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Abstract
Background: Disorders of the spine present a common and di�cult management concern in patients with
skeletal dysplasia. Due to the rarity of these conditions however, the literature, largely consisting of small,
single institution case series, is sparse in regard to well-designed studies to support clinical decision
making in these situations. 

Methods: Using the Delphi method, an international, multi-disciplinary group of individuals, with
signi�cant experience in the care of patients with skeletal dysplasia, convened to develop multi-
disciplinary, “best practice” guidelines in the care of spinal disorders in patients with skeletal dysplasia. 

Results: Starting with 33 statements, the group a developed a list of 31 “best practice” guidelines. 

Conclusions: The guidelines are presented and discussed to provide context for clinicians in their
decision making in this often-challenging realm of care.

Background
Skeletal dysplasia is a heterogeneous group of over 500 genetically-mediated disorders that affect the
development, growth and maintenance of bone and cartilage, leading to disproportionate short stature
and abnormalities of the extremities and spine. Pathology of the spinal column appears where there is
physeal growth, including the skull base (foramen magnum), odontoid process, neuro-central
synchondrosis and vertebral endplates. Growth disturbance in these areas of the spine results in foramen
magnum stenosis, atlantoaxial instability, spinal stenosis, kyphosis and scoliosis.

Disorders of the spine are a signi�cant cause of morbidity and mortality in skeletal dysplasia. Spine
disorders may present early in life and are often progressive and severe. Spinal cord compression, with
resultant paralysis or death, is the most pressing concern. Prevention of these complications requires
early detection, close monitoring, and at times, prompt treatment. Their presence is often missed due to
misdiagnosis or a lack of knowledge of the natural history of individual disorders. Treatment does not
always follow established norms for spinal disease. Because of these factors, this working group set out
to develop multi-disciplinary “best practice” guidelines for care for this complicated and poorly
understood group of patients, to optimize health outcomes.

Methods
A RAND-UCLA modi�ed Delphi method was used to create consensus-based guidelines for the treatment
and management of spine disease in patients with skeletal dysplasia. This methodology consists of a
systematic literature review, creation of a list of statements, multiple rounds vetting those statements,
and a face-to-face meeting where these statements are rated anonymously by a group of experts.
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For this study, the primary author (KKW) created statements based on a systematic literature review.
These were evaluated by other senior authors (MJG, WGM, RS) who edited the list. The �rst electronic
survey consisted of 33 statements and was distributed with a referenced literature search to a panel of
international experts in October 2018 (Round 1) (Table I). Respondents rated the statements using a 5-
point Likert scale (Strongly Agree, Agree, Neutral, Disagree and Disagree Strongly). A month later, at a
face-to-face meeting, the results of the survey and the literature review were presented. Structured
discussion was focused on areas of disagreement with the opportunity to modify statements if desired.
The panel then suggested edits and the revised statements were rated anonymously for a second time by
electronic survey (Round 2).

Consensus of 80% is considered the standard for Delphi processes, and this percentage was agreed to a
priori. Statements with ≥ 80% of agreement between two categories (strongly agree and agree; or strongly
disagree or disagree) were interpreted as appropriate or inappropriate and included in the guidelines. The
panel consisted of 11 international experts on skeletal dysplasia comprising: 6 pediatric orthopedic
surgeons; 4 medical geneticists; and 1 pediatric radiologist. One of the pediatric orthopedic surgeons did
not participate in the second round.

Results
In round one, the panel agreed on 19 of 33 statements (Table 1). Statements not reaching 80% agreement
are listed in Table 2. During the face-to face meeting, the list was modi�ed into 32 statements and rated
again (round two), where 31 statements reached ≥ 80% consensus (Table 3) and 1 statement did not
(Table 4).
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  Strongly
Agree

Agree Neutral Disagree Strongly
Disagree

1.Spinal disorders are common is common
in skeletal dysplasia.

9 (82%) 2(18%) 0 0 0

2.Spinal disorders often presents early and
is for some forms of skeletal dysplasia
progressive in nature.

9 (82%) 2
(18%)

0 0 0

3.Spinal cord compression and myelopathy
are common manifestations of spinal
disorders in skeletal dysplasia.

4 (36%) 6
(55%)

0 1 (9%) 0

4.Myelopathic �ndings on physical exam
(poor balance, broad based gait, extremity
weakness, upper motor neuron signs,
urinary incontinence) should raise suspicion
of spinal cord compression/injury in
patients with skeletal dysplasia.

