, K.; Ruzal-Shapiro, C.; Roye, D.P. Lumbar gibbus in
storage diseases and bone dysplasias. Pediatr. Radiol. 1997, 27, 289–294. [CrossRef] [PubMed]

45. Kaminsky, S.B.; Clark, C.R.; Traynelis, V.C. Operative treatment of cervical spondylotic myelopathy and
radiculopathy. A comparison of laminectomy and laminoplasty at five year average follow-up. Iowa Orthop. J.
2004, 24, 95–105. [PubMed]

46. Kawaguchi, Y.; Nakano, M.; Yasuda, T.; Seki, S.; Hori, T.; Suzuki, K.; Makino, H.; Kanamori, M.; Kimura, T.
More Than 20 Years Follow-up after En Bloc Cervical Laminoplasty. Spine 2016, 41, 1570–1579. [CrossRef]
[PubMed]

47. Williams, N.; Cundy, P.J.; Eastwod, D.M. Surgical Management of Thoracolumbar Kyphosis in Patients with
Mucopolysaccharidosis: A Systematic Review. Spine 2017, 42, 1817–1825. [CrossRef] [PubMed]

48. Langer, L.O.; Carey, L.S. The roentgenographic features of the KS mucopolysaccharidosis of Morquio
(Morquio-Brailsford’s disease). Am. J. Roentgenol. Radium Ther. Nucl. Med. 1966, 97, 1–20. [CrossRef]
[PubMed]

49. Crostelli, M.; Mazza, O.; Mariani, M.; Mascello, D.; Iorio, C. Spine challenges in mucopolysaccharidosis.
Int. Orthop. 2019, 43, 159–167. [CrossRef] [PubMed]

50. Abelin Genevois, K.; Garin, C.; Solla, F.; Guffon, N.; Kohler, R. Surgical management of thoracolumbar
kyphosis in mucopolysaccharidosis type 1 in a reference center. J. Inherit. Metab. Dis. 2014, 37, 69–78.
[CrossRef]

51. Yasin, M.N.; Sacho, R.; Oxborrow, N.J.; Wraith, J.E.; Williamson, J.B.; Siddique, I. Thoracolumbar kyphosis in
treated mucopolysaccharidosis 1 (Hurler syndrome). Spine 2014, 39, 381–387. [CrossRef]

52. Williams, N.; Challoumas, D.; Eastwood, D.M. Does orthopaedic surgery improve quality of life and function
in patients with mucopolysaccharidoses? J. Child. Orthop. 2017, 11, 289–297. [CrossRef]

53. Pauchard, N.; Garin, C.; Jouve, J.L.; Lascombes, P.; Journeau, P. Perioperative medullary complications in
spinal and extra-spinal surgery in mucopolysaccharidosis: A case series of three patients. JIMD Rep. 2014,
16, 95–99. [CrossRef]

54. Tsuchiya, M.; Terai, H.; Mizutani, K.; Funai, Y.; Tanaka, K.; Yamada, T.; Mori, T.; Nishikawa, K. General
Anesthesia Management for Adult Mucopolysaccharidosis Patients Undergoing Major Spine Surgery.
Med. Princ. Pract. 2019, 28, 581–585. [CrossRef] [PubMed]

55. Arnoldi, C.C.; Brodsky, A.E.; Cauchoix, J.; Crock, H.V.; Dommisse, G.F.; Edgar, M.A.; Gargano, F.P.;
Jacobson, R.E.; Kirkaldy-Willis, W.H.; Kurihara, A.; et al. Lumbar spinal stenosis and nerve root entrapment
syndromes. Definition and classification. Clin. Orthop. Relat. Res. 1976, 115, 4–5.

56. Bulut, E.; Pektas, E.; Sivri, H.S.; Bilginer, B.; Umaroglu, M.M.; Ozgen, B. Evaluation of spinal involvement
in children with mucopolysaccharidosis VI: The role of MRI. Br. J. Radiol. 2018, 91, 20170744. [CrossRef]
[PubMed]

57. Weisstein, J.S.; Delgado, E.; Steinbach, L.S.; Hart, K.; Packman, S. Musculoskeletal manifestations of Hurler
syndrome: Long-term follow-up after bone marrow transplantation. J. Pediatr. Orthop. 2004, 24, 97–101.
[CrossRef] [PubMed]

58. Van der Linden, M.H.; Kruyt, M.C.; Sakkers, R.J.; de Koning, T.J.; Oner, F.C.; Castelein, R.M. Orthopaedic
management of Hurler’s disease after hematopoietic stem cell transplantation: A systematic review. J. Inherit.
Metab. Dis. 2011, 34, 657–669. [CrossRef] [PubMed]

