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Mucopolysaccharidoses (MPSs) are multisystemic, chronic progressive, heteroge-
neous, and life-threatening diseases, involving severely the musculoskeletal system,
in particular in MPS I, Il, IV, VI, VII, and less prevalent in MPS Ill. Accumulation of
glycosaminoglycans (GAGs) in soft tissues, such as ligaments, tendons, and joint
capsules, as well as in cartilage, and bone lead to orthopedic complications: joint
stiffness, contractures, and skeletal deformities, resulting in hip dysplasia, genua valga,
feet deformities, kyphoscoliosis, narrowing of the spinal canal, atlantoaxial instability,
carpal tunnel syndrome, trigger finger, and growth retardation. These complications
significantly reduce the quality of life due to impaired mobility, loss of independency,
and pain. Compression of the cervical spinal cord is also life threatening. According to
the progressive nature of MPSs, musculoskeletal symptoms worsen over time and
surgical intervention may be inevitable. However, due to the increased anesthesia risk
of MPSs, surgical intervention has to be evaluated carefully by a multidisciplinary team.
Additionally, due to the rarity of the diseases, not many standards or recommendations
are available to determine the indication of a surgical intervention, so each intervention
must be decided individually, based on the few data available. In addition, conservative
treatment should be taken into consideration. Physiotherapy, pain medication, insoles,
orthosis, braces, corsets, and special footwear play a pivotal role. Unfortunately, the
skeletal tissues are poorly vascularized and enzyme replacement therapy does not have
much effect on them. It is important to detect and observe musculoskeletal complica-
tions in the regular follow-up visits, in particular the life-threatening compression of
the cervical spinal cord.

Introduction clinical, radiological, and genetic information. One of those
categories corresponds to the MPSs which are classified as
Skeletal and joint involvements are the major disease man-  “lysosomal storage diseases with skeletal involvement (dys-

ifestations in MPSs. This is evidenced by looking at the  ostosis multiplex group).

"1 The importance of skeletal invol-

classification of skeletal dysplasias (SD) according to the vement in MPSs is also shown historically. In the 1960s,
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Bone and Joint diseases and Mucopolysaccharidoses

before elucidating the genetic background and pathogenesis
of various diseases, skeletal dysplasias were divided in two
groups: achondroplasia, “short-limbed type of SD” and
Morquio syndrome, “short-trunked type of SD.” Now, it is
known that not only skeletal dysmorphism, but also glyco-
saminoglycan (GAG) accumulation in tendons, ligaments,
joint capsules, and cartilage are leading to structural defor-
mities and loss of function of the joints.

Mechanism of Bone and Joint Disease

Joint disease in the MPSs is progressive and typically without
clinical signs of inflammation. While MPS III have less joint
involvement, MPS 1, II, VI, and VII patients suffer from joint
stiffness and contractures. In contrast, MPS IV patients show
hypermobility of joints and usually more severe skeletal
dysplasia than the other MPS types. As a result, also osteo-
penia and joint destruction has been described.’

The GAG storage in articular cartilage leads to enhanced
chondrocyte apoptosis, increased nitric oxide production,
increased cytokine and chemokine production, macrophage
recruitment, activation of TLR4 pathway, and increased matrix
metalloproteinases (MMPs) and TNF-a.? Moreover, GAG sto-
rage in growth plate leads to altered growth plate morphology,
altered trabecular architecture, osteoclast dysfunction, inhibi-
tion of collagenase activity of cathepsin K, alteration of the
STAT pathway, and decreased IL-6 and IL-6 family cytokines.

In summary, although not having any clinical signs of joint
inflammation on a cellular basis, there are many different
inflammatory pathways ongoing due to GAG deposition, but
not all mechanisms are understood so far.?

Dysostosis Multiplex

The radiological term “dysostosis multiplex” is characteristic
for MPS and reflects defective endochondral and membra-
nous bone formation and maturation throughout the body,
including the following skeletal dysmorphisms:

« Skull: J-shaped sella turcica, thickened calvaria.

* Chest: Oar shaped ribs, shortened sternum, broad-short
clavicles.

* Spine: Platyspondyly, inferiorly beaked vertebrae, odon-
toid dysplasia.

* Pelvis: Round iliac wings, inferior ilial tapering, hip dysplasia.

* Hands: Proximal pointing of metacarpals, shortened
metacarpals, hypoplasia of carpals.

« Long bones: Hypoplastic epiphyses, thick-short diaphysis.?