10
(91%)

1 (9%) 0 0 0

5.Myelopathic �ndings on physical exam
(poor balance, broad based gait, extremity
weakness, upper motor neuron signs,
urinary incontinence) should generally direct
a more aggressive approach to treatment of
spinal disease in patients with skeletal
dysplasia.

7 (64%) 3
(27%)

0 1 (9%) 0

6.Spinal cord monitoring should be
considered for prolonged (> 1 hour)
anesthesia in children with spine deformity
or instability to avoid spinal cord infarct.

6 (55%) 3
(27%)

1 (9%) 1 (9%) 0

7.Platyspondyly and/or vertebral body
hypoplasia are typical radiographic �ndings
in skeletal dysplasia.

3 (27%) 7
(64%)

1 (9%) 0 0

8.Progressive narrowing of the
interpediculate distance in the lumbar spine
is highly suggestive of a diagnosis of
achondroplasia or hypochondroplasia.

4 (36%) 6
(55%)

0 1 (9%) 0

9.Flexion-extension CT scan or MRI can be
very useful adjuncts in evaluating cervical
instability in patients with skeletal
dysplasia.

4 (36%) 7
(64%)

0 0 0

10.Cervical instability associated with
myelopathic changes on physical exam, or
evidence of signi�cant spinal cord
compression on imaging, should be
considered for surgical stabilization.

8 (73%) 2
(18%)

1 (9%) 0 0

11.There are many effective techniques for
stabilization of the cervical spine in patients
with skeletal dysplasia.     Treating surgeons
should be prepared for unusual anatomy in
this patient population.

7 (64%) 4
(36%)

0 0 0
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12.Cervical stenosis may occur in the
subaxial spine in patients with skeletal
dysplasia

5 (46%) 5
(45%)

1 (9%) 0 0

13.Thoracolumbar kyphosis in infants with
achondroplasia resolves without treatment
(including bracing) in the vast majority of
cases.

6 (55%) 4
(36%)

1 (9%) 0 0

14.Surgical stabilization of thoracolumbar
kyphosis in patients with skeletal dysplasia
is appropriate in deformities that are
progressive, result in neurologic
compromise, or are associated with low
back pain not responsive to non-operative
interventions.

3 (37%) 8
(73%)

0 0 0

15.Brace or cast treatment of scoliosis in
patients with skeletal dysplasia is
appropriate in young patients with
progressive, �exible scoliosis.

2 (18%) 7
(64%)

2
(18%)

0 0

16.Surgical management of scoliosis and
kyphosis in patients with skeletal dysplasia
is associated with a higher complication
rate than the general population.

3 (27%) 7
(64%)

1 (9%) 0 0

17. The spinal canal must be assessed
preoperatively to avoid problems with
instrumentation in the canal. 

5 (46%) 4
(36%)

1 (9%) 1 (9%) 0

18.In achondroplasia spinal claudication
can present with decreased mobility, pain,
and neurological lower limb changes. 

7 (64%) 4
(36%)

0 0 0

19.In hypochondroplasia, spinal stenosis
can occur and should be monitored for
clinically.

3 (27%) 5
(55%)

1 (9%) 0 1 (9%)

Table 1. Statements that reached 80% agreement in Round 1.

 

Table 2. Statements that did not reach 80% agreement in round 1.
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  Strongly
Agree

Agree Neutral Disagree Strongly
Disagree

1.All patients with skeletal dysplasia should
be screened for cervical abnormalities with
lateral view �exion/extension plain
radiographs of the cervical spine prior to age
2 years.

2 (18%) 3
(27%)

3
(27%)

2 (18%) 1 (10%)

2.Skeletal dysplasia patients with known
spinal disease require routine evaluation and
surveillance with MRI of the entire spine.

2 (18%) 3
(27%)

2
(18%)

4 (37%) 0

3.CT angiogram to evaluate for surgical
anatomy and variable course of the vertebral
artery is recommended prior to any cervical
spine surgery.

2 (19%) 3
(27%)

3
(27%)

3 (27%) 0

4.Prophylactic fusion for cervical instability,
in the absence of signs or symptoms, is not
warranted in Morquio syndrome (MPS IVA).

1 (9%) 5
(46%)

1 (9%) 4 (36%) 0

5.Cervical kyphosis is most common in
diastrophic dysplasia and Larsen syndrome.
 Cervical kyphosis in diastrophic dysplasia
often improves with age and can typically be
observed.  In other skeletal dysplasias,
cervical kyphosis is generally progressive and
can result in spinal cord injury if left
untreated.

1 (9%) 7
(64%)

2
(18%)

1 (9%) 0

6.Cervicothoracic kyphosis is generally
underappreciated in patients with skeletal
dysplasia but is associated with spinal cord
injury with procedures remote to this
deformity (e.g. cervical spine, thoracolumbar
spine and lower extremities).