59. Koh, J.C.; Lee, J.S.; Han, D.W.; Choi, S.; Chang, C.H. Increase in airway pressure resulting from prone position
patient placing may predict intraoperative surgical blood loss. Spine 2013, 38, E678–E682. [CrossRef]

60. Arn, P.; Whitley, C.; Wraith, J.E.; Webb, H.W.; Underhill, L.; Rangachari, L.; Cox, G.F. High rate of postoperative
mortality in patients with mucopolysaccharidosis I: Findings from the MPS I Registry. J. Pediatr. Surg. 2012,
47, 477–484. [CrossRef]

http://dx.doi.org/10.3390/diagnostics10010005
http://dx.doi.org/10.1007/BF02388241
http://dx.doi.org/10.1007/BF00451763
http://dx.doi.org/10.1007/s002470050131
http://www.ncbi.nlm.nih.gov/pubmed/9094231
http://www.ncbi.nlm.nih.gov/pubmed/15296214
http://dx.doi.org/10.1097/BRS.0000000000001579
http://www.ncbi.nlm.nih.gov/pubmed/27035583
http://dx.doi.org/10.1097/BRS.0000000000002242
http://www.ncbi.nlm.nih.gov/pubmed/28538597
http://dx.doi.org/10.2214/ajr.97.1.1
http://www.ncbi.nlm.nih.gov/pubmed/4223084
http://dx.doi.org/10.1007/s00264-018-4143-0
http://www.ncbi.nlm.nih.gov/pubmed/30218179
http://dx.doi.org/10.1007/s10545-013-9630-2
http://dx.doi.org/10.1097/BRS.0000000000000157
http://dx.doi.org/10.1302/1863-2548.11.170042
http://dx.doi.org/10.1007/8904_2014_325
http://dx.doi.org/10.1159/000503051
http://www.ncbi.nlm.nih.gov/pubmed/31476755
http://dx.doi.org/10.1259/bjr.20170744
http://www.ncbi.nlm.nih.gov/pubmed/29376740
http://dx.doi.org/10.1097/01241398-200401000-00019
http://www.ncbi.nlm.nih.gov/pubmed/14676543
http://dx.doi.org/10.1007/s10545-011-9304-x
http://www.ncbi.nlm.nih.gov/pubmed/21416194
http://dx.doi.org/10.1097/BRS.0b013e31828cb3e5
http://dx.doi.org/10.1016/j.jpedsurg.2011.09.042


Int. J. Mol. Sci. 2020, 21, 1171 14 of 14

61. Moretto, A.; Bosatra, M.G.; Marchesini, L.; Tesoro, S. Anesthesiological risks in mucopolysaccharidoses.
Ital. J. Pediatr. 2018, 44, 116. [CrossRef]

62. Linstedt, U.; Maier, C.; Joehnk, H.; Stephani, U. Threatening spinal cord compression during anesthesia in a
child with mucopolysaccharidosis VI. Anesthesiology 1994, 80, 227–229. [CrossRef]

63. Akyol, M.U.; Alden, T.D.; Amartino, H.; Ashworth, J.; Belani, K.; Berger, K.I.; Borgo, A.; Braunlin, E.;
Eto, Y.; Gold, J.I.; et al. Recommendations for the management of MPS IVA: Systematic evidence- and
consensus-based guidance. Orphanet J. Rare Dis. 2019, 14, 137. [CrossRef]

64. Akyol, M.U.; Alden, T.D.; Amartino, H.; Ashworth, J.; Belani, K.; Berger, K.I.; Borgo, A.; Braunlin, E.; Eto, Y.;
Gold, J.I.; et al. Recommendations for the management of MPS VI: Systematic evidence- and consensus-based
guidance. Orphanet J. Rare Dis. 2019, 14, 118. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/s13052-018-0554-1
http://dx.doi.org/10.1097/00000542-199401000-00034
http://dx.doi.org/10.1186/s13023-019-1074-9
http://dx.doi.org/10.1186/s13023-019-1080-y
http://www.ncbi.nlm.nih.gov/pubmed/31142378
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Clinical Manifestations and the Surgical Treatment 
	Atlantoaxial Instability 
	Cervical Stenosis 
	Thoracolumbar Kyphosis 
	Lumbar Canal Stenosis 
	General Anesthesia for Spinal Surgery 


	Conclusions 
	References