Heterogeneity of disease progression and disease severity
in each MPS type reflects the degree of dysostosis multiplex.
Thus, there are some skeletal/joint disease complications
that are more frequent than others and need sometimes
surgical intervention. In any case intensive physiotherapy,
stretching of the joints/ligaments and tendons, orthosis,
insoles, and corsets, as well as individualized footwear
may improve and maintain mobility, and reduce pain.

Spinal cord compression on the level of the craniocervical
junction is a life-threatening musculoskeletal disease com-
plication. In contrast, hip dysplasia, feet deformities, and
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kyphoscoliosis reduce mobility, evoke pain, and reduce
quality of life (QOL).

Regular evaluation of skeletal and joint disease and follow-
up visits are important. Regular clinical examinations, mea-
surement of joint range of motion, X-rays, CT (computed
tomography) scans, and MRIs (magnetic resonance imagings,
especially of the spine) may help to understand the disease
progression and need of surgical intervention. In particular,
the decision for surgical intervention must be analyzed very
carefully due to the high anesthesia risk in MPSs.

Lower Limb Involvement

Lower limb involvement such as hip dysplasia, genua valga,
ankle and foot deformities, carpal are very common ortho-
pedic disease complications in MPSs. Orthopedic findings in
different MPS types® and recommendations of radiological
assessments in MPSs have been published.* Currently,
recommendations for follow-up assessments are not sug-
gested for all MPS types.

Further investigations to analyze the lower limbs in MPS
are described by White et al, regarding Morquio patients but
might be adapted to other MPSs (~Fig. 1).

* Physical examination: At diagnosis, annually and when
clinically indicated.

* Anteroposterior pelvis X-ray: At diagnosis, annually and
when clinically indicated.

» Anteroposterior standing radiographs of both legs: At
diagnosis, when clinically indicated.

* CT for rotational alignment or preoperative: when clini-
cally indicated.

* MRI: When clinically indicated.

* Arthrography: When clinically indicated.

* Gait analysis: When clinically indicated.

Hip Dysplasia

Hip dysplasia is found in almost all children with MPS.
Typical changes of the hips include the loss of sphericity of
the femoral head, flat acetabula, increased neck-diaphyseal
angle, and migration of the hip. The result is impaired
mobility and pain, although many radiological changes do
not correlate with the clinical symptoms.

An international consensus procedure concerning the
treatment of the hip dysplasia in MPS I patients, after
Hematopoietic Stem Cell Transplantation (HSCT), recom-
mends that an early corrective surgery should be considered,
but further research is needed to establish its efficacy. There
was no consensus whether surgical correction should be
offered to all or only to symptomatic patients.®

In 2016, Kennedy et al published “Along-term retrospec-
tive evaluation of functional and radiographic outcomes of
pediatric hip surgery in Hurler Syndrome”. In this study, 13
MPS I patients underwent 24 hip surgeries. The average age
at surgery was 4 years (2-6.3 years). The average follow-up
was 14.6 years (10.3-21.6 years). 12 out of 13 patients
underwent a Salter pelvic osteotomy + proximal femoral
osteotomy. In the follow-up, 41% showed advanced degen-
erative changes, although radiological well covered hips,
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Fig. 1 X-ray of both legs in an 8-year-old male Morquio A patient with
hip dysplasia, genua valga, and deformity of the ankles.

evaluated by the “Harris hip score”.” Due to this scoring
system, 7 out of 13 cases were analyzed as surgical failures. It
seems that radiological findings and clinical outcome do not
correlate.®

A retrospective study, analyzed 88 hips in 44 children
with MPS I and II to understand the hip morphology. X-rays
evaluated hip migration, femoral head sphericity, and acet-
abular dysplasia at different ages throughout childhood. 75%
of children showed progressive hip migration, and 50%
progressive femoral head deformity, while the acetabulum
varied from normal to severely dysplastic but did not dete-
riorate over time. MPS I patients seemed to be more affected
than those suffering from MPS II. According to the fact, that
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some of the above-mentioned changes of the hips did not
progress over time; the authors suggest that surgery was not
needed in all cases.’

The evaluation of 124 out of 505 MPS II patients, enrolled
in the Hunter Outcome Survey, showed in 30 patients with
available X-rays of the hips the presence of any hip abnorm-
ality in 26 patients, mainly acetabulum dysplasia followed by
femoral head dysplasia. Pelvic osteotomy or hip replacement
was not reported in any patient, only 3 patients received
femoral osteotomy.'®

Although MPS III patients do not show severe signs of
dysostosis multiplex as other MPS types, they may show
osteonecrosis of the femoral head: a Dutch study analyzed
the X-rays of 33 MPS IIl patients. Fourteen patients were
considered as attenuated affected. In these patients, no
osteonecrosis of the femoral head was detected. In contrast
to that, osteonecrosis of the femoral head was described
unilateral in 8 severely affected patients and bilateral in 6
patients. Additionally, 6 patients had also hip dysplasia."’