3 (27%) 5
(46%)

3
(27%)

0 0

7.Thoracolumbar kyphosis in patients with
skeletal dysplasia may be progressive in
deformities exceeding 45 degrees.

0 8
(73%)

3
(27%)

0 0

8.Thoracolumbar kyphosis in patients with
skeletal dysplasia that occurs caudal to the
conus medullaris can be observed avoiding
early posterior fusion and associated growth
restrictions

1 (9%) 4
(36%)

5
(46%)

1 (9%) 0

9.Surgical stabilization of thoracolumbar
kyphosis in patients with skeletal dysplasia is
most successful when addressing all three
columns of the spine.

2 (18%) 5
(46%)

4
(36%)

0 0

10.Scoliosis is common in patients with
skeletal dysplasia and may exacerbate
preexisting restrictive lung disease.

3 (27%) 4
(36%)

0 4 (36%) 0

11.Early Onset Scoliosis (EOS) is common in
patients with skeletal dysplasia and is

1 (9%) 4
(36%)

4
(36%)

2 (18%) 0
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appropriately responsive to growth friendly
techniques.

12.Symptomatic spinal stenosis in
achondroplasia should be treated surgically
by decompression.

2 (18%) 5
(46%)

3
(27%)

1 (9%) 0

13.Symptomatic spinal stenosis in
achondroplasia in skeletally immature
patients should be treated surgically by
decompression and fusion.

1 (9%) 5
(46%)

2
(18%)

3 (27%) 0

14.Lumbar lordosis associated with coxa
vara (i.e. type II collagen disorders) is best
addressed by treating hip deformity.

2 (18%) 6
(55%)

2
(18%)

1 (9%) 0
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Table 3
Statements that reached 80% agreement in Round 2. Final Guidelines.

  Strongly
Agree

Agree Neutral Disagree Strongly
Disagree

1.Spinal disorders are common in skeletal
dysplasia.

8 (80%) 2
(20%)

0 0 0

2.Spinal disorders can have an infantile
onset (age 0–3 years) and are often
progressive in nature.

7 (70%) 3
(30%)

0 0 0

3.Spinal cord compression and myelopathy
are common manifestations of spinal
disorders in skeletal dysplasia.

3 (30%) 7
(70%)

     

4.Myelopathic �ndings on history and
physical exam (e.g. poor balance, broad
based gait, extremity weakness, upper motor
neuron signs, urinary incontinence) should
raise suspicion of spinal cord
compression/injury in patients with skeletal
dysplasia.

10
(100%)

0 0 0 0

5.Clinical evidence of myelopathy requires
urgent evaluation and management.

9 (90%) 1
(10%)

0 0 0

6.In patients with skeletal dysplasia and
"spine-at-risk"* �ndings, neuromonitoring
should be considered for all surgical
procedures to minimize the risk of spinal cord
injury.

3 (30%) 7
(70%)

0 0 0

7.Skeletal dysplasia should be considered in
individuals with radiographic �ndings of
vertebral anomalies such as platyspondyly
and/or anterior vertebral body beaking.

6 (60%) 4
(40%)

0 0 0

8.Achondroplasia or hypochondroplasia are
likely diagnoses if there narrowing of the
interpedicular distance in the lumbar spine
(from L1 to L5) on AP radiographs.

6 (60%) 4
(40%)

0 0 0

9.Flexion/extension plain radiographs of the
cervical spine should be considered for all
patients with known risk of C1-C2 instability
or unclassi�ed skeletal dysplasia.

9 (90%) 1
(10%)

0 0 0

10.Vertebral artery and upper cervical
anatomy is variable in skeletal dysplasia;
therefore advanced imaging is recommended
prior to upper cervical spinal surgery.

6 (60%) 4
(40%)

0 0 0

11.Flexion-extension CT scan or MRI can be
very useful adjuncts in evaluating cervical
instability in patients with skeletal dysplasia.

8 (80%) 2
(20%)

0 0 0
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  Strongly
Agree

Agree Neutral Disagree Strongly
Disagree

12.Cervical instability or evidence of
signi�cant spinal cord compression on
imaging associated with myelopathic
changes on physical exam should be
considered for surgical management.

10
(100%)

0 0 0 0

13.Prophylactic C1-C2 fusion for an
individual at risk for cervical instability is not
indicated without evidence of spinal cord
compression or myelopathic changes.