The physicians survey of 56 MPS VII patients reported that
53% suffered from hip dysplasia, and around 25% had hip
replacement. Hip dysplasia was the main reason for losing
ability to walk in this cohort.'?

In a prospective study, over 2 years in 14 MPS VI patients,
157 X-rays were evaluated. Median follow-up was 6.8 years.
In all patients, dysplasia of the os ilium and the acetabulum
was described. The femoral head appeared normal in young
children, but worsened over time due to impaired ossifica-
tion. Although the acetabular coverage of the femoral head
improved over time, it still remained insufficient. It was
concluded that all patients suffered from structural hip
deformities over time that vary from patient to patient but
led to different degrees of impaired mobility in all. However,
this progression is difficult to predict.'?

Another study was enrolled 23 MPS IVA patients. Hip
subluxation was seen in all patients, and 61 hip surgeries
were performed in these patients. Six patients (12 hips) had
recurrence of subluxation after acetabular osteotomies and/
or femoral varus derotation osteotomy.'*

Since the acetabulum is not capable to remodel, the
acetabular cartilage in MPS patients differs from the “com-
mon dysplasia of the hip.” Thus, femoral osteotomy in
combination with pelvic osteotomy may lead to dislocation
while femoral osteotomy combined with acetabuloplasty
may avoid dislocation.'*1?

However, these are invasive procedures with long reha-
bilitation time and long immobility. Additionally, the high
anesthesia risk in MPS patients must be taken into consid-
eration and balance carefully risk and benefit. Another
surgical option is total hip replacement, but this procedure
should be reserved for adult patients.

Beside the skeletal deformities of the hip, also contrac-
tures of the hip flexors lead to inappropriate biomechanical
stress to the femoral head, the spine, and all other joints of
the limbs. To stand upright and walk stable, the body tries
to balance the flexion in the hips with hyperlordosis of
the lumbar spine, flexion of the knees, and finally tip toe
walking. On the other hand, the contractures of the knees
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in MPS Il appear with median onset at 5.1 years while
the median age of onset of hip contracture was 5.6,
years.'°This shows that the musculoskeletal system is
very complex and has to be seen as a whole, especially
when deciding on surgical interventions. In any case,
intense physiotherapy including stretching of the hip
adductors may improve the symptoms.

Genua Valga
Genua valga are very common skeletal symptoms in MPSs,
found in almost all children with MPS IV and 50% of children
with MPS I after HSCT."® Valgus deformity is also described in
MPS VI, and slowly progressing MPS I (Hurler-Scheie, Scheie),
as well as in MPS 1L

The best way to evaluate lower extremity alignment is the
AP X-ray of both limbs on an image in standing position. It
should be assessed at least at first assessment and in the
follow-up according to the clinical examination. The follow-
ing conditions should be analyzed*:

1. Lateral femoral angle (LDFA): Normal averages 88° (range:
85-90°).

2. Medial proximal tibial angle (MPTA): Normal averages 87°
(range:8 5-90°).

3. Mechanical axis deviation as graded by zone.*

In MPS, the deformity is mainly a valgus of the tibia of
more than 90° and a zone 2 mechanical axis deviation.*

Surgical techniques to fix valgus deformities are hemi-
epiphyseal growth modulation by implantation of Blount’s
staples or eight plates, as well as classical osteotomy, and in
a final stage, knee arthroplasty. Another option is a correc-
tion by external frame, especially when mainly the tibia is
affected. The less invasive method is the eight-plate implan-
tation that can be used also in very young children. How-
ever, the eight-plate technique requires a certain growth to
balance the deformity, but growth in MPS cannot be
predicted.*

The indication for surgical intervention is described as a
tibial-femoral angle of more than 15°.4

Fifty-eight knees of 17 MPS I and 12 severe MPS Il patients
were observed in a retrospective observational study,
regarding knee alignment. All patients with MPS I and 75%
of children with MPS II showed genua valga deformity at the
age of 8 years with deterioration over time in 66% in MPS I
and 50% in MPS II patients. Seven children with MPS I, and 3
children with MPS Il were treated with implantation of eight
plates. The deformity persisted in one patient, recurred in
three children after removing the eight plates, and plates
were still in place in four children. The plates remained in
situ for approximately 1.6 years.

In conclusion, although recurrence is quite frequent, the
alignment of genua valga deformity should be considered in
progression of valgus deformity in MPS I and II patients.
Skeletal maturity prior removal of the eight plates may avoid
recurrent deformity having reached skeletal maturity before
removing the devices. These results are comparable with
another study in eight MPS I knees, showing complete
correction in two knees, incomplete correction in six knees,
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and a recurrent deformity in five knees, after removal of the
staples.

In contrast to the stiff joints in MPS I, II, VI, and VII
patients, MPS IVA patients show a hypermobility of joints
due to laxity of ligaments. Also, the collateral ligaments of
the knees are affected. In MRI, the proximal lateral portion of
the tibia appears to be unossified and the fibula to be short.

In a study of 23 MPS IVA patients who received different
hemiepiphysiodesis techniques at a mean age of 8.3 years, 19
patients remained mobile, 30% showed improvement in the
6-minute walk test (EMWT) and 3 patients showed immo-
bility without obvious medical reason in an average follow-
up of 44 months.®

The only case report of an MPS VI patient indicates that
genu valgum is a complication in this disease.*'’

There is no literature about MPS III and genua valga.

In a physicians’ survey of 56 MPS VII patients, it was
reported that 27 patients (63%) suffered from genua valga.'?

Feet Deformities
Feet deformities in MPSs are not well described in literature.
Typical deformities in MPSs are pes equinus, hindfoot valgus,
forefoot adductus with prominence of the first metatarsal
head and curly toes. Additionally, ankle valgus is quite com-
mon. The treatment is mainly conservative with insoles,
orthotics, and custom footwear. Only one study evaluates
the QOL and function after foot and ankle surgery in 18 MPS
I patients who have received HSCT (mean age: 10.3 years).
Validated questionnaires, with a score of 60 defined as healthy,
were used to understand physical, school, play, and emotional
domains, as well as footwear habits. The average score for MPS1
patients was 45.7. Functional domains had lower scores than
other domains like school, play, or emotional aspects. Ten
patients were unable to wear common shoes.'®

White et al described that foot and ankle deformities in
MPS IVA patients are usually managed by orthosis, but also
by surgical correction with guided growth (screw hemiepi-
physiodesis or osteotomy) might be considered, although
deformities recur often.”

Spine Deformities

Spinal cord compression is due to spinal deformities and GAG
accumulation in ligaments and soft tissues occurs in all levels
of the spinal cord, although mainly in the region of the
craniocervical junction and the thoracolumbar spine.
(=~Fig. 2) Since compression of the cervical spinal cord reduces
the QOL, which has a bigimpact on mortality in MPS patients, it
isimportant to screen for and to treat before irreversible organ
damage occurs. Taking into consideration, the high anesthesia
risk in MPSs, the right time for surgery is of great importance.

The following assessments are needed to detect spinal
complications in MPSs:

Neurological Examination

The first sign of cervical spinal cord compression is loss of
endurance and instability in gait. Additionally, patients show
pyramidal tract signs like increased or side different deep tendon
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Fig. 2 Magnetic resonance imaging of the whole spine in an 8-year-
old male Morquio A patient with narrowing of the spinal cord at the
craniocervical junction and vertebral deformities.

reflexes, ankle clonus, and Babinski’s sign. Further signs can be
loss of strength and raised muscle tone. The lower limbs (legs)
are more affected than the upper limbs (arms). Sensory loss, loss
of vibration sense, and deep sensation are less common.'®

Due to the fact that compression of the spinal cord at the
thoracolumbar level causes similar neurological signs, a
coexistence of both thoracolumbar and cervical spinal cord
compression must be excluded.

Imaging
Several imaging assessments are available to analyze spinal
cord compression: MRI, X-ray, and CT scans.'®-?°
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In the multinational, multidisciplinary consensus for the
diagnosis and management of spinal cord compression
among patients with MPS VI, it is recommended to ask
the following questions to the radiologist:

1. Presence, absence, or dysplasia of the odontoid process of

C2, posterior elements, vertebral bodies, and discs.

2. Degree of ligamentous and dural thickening.

3. Spinal column kyphosis, scoliosis, instability, stenosis, or
listhesis.

4. Complete or partial effacement of spinal fluid around the
cord.

5. Spinal cord contour changes and degree of compression.

These questions are independent from the MPS type and
should be used for all MPSs

Magnetic Resonance Imaging
To detect spinal stenosis, myelopathy or myelomalacia, T1-and
T2-weighted MRI of the whole spine is of upmost importance.

Magnetic resonance imaging is indispensable for soft
tissue evaluation (myelopathy and myelomalacia) and it
shows venous collaterals. Flexion-extension MRI immedi-
ately shows cord compression due to instability. The advan-
tage is also the nonionizing radiation, although sedation is
needed in young children and neurological MPS patients that
contain the risk of anesthesia complications.