7 (70%) 3
(30%)

0 0 0

14.There are several effective techniques for
stabilization of the cervical spine in patients
with skeletal dysplasia. Treating surgeons
should be prepared for unusual anatomy in
this patient population.

9 (90%) 1
(10%)

0 0 0

15.Stenosis may occur at any level in the
cervical spine in skeletal dysplasia.

9 (90%) 1
(10%)

0 0 0

16.Cervical kyphosis can be seen in skeletal
dysplasia. Repeated evaluation is indicated
as progression may occur and lead to spinal
cord injury if untreated.

9 (90%) 1
(10%)

0 0 0

17.Upper thoracic kyphosis occurs in skeletal
dysplasia and can be associated with spinal
cord injury during procedures requiring
anesthesia.

6 (60%) 4
(40%)

0 0 0

18.Thoracolumbar kyphosis in infants with
achondroplasia improves in most cases
without bracing or surgery, but prolonged
unsupported sitting is discouraged.

8 (80%) 2
(20%)

0 0 0

19.Thoracolumbar kyphosis can be seen in
skeletal dysplasia. Repeated evaluation is
indicated as progression may occur and lead
to neurologic symptoms or back pain if
untreated.

9 (90%) 1
(10%)

0 0 0

20.Surgical stabilization of thoracolumbar
kyphosis in skeletal dysplasia is appropriate
for deformities that are progressive, result in
neurologic compromise, or associated with
back pain not responsive to non-operative
interventions.

7 (70%) 3
(30%)

0 0 0

21.Instrumented fusion with or without
decompression for thoracolumbar kyphosis
in skeletal dysplasia is most successful when
sagittal alignment and balance are achieved.

6 (60%) 4
(40%)

0 0 0
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  Strongly
Agree

Agree Neutral Disagree Strongly
Disagree

22.Respiratory function should be monitored
in patients with thoracic spinal deformity.

3 (30%) 7
(70%)

0 0 0

23.Brace or cast treatment in skeletal
dysplasia is appropriate in young patients
with progressive, �exible scoliosis.

4 (40%) 6
(60%)

0 0 0

24.Early-onset scoliosis occurs in skeletal
dysplasia and can be managed with surgical
techniques that preserve spine growth.

6 (60%) 4
(40%)

0 0 0

25.Surgical management of scoliosis and
kyphosis in skeletal dysplasia is associated
with a higher complication rate compared to
the general population.

5 (50%) 5
(50%)

0 0 0

26.Advanced imaging is strongly
recommended prior to surgical
instrumentation of the spine in skeletal
dysplasia.

8 (80%) 2
(20%)

0 0 0

27.In achondroplasia, symptomatic spinal
stenosis can present in the upper and lower
extremities. Symptoms and signs include
decreased strength or mobility, neurogenic
claudication, back and leg pain, and/or upper
and lower motor neuron �ndings.

8 (80%) 2
(20%)

0 0 0

28.Progressive symptoms and signs of
spinal stenosis causing reduced physical
function in achondroplasia should be treated
surgically by decompression when
appropriate non-operative measures are
ineffective.

3 (30%) 7
(70%)

0 0 0

29.Surgical decompression should be
accompanied by instrumented fusion in
skeletally immature patients with
achondroplasia and progressive
symptomatic spinal stenosis.

4 (40%) 6
(60%)

0 0 0

30.In hypochondroplasia, symptomatic
spinal stenosis can occur and should be
monitored.

6 (60%) 4
(40%)

0 0 0

31.Increased lumbar lordosis can be
associated with hip �exion contractures.
Realignment of the hip deformity can
improve sagittal alignment of the spine.

7 (70%) 2
(20%)

1
(10%)

0 0
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Table 4
Statement that did not reach 80% agreement in Round 2.

  Strongly
Agree

Agree Neutral Disagree Strongly
Disagree

Skeletal dysplasia patients with known spinal
disease require routine evaluation and
surveillance with MRI of the entire spine.

2 (20%) 5
(50%)

2
(20%)

1 (10%) 0

The Delphi process substantially increased consensus for modi�ed statements and a list of 31 “best
practice” guidelines were generated (Table 3). After review of results, all participants agreed to support its
publication.

Discussion

General Considerations
Spine disorders in skeletal dysplasia are caused by abnormalities to development, growth or maintenance
of the bony elements of the spine, and are present in the majority of conditions included in the latest
International Skeletal Dysplasia Society nosology.1 Spinal disorders include kyphosis, scoliosis, central
stenosis, vertebral instability and hyperlordosis, often resulting in neurologic decompensation. Their
presentation can be extremely variable within and between different types of skeletal dysplasia, for
example in disorders of type II collagen.