Further techniques, including cisternography, CSF (cere-
brospinal fluid) flow, DWI (diffusion weighted imaging),
and DTI (diffusion tensor imaging) can be performed for
better evaluation and staging of stenosis and potential cord
compression.20

X-ray

Further information is given by X-rays, plain and in flexion and
extension to detect skeletal deformities, instability, spinal
canal stenosis, as well as malalignment. X-ray, in AP and lateral
of the whole spine gives an impression of the bony structure of
the spine, malformations and additional deformities, such as
kyphosis. X-ray, in flexion and extension gives the option to
detect instability, although it is sometimes difficult to analyze
due to the fact that basilar invagination and enlarged mastoid
processes often overlap the craniocervical junction.

Computed Tomography Scan

Computed tomography scan of the areas of interest not only
provides further information about the bony structure, but
also it is needed for planning surgical intervention. In
particular, it assists in the evaluation of the odontoid process
as well as the atlantoaxial junction. It may replace MRI in
patients with high anesthesia risk since also flexion and
extension studies can be performed and CT scan allow
visualization of some soft tissue structures. One disadvan-
tage is the recurrent use of ionizing radiation.

Neurophysiology

Somatosensory evoked potentials (SSEPs) of the median nerve
have been described to be useful in diagnosing and monitoring
cervical cord compression in MPS VI.2"-?? In contrast to that, a
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study of 22 MPS IVA patients found no correlation between
neurological examination and SSEP of the median nerve.>> By
performing SSEPs of the median and the posterior tibial
nerves, it could be possible to discriminate between lesions
at the level of the craniocervical junction and below the lower
cervical spinal cord (Lampe, unpublished data). Motor evoked
potentials (MEP) have not been systematically studied in
MPSs so far. Intraoperative neurophysiological observation is
strongly recommended.'?

Compression of the Spinal Cord at the
Craniocervical Junction

Beside all mentioned QOL reducing skeletal problems, the
craniocervical stenosis is a life-threatening complication. It
is very common in MPS IV, VI, less frequent in MPS II and VII,
and rare in MPS IIL

For MPS IVA and MPS VI patients, recommendations are
available'®?? on how to detect, follow-up, and manage/find
the right time for decompression surgery of the craniocervi-
cal stenosis.

The cause of craniocervical stenosis is multifactorial and
leads to impairment of movement, paraplegia-mainly of the
lower limbs, respiratory insufficiency, central apnea, and
tetraplegia leading finally to death.

Anatomically, atlantoaxial instability is due to odontoid
dysplasia in combination with ligamentous laxity, in parti-
cular of the transverse ligament of the atlas. As a conse-
quence, there is ligamentous hypertrophy and invagination
of the posterior arch of C1 leading to narrowing of the spinal
cord, in particular during flexion. Additionally, due to GAG
accumulation, thickening of the dural and paraspinal liga-
ments deteriorate the spinal compression.24

The main purpose of the evaluation is to detect presence
of spinal cord compression before irreversible spinal cord
damage is present. The following assessments may help to
diagnose myelopathy: neurological examination, imaging
(MRI, CT, X-rays), and neurophysiological examinations.
Only the combination of the mentioned examinations allows
to analyze the severity of the spinal cord compression and to
decide whether surgical intervention is needed.'®?

Further examinations, such as sleep studies, pulmonary
function tests, ultrasound evaluation of diaphragmatic
motion to assess phrenic nerve function, urodynamics, and
6MWT also help to analyze the function of the spinal cord.?°

Indication for surgery is given by presence of pathological
reflexes, and/or neurological deficits, and signal changes of
the spinal cord seen in the MRI. Deterioration of endurance in
the 6MWT, central apneas in sleep studies, paresis of the
diaphragm or pain in the neck may underlay the need of
surgery. Prophylactic decompression was recommended
previously but due to the fact that GAG accumulation is
progressive, recurrent surgeries may be needed, and patients
with MPS have a high anesthesia risk. The aim of decom-
pression surgery is to protect the spinal cord and correct
spine malalignment as well as stabilizing instability.'

The only therapeutic option is surgical decompression by
laminectomy with or without stabilization. There is no
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consensus about the surgical technique in detail so far.
Most common is the posterior fixation and fusion of
C1-C2 with instrumentation and bone graft. Several
approaches are used and none can be called the gold stan-
dard so far. Spinal stenosis can be assumed, if the anterior-
posterior diameter of the spinal canal is <14 mm.'?