It is important to clinically examine the spine in all cases where a skeletal dysplasia is suspected or
con�rmed and perform appropriate or indicated radiographic evaluation as described subsequently.
Spine disorders associated with skeletal dysplasia can present at a very young age. As many of these
spinal disorders can be progressive, ongoing clinical and radiographic surveillance is encouraged.

Due to abnormal shape, size, and growth of the bony elements that comprise the spinal column in
skeletal dysplasia, there is increased risk of spinal cord compression. This may remain asymptomatic, or
present as clinical signs of myelopathy, comprising poor balance, unsteady gait, extremity weakness,
upper motor neuron sings, and urinary/bowel incontinence. Therefore, in any individual with skeletal
dysplasia and spinal manifestations, careful neurological examination should be regularly performed to
assess for the presence of myelopathy. Recognition of the symptoms or signs of myelopathy in an
individual with skeletal dysplasia requires further evaluation, as catastrophic injury from intrinsic canal
structure and minor trauma can occur. Once the level of myelopathy is identi�ed, appropriate steps to
manage the spinal cord and canal structure can be determined.

In achondroplasia, the most common form of disproportionate short stature, symptomatic spinal
stenosis can occur at any level throughout the spine 9 and is not necessarily isolated to the lumbar
region. Therefore, symptom inquiry and physical examination should re�ect this. In the lumbar spine,
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stenosis results in lower motor symptoms of neurogenic claudication, evident as tingling, pain or
cramping in the back, buttocks and legs (typically relieved by squatting or leaning forward), and lower
limb weakness.4 Thoracic spine stenosis can manifest via upper motor neuron symptoms such as
urinary incontinence, bowel dysfunction and gait disturbance, with lower limb spasticity and
hyperre�exia, clonus and the Babinski sign.4 Abnormal upper limb neurology is, but does occur. The
resulting cervical myelopathy is may be associated with pain and stiffness in the neck, tingling, weakness
or numbness in the hands, loss of �ne motor dexterity, poor balance and vertigo, in addition to those
signs and symptoms resulting from thoracic level disease.

In previous recommendations provided by this work group, the concept of “spine-at-risk” was introduced
with regard to risk of spinal cord injury related to prolonged anesthesia. There are now several case
reports of spinal cord infarct after with prolonged neurosurgical or orthopedic procedures, in areas
separate from the primary site of operation. “Spine-at-risk” �ndings in the pre-operative period include:
foramen magnum stenosis, atlantoaxial instability, cervical stenosis, cervical kyphosis, cervicothoracic
kyphosis, thoracic level stenosis, cord level thoracolumbar kyphosis, syrinx, and cord signal abnormalities
on MRI. The area of greatest risk appears to be at the upper thoracic level. For the purposes of this
discussion, the workgroup de�ned prolonged anesthesia as a duration exceeding one hour. For practical
reasons, neuromonitoring is not recommended for procedures lasting less than one hour. The opinion of
the group is that the risk of permanent neurologic de�cit after shorter procedures (e.g. placement of ear
tubes, endoscopy, etc.) is small, and the set-up of neuromonitoring before such cases is therefore
impractical.

Imaging
The vertebrae in skeletal dysplasia are characteristically dysplastic, which clinically can result in short
trunk dwar�sm and associated scoliosis or kyphosis. Many types of skeletal dysplasia also have
hypoplasia of the odontoid process with associated craniocervical instability. Some skeletal dysplasia
are suspected antenatally on ultrasound �ndings, which can be further delineated by prenatal MRI.7

Common vertebral shape anomalies in the context of skeletal dysplasia include platyspondyly, anterior
vertebral body beaking, coronal clefting, narrowing of the interpediculate distance in lumbar vertebrae,
and posterior scalloping of the vertebral body. These �ndings should be interpreted in the context of other
radiographic and clinical �ndings when generating a differential diagnosis.

Platyspondyly may be seen as a solitary vertebral �nding, or in conjunction with other skeletal features.
Some of the more common types of dysplasia that demonstrate platyspondyly, include
pseudoachondroplasia, metatropic dysplasia, and type II collagen disorders such as Kniest dysplasia
(with coronal clefting) and spondyloepiphyseal dysplasia congenita (SEDC). Other forms of skeletal
dysplasia with platyspondyly include the spondylometaphyseal dysplasia and lethal dysplasia such as
thanatophoric dysplasia and short-rib polydactyly.