Central Cord Syndrome in MPS IV
Keratan sulfate and chondroitin-6-sulfate are the GAGs,
accumulating in MPS IVA. Since these are the main compo-
nents of proteoglycans in bone and cartilage, MPS IVA is
mainly a skeletal disease.'® Although, spinal cord compres-
sion can occur at all levels of the spine, beside kyphosis of the
thoracolumbar region, compression of the spinal cord at the
craniocervical junction, C1/C2 level accompanied by instabil-
ity is most frequent. MPS IV patients have a high risk of
having atlantoaxial instability. In the Natural History study,
in 325 MPS IVA patients, odontoid dysplasia was described in
65%, cervical spinal instability in 49%.2

For monitoring and diagnostics of spinal cord compression
in MPS IVA, the following recommendations were published in
2013

* Neurological
6 months.

* Plain radiography cervical spine (AP, lateral, neutral, and
flexion-extension) at diagnosis and every 2 to 3 years.

* Plain radiography spine (AP and lateral) at diagnosis and
every 2to 3 years.

* MRI neutral position whole spine at diagnosis and every
year.

* MRI of the cervical spine in flexion and extension at
diagnosis and every 1 to 3 years.

* CT neutral position (region of interest) preoperative.

 The surgical approach is described below.

examination at diagnosis and every

Central Cord Syndrome in MPS VI

The pathophysiology of craniocervical stenosis in MPS VI is
very similar to MPS IVA, although instability is not as frequent
as in MPS IVA. The following assessments are recommended?®:

» Neurological examination: At diagnosis, before enzyme
replacement therapy (ERT) and 6 months after ERT starts,
and interval of every 6 months.

* Plain radiography cervical spine (AP, lateral, neutral, and
flexion-extension): > 1 year of age, diagnosis, before ERT,
1 year after ERT starts, and interval of every 3 years.

* CTin flexion and extension (if poor X-ray): >One year of
age, diagnosis, before ERT, 1 year after ERT start, and
interval of every 3 years.

* MRI in neutral position: >One year of age, diagnosis,
before ERT, 1 year after ERT starts, and interval of every
1 to 2 years.

- MRI in flexion and extension: >One year of age,
diagnosis, before ERT, 1 year after ERT starts, and
interval of every 3 years.

- Evoked potentials: At diagnosis, before ERT start,
6 months after ERT starts, and interval of every
6 months to 1 year.
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Central Cord Syndrome in MPS Il

There is not much literature about frequency of craniocervical
stenosis in MPSII. However, an analysis of 719 patients enrolled
in the Hunter Outcome Survey, described that the follow-up
assessments concerning in MPS Il and spinal cord compression
is very poor. Only 12% of patients had >1 cervical MR image,
and only 22% had >1 cervical X-ray image recorded. Only 21
patients (3%) out of 683 had fusion or decompression surgery.
In the Hunter Outcome Survey, it is reported that out of 39
patients with available imaging 68.8% showed cervical verteb-
ral deformity, instability 3.1%, and 9.4% spinal cord compres-
sion. Although, cervical spine stenosis in MPS Il is not frequent
as in other MPSs, it should be assessed regularly.'%%7-23

Central Cord Syndrome in MPS |

It has been described that spinal cord compression is a
complication in all types of MPS I patients and patients have
to be screened regularly in the follow-up examinations.*

Central Cord Syndrome in MPS Il

There is limited literature about MPS III and orthopedic
complications. A study of 18 patients with MPS III with a
median age of 10.3 years did not show any patient with
craniocervical instability.?°

Central Cord Syndrome in MPS ViI

In a physicians’ survey analyzing 56 MPS VII patients, 28
patients showed spinal cord compression. However, it was
not defined on which level of the spinal cord. Almost 20% of
MPS VII patients received cervical fusion.'?

Kyphoscoliosis

The kyphoscoliosis was considered previously a typical
clinical sign to diagnose MPS patients. Gibbus deformity is
present in almost all MPS types, almost all children with
severe MPS I disease have it (~Fig. 3).