Page 14/24

Anterior vertebral body beaking is typical of pseudoachondroplasia and the mucopolysaccharidoses
(MPS). In Hurler syndrome (MPS 1H) beaking often occurs at the inferior aspect of the anterior vertebra,
while Morquio syndrome (MPS IV) and pseudoachodroplasia are often associated with beaking of the
middle portion of the anterior vertebra. When any beaking is present, MPS should be considered, and
screening of leukocyte enzyme activity and urinary glycosaminoglycans should be obtained to rule out
these treatable disorders.

The most common skeletal dysplasia, achondroplasia, has characteristic narrowing (or failure of normal
widening) of the interpedicular distance in the caudal portion of the lumbar spine relative to the cephalad
portion on antero-posterior (AP) radiographs. Due to abnormal endochondral ossi�cation, the axial
skeleton also demonstrates shortened pedicles and narrowing of the bony spinal canal with posterior
vertebral body scalloping (best seen on lateral radiographs), including narrowing at the level of the
foramen magnum.2

Less commonly interpedicular narrowing may be found in other entities with FGFR3 mutations, such as
hypochondroplasia and the lethal thanatophoric dysplasia. Diastrophic dysplasia is also characterized by
interpedicular narrowing of the lumbar spine but does not share other radiographic features of skeletal
dysplasia with FGFR3 mutations, instead being characterized by severe epiphyseal dysplasia and marked
progressive kyphoscoliosis.

Flexion-extension cervical spine �lms are useful in clinical practice to assess for instability of the
occipital-cervical junction. Anyone with a short stature skeletal dysplasia that includes hypoplasia of the
odontoid, axis or other cervical vertebrae is at risk of instability that could predispose to spinal cord injury.
Examples of skeletal dysplasia with known risk of cervical instability include SEDC,
pseudoachondroplasia, diastrophic dysplasia, metatropic dysplasia and Morquio syndrome. As soon as a
young child can cooperate to perform �exion-extension radiographs of the cervical spine (typically age
2–3 years), imaging should be done to de�ne cervical spine stability. Until then, infants and young
children with these diagnoses should be managed expectantly until cervical instability can be excluded. It
is equally important to consider the risk of cervical instability in older children and/or adults who do not
have a speci�c dysplasia diagnosis as they are at risk of having unrecognized cervical involvement.

Flexion-extension plain �lms of the cervical spine in children with skeletal dysplasia can be di�cult to
interpret due to incomplete vertebral ossi�cation, overlapping structures, and abnormal anatomy such as
hypoplastic dens or os odontoideum. Plain �lms also lack the ability to evaluate the underlying spinal
cord in the setting of cervical instability. Flexion-extension MRI has been shown to be a safe method of
evaluating cervical instability in children without skeletal dysplasia. Flexion-extension MRI of the cervical
spine under sedation/anesthesia is helpful in skeletal dysplasia patients with abnormal neurological
examination in detecting suspected instability, stenosis, or inconclusive �ndings on �exion-extension
radiographs, and in assessing cord compression and presence of unsuspected os odontoideum.22 While
dynamic CT imaging cannot evaluate the spinal cord as well as MRI, visualization of bony anatomy and
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assessment of translation during �exion and extension can be improved as compared to plain �lms
alone.

MRI of the entire spine is an important diagnostic method in skeletal dysplasia patients with neurologic
signs or symptoms. However, the group did not agree on its use in routine surveillance for patients with
skeletal dysplasia known to be associated with spinal disease. More conservative panelists believed that
it is enough to obtain whole spine MRI only when neurologic signs or symptoms ensue.

As alluded to previously, there are multiple reports of upper thoracic spinal cord infarct in patients with
skeletal dysplasia after prolonged anesthesia.13 14 15 16 Four out of �ve of these patients had a form of
MPS, the other, SEDC. The kyphotic deformity can often be subtle, as can the cord effacement over a
prominent intervertebral disc or vertebral body as imaged on MRI. These �ndings should be evaluated for
and be considered concerning for risk of neurologic injury during lower extremity surgery.

Variations in the course of the vertebral artery have been described in skeletal dysplasia. Hypoplastic
posterior elements, delayed ossi�cation, small pedicles, odontoid hypoplasia, os odontoideum and upper
cervical instability can all result in atypical anatomy. This may modify the surgical approaches and
instrumentation. Three-dimensional imaging and angiography with CT and/or MRI are essential to
accurately assess the anatomy and plan surgery. Intraoperative portable CT machines allow 3-
dimensional assessment of anatomy and guided instrumentation during surgery. Intraoperative MRI can
also be utilized for non-instrumented cases such as foramen magnum decompression.