In a study of 19 MPS I patients treated with hematopoetic
stem cell transplantation (HSCT), thoracolumbar kyphosis
was clinically diagnosed in nearly 90% of patients at a mean
age of 1.3 years, and was the first symptom of the disease in
almost all patients; 58% of the patients had kyphosis and
scoliosis. The onset of kyphosis was 2.4 years, and the onset
of scoliosis was 3.7 years.30

The causes of the malalignment are intervertebral disc
degeneration and vertebral body dysplasia. Curves of > 40°
tend to progress and should be operated. A relative indication
for surgery is a kyphosis of > 70° and a scoliosis of >50°,
depending also on the aesthesia risk and complications/suffer-
ance due to the deformity. Myelopathy is a strong indication for
surgery. Mainly MPS I and VI show severe thoracolumbar
kyphosis. The average age of surgery in MPS I patients is
8 years.“'31

There is lack of information in the literature about kyphos-
coliosis in MPS Il beside one study enrolling 18 patients with
MPS Il (median age of 10.3 years), which showed that 3 patients
had significant scoliosis and 2 others had L1 hypoplasia.?’
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Fig.3 X-ray of the lateral spine in a 7-year-old male MPS Il patient with
kyphoscoliosis. MPS, mucopolysaccharidosis.

In MPS I, only one case report is published. A 12-year-old boy
with kyphoscoliosis was successfully treated with combined
anterior/posterior instrumented arthrodesis.>2 Based on avail-
able imaging, the evaluation of 39 patients enrolled in the
Hunter Outcome Survey showed that in 87% any spine involve-
ment was detected: almost 80% had thoracic vertebral deformity
and 3.4% spinal compression, while 94% had lumbar vertebral
deformity and 3% spinal cord compression. Spine fusion or
decompression was performed in less than 1% of patients.

In MPS VI kyphoscoliosis is mentioned as a disease
complication but not described in detailed studies.

In the Natural History study of MPS IVA, 325 patients were
enrolled, in which 13% patients exhibited thoracolumbar
cord compression.25

In a physicians’ survey of 56 MPS VII patients, almost 70%
showed kyphosis and scoliosis. Spine surgery was performed
in around 15% of these patients.'?

In our experience, stabilization of the deformity with a
corset and surgical fixation after stop of growth may be an
option. (Lampe, unpublished data)

The recommended surgical technique is anterior and
posterior fusion and postoperative bracing for 3 to 6 months.
Posterior stabilization and fusion only may lead to reopera-
tion. Scoliosis operation follows the common treatment of
scoliosis. 3334

There are no recommendations concerning the follow up
of kyphoscoliosis but since the symptomatic is very similar
to the cervical spinal cord compression, the same assess-
ments should be used for diagnostics and in the follow-up:
X-rays of the whole spine, AP and lateral in standing, MRI of
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the whole spine, and if available, somatosensory evoked
potentials of the tibia nerve.

Upper Limb Involvement

Carpal Tunnel Syndrome

Carpal tunnel syndrome (CTS) is caused by compression of
the median nerve at palmar side of the wrist. It presents with
numbness and pain in the first three fingers and affects
mainly women in the fifth and sixth decades of life. It is very
uncommon in childhood and typical signs and symptoms are
missing. CTS in childhood should always raise the suspicion
of MPS. While it is uncommon in MPS III and 1V, CTS has a
high frequency in patients with MPS [, II, and VI. GAG
accumulation in the retinaculum and the soft tissue around
the median nerve in the carpal canal causes compression of
the median nerve. It is important to diagnose and treat before
irreversible damage of the nerve is present. The gold stan-
dard to detect CTS is to conduct regular nerve conduction
studies, since early clinical signs and symptoms are mostly
absent. In a study of 24 MPS patients (MPS I, II, and VI),
ultrasound of the median nerve was analyzed as painless
assessment to detect CTS. Results could confirm that nerve
ultrasound has a high sensitivity and seemed to be more
sensitive than clinical signs and nerve conduction velocity.
However, no standard procedure for CTS diagnostics in MPS
exists so far.

Different studies show the effect of HSCT in MPS I patients
on CTS, but not of ERT.*®

In MPS I, it has been recommended that standard electro-
physiological testing should be initiated by 4 or 5 years of age
and repeated at 1 or 2years of intervals.>” Otherresults support
this recommendation and advocate earlier initiation of elec-
trophysiological studies by 3 years of age, as most of our
patients older than 4 years already showed a severe degree
of bilateral CTS.38

Studies have shown a prevalence of CTS up to 67% in
patients with MPS I Scheie,?® 18% in patients with MPS I1,%°
and in 6 out of 7 patients with MPS VI.*! A new evaluation of
994 MPS I patients enrolled in the MPS I Registry report that
291 patients suffered from CTS. Median age at CTS diagnosis
was 5.2 years for severe affected patients and 9.11 years in
attenuated affected patients.*?