Medical Management
The wide variety of spinal manifestations seen in skeletal dysplasia patients may be seen at birth, while
in others they evolve as the skeleton grows. Thus, serial physical examinations and radiographic studies
are essential from birth to determine the age of onset, rate of progression and overall severity of spinal
problems in skeletal dysplasia patients. Non-surgical management may be appropriate for some spinal
complications for a while, but close observation is needed to assess if and when surgery is indicated to
optimize function and minimize pain. In the event of progressive worsening, active management is
essential to prevent permanent neurological sequelae. In the �rst instance, anticipatory non-operative
measures should be implemented concurrent with ongoing surveillance. These measures would include
physical therapy, weight reduction and the use of appropriate non-steroidal in�ammatory analgesia. If in
spite of these interventions, close monitoring indicates further progression, surgery should be undertaken.
9 10 4 Since the neurological complications of bowel dysfunction, urinary incontinence and spasticity may
not recover following surgery, the severity should not be permitted to progress to the point that function
cannot be restored.

Symptoms and signs of spinal stenosis require close and regular monitoring. Multiple levels of spinal
cord compression can occur in various skeletal dysplasia. Rhizomelic chondrodysplasia punctata, MPS
and metatropic dysplasia can also have multi-level stenosis at a young age. FGFR3 disorders can have
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severe congenital stenosis that can manifest at any age resulting in delayed motor development and
myelomalacia. Progressive deformity, such as with cervical kyphosis in diastrophic dysplasia,
campomelic dysplasia, Kniest dysplasia, atelosteogenesis and Larsen spectrum disorders, or
thoracolumbar kyphosis in achondroplasia, is often associated with stenosis as well. Soft tissue as well
as bony impingement can occur. Management is according to neurologic symptoms and severity of cord
compression and/or myelopathy.

Progressive cervical kyphosis may cause severe cord compression and quadriplegia. Careful surveillance
is required. The natural history of cervical kyphosis in diastrophic dysplasia is resolution by age 5 in 75%.
In the absence of ovoid apical vertebra and curve magnitude < 60 degrees, progression is unlikely and
serial evaluation is recommended. Thoracolumbar kyphosis (TLK) is universally observed in infants with
achondroplasia. TLK is thought to be a result of developmental motor delay and hypotonia and is evident
from birth. Kopitz reported an incidence of 94% in children below one year of age, 11% in children 5–
10 years of age and 20–35% in patients 10–50 years of age. It is believed that the majority improve: 15%
by walking age and 60% by 1 year after walking. Other studies have suggested that 30% of TLK persist
with one-third of those (10% overall) progressing to severe deformity. Borkhuu et al. reported that
progressive curves were signi�cantly associated with developmental motor delay (walkers after
24 months compared to 18 months), apical vertebral wedging and apical vertebral translation. Bracing
with thoraco-lumbar-sacral orthoses (TLSOs) has been used in this population and is commonly
employed in persistent deformity. Unsupported sitting is discouraged to eliminate anterior vertebral body
compression.31 To minimize the likelihood of vertebral body wedging, anticipatory guidance regarding
posture in the care of these infants is recommended in early infancy. This includes the avoidance of
sitting in an unsupported �exed posture.

A fraction of patients with achondroplasia will develop symptomatic, �xed deformities requiring surgery.
A similar deformity is present in over 90% of children with MPS I-H (Hurler syndrome), and can be seen in
many other forms of skeletal dysplasia.29 30 In MPS I-H progression is more likely in kyphoses exceeding
45°, but is not universal. Persistence and progression of kyphosis beyond childhood can lead to
neurologic compromise and paraspinal muscular back pain. Clinical surveillance with periodic plain
radiographic imaging is encouraged to monitor for progression. The group was not prescriptive in the
appropriate intervals for evaluation, deferring to the treating clinician to decide, depending on individual
patient presentations and needs.

Persistence of kyphosis may lead to myelopathy, paraparesis or back pain.36 With that said, the majority
of thoracolumbar kyphosis occur below the level of the conus medullaris, and the risk of spinal cord
compression or other neurologic compromise in young children is low. For older children and adolescents,
the presence of thoracolumbar kyphosis can exacerbate the symptoms of neurogenic claudication in
achondroplasia. 30

Spinal deformity may negatively impact the size of the thorax and pulmonary function. Many of the
features of skeletal dysplasia are progressive in nature and therefore pulmonary compromise may evolve
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and worsen over time. If pulmonary function deteriorates, medical therapies (e.g. non-invasive positive
pressure ventilation) or surgical correction of kyphosis or scoliosis may be indicated. In observance of the
principles of early onset scoliosis management, spinal growth preservation is essential while preventing
progression of severe spinal deformity. In the experience of the workgroup, young patients with skeletal
dysplasia and �exible spinal deformity respond well to bracing and serial casting.