The only available treatment is open surgical decompres-
sion of the transverse carpal ligament as well as debridement
of hypertrophic tenosynovium. It has been shown, that nerve
conduction velocity is not always improving although
patients show clinical improvement.>®

The greater the amount of axonal damage of the median
nerve, the lower the recovery one can expect. Early recogni-
tion and intervention to ameliorate the symptoms are
important in improving the QOL for MPS patients.>®

Trigger Finger

Trigger fingers are seen frequently (MPS [, 11, and VI) but must
be carefully differentiated from joint contractures. In a study,
36 trigger fingers were operated with an A1 and/or A3 pulley
release. One paper recommends partial resection of the flexor
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digitorum superficialis tendon and careful debridement of the
tenosynovial deposits to reduce recurrence 84344

Growth

Although height and weight in all MPSs are mainly in a
normal range at birth, at a certain age, MPS patients leave
their growth curve.#?

In particular, severely affected MPSs show short stature.
Dwarfism seems to be a combination of several factors as
retardation of the endochondral ossification, structural defor-
mities (genuavalga, kyphoscoliosis)and endocrinopathy. Addi-
tionally, abnormalities of the thyroid, pituitary gland, and sex
hormones may influence the growth in MPSs. 46 Although,
growth plate pathophysiology is poorly understood so far, it
isevident, that GAG accumulation in the extracellular matrix as
well as directly inside the lysosome leads to growth failure.
Secondary effects of the storage are alteration of the signal
transduction pathways as cell surface receptor activation,
function and maintenance, modulation of humoral factor
availability including cytokine and inflammatory modulator
dysregulation, but also alteration the intracellular pathways,
endocytosis, autophagy, and other lysosomal degradative path-
ways. Additionally, the GAG accumulation provokes an energy
imbalance.**The destroyed column organization of chondro-
cytes in the growth plate is shown in MPS I, IV and VI animal
models and results in destroyed trabecular architecture.

Administration of growth hormone to improve growth, is
still controversial. On the other hand, ERT seems to improve
growth in MPS [, 11, 1V, and VI, as well as HSCT in MPS L.

Growth in HSC transplanted MPS I is strongly correlated
with the age of transplantation. Usually, these patients have a
normal growth up to 8 years of age before they leave their
percentile.*” Enzyme replacement therapy, particularly started
at an early age can improve growth velocity. MPS I ERT with
Laronidase seems also to show improvement in height. In an
observation of 5 patients over 6 years showed in prepubertal
patients a gain of 33 cm in height.*® In contrast to that, a Polish
study of 14 MPS I patients of ERT, compared with healthy
population, did not show a significant gain of growth.*?

In MPS I, growth decline is becoming present at the age of 8
to 10 years, which is so much later than in the other MPSs. Data
of 133 patients aged 8 to 15 years on ERT with Elaprase were
analyzed showing that there was a significant improvement on
growth. The study also showed that patients with deletions/
large rearrangements/nonsense mutations as well as patients,
which started ERT at an older age, had the highest growth
deficit.>® A further study, which compared 13 patients that
started ERTunder the age of 6 years with 50 ERT naive patients,
did not show any significant growth difference.”’ The litera-
ture is inconsistent about growth and MPS 1.

Growth data from 118 MPS Il patients showed a dete-
rioration of growth at the age of 6 years, mainly in the severe
type, and leads to a final height of 2 SD below the normal
age.!

In MPS IVA, growth is used as a sign of disease severity. In
the Natural History study of 325 MPS IVA patients, the mean
age was 14.5 years. Mean =+ standard deviation of z-scores
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were:5.6 + 3.1. Data from the international Morquio registry,
enrolled 326 patients and the final adult height for affected
males and females was 122.5 4- 22.5cmand 116.5 + 20.5 cm,
respectively.”? In the phase II trial of 15 MPS IVA patients less
than 5 years of age treated with Elosulfase over 52 weeks, the
mean z-score of these cohort improved from —0.6 to -04.>3
In MPS VI, data of 229 patients (under the age of 25 years)
pre-ERT were analyzed to show the natural history of growth
in MPS VI. At the age of 2 to 3 years, patients decline in growth.
The fast progressing patients reach a plateau at the age of
10years. The median height of fast progressing MPS VI patients
at the age of 18 years was 109.3 cm, in contrast to the slowly
progressing MPS VI patients with a final height of 144.1 cm.>*
An investigation, confirming the higher growth rate in MPS
VI on ERT was published in 2017. This study showed that
depending on the baseline urinary GAG levels and age at ERT
initiation, younger MPS VI patients treated with ERT showed a
significant increase of height, measured by z-scores. Most
benefit in growth was shown in patients who started ERT < 6
years of age and had high urinary GAGs at baseline. On the other
hand, patients who started ERT > 15 years of age did not show
any benefit on growth, independently from the baseline GAGs.”
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