Surgical Management
Progressive myelopathy occurs over time in the presence of persisting instability and cord compression.
To prevent permanent injury, surgical stabilization should be performed when it is suspected. If cervical
instability reduces without cord compression, then instrumented fusion without decompression can be
considered. If cord compression is observed after reduction, decompression should be performed before
instrumented fusion.

Although upper cervical instability is common in skeletal dysplasia, progression and severity is variable.
Surgery is challenging and complex in these patients. Therefore, patients at risk of instability should be
followed with serial imaging and a careful neurological assessment. Surgical intervention for cervical
instability should be reserved for demonstrable pathology rather than performed prophylactically. The risk
of this approach is permanent myelopathy; therefore, vigilant surveillance is suggested.

In pediatric cervical spine surgery, instrumentation promotes higher fusion rates. Historical techniques
without instrumentation and bone grafting with halo immobilization are less effective but are sometimes
required due to the hypoplastic bony elements and small size of the patients. Current cervical
instrumentation can be used in pediatric patients. Occipital plates, multi-axial lateral mass, intralaminar,
transarticular and pedicle screws allow various construct options.

The opinion of the group is that surgical intervention for thoracolumbar kyphosis should be reserved for
deformities that are progressive or symptomatic (i.e. neurological compromise or secondary muscular
back pain). Indications in the literature for surgical stabilization of these deformities have varied. Early
recommendations for fusion include persistence of triangular-shaped apical vertebrae at walking age or
thoracolumbar kyphosis greater than 30°, “delaying” correction to age 4 or 5 years. Lonstein advocated
for fusion of angular or progressive kyphosis or for kyphosis present at the time of decompression for
spinal stenosis. Ain et al.36 recommended surgery when thoracolumbar kyphosis exceeded 60° with more
than 10° of progression per year. For MPS I-H surgical stabilization of thoracolumbar kyphosis has been
recommended for extreme deformity progression (> 70º) or neurologic compromise. Others have utilized
less conservative criteria, such as deformity progression of > 10 degrees over a 12-month period with
disruption of sagittal balance despite brace treatment. Given the inherent risks of surgery such as
junctional deformity, infection and neurologic injury, balanced with the limited detriment to observation
and the bene�ts of continued growth, we feel relatively conservative recommendations are appropriate
(i.e. pain, neurologic compromise or continued progression beyond 60°–70°).
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There is a lack of consensus in the literature about the need for both anterior and posterior approaches in
the treatment of kyphotic deformities, particularly with regard to those in skeletal dysplasia. Historically,
recommendations for surgical treatment of thoracolumbar kyphosis in achondroplasia have suggested
minimizing correction and avoiding posterior instrumentation because of the high risk of neurologic
injury. 41 40 With the popularization of pedicle screws, however, these surgeries have become safer, even
in young children. Posterior approaches alone however, without shortening of the posterior column, risk
lengthening the spinal cord and consequent neurological injury in more severe deformities. Additionally,
isolated short segment posterior fusion without appropriate deformity correction increases the risk of
junctional deformity and the need for revision surgery.

Full deformity correction through vertebral column resection via combined anterior and posterior
approach, or through an all-posterior approach, both allow for correction of most deformities and avoid
lengthening of the spinal cord. Ain and Shirley reported good results with posterior only instrumentation
and fusion in younger children with achondroplasia. In MPS I-H, three-column correction has been
recommended by either a combined anterior-posterior procedure or by pedicle subtraction osteotomy.
More recently a posterior only approach has been advocated by Bekmez et al.43 Careful scrutiny of this
paper does not necessarily support these conclusions, however. Of the six patients included, two were
revisions for failed posterior only procedures and two others required subsequent revision for junctional
deformity.

Considering the literature, and the collective experience of the work group, it was agreed that successful
treatment relies less on the approach, and more on the resultant sagittal alignment at the site of
correction, and overall spinal balance. For less severe and more �exible deformities, such as those found
in young children, isolated posterior fusion and instrumentation can be successful. However, we feel that
surgical treatment in this group should be an uncommon occurrence. Older children, adolescents, and
adults with symptomatic deformities may require more aggressive surgical correction. Consequently, the
approach to achieve appropriate sagittal alignment and balance relies less any prescribed
recommendation, and more on the experience of the surgeon and the perceived risk of surgery in that
surgeons’ hands in attaining appropriate correction. Management of spinal deformity in skeletal
dysplasia has higher complication rates, such as 30% incidence of dural tear, 20% neurological injury, and
unde�ned but high rates of recurrent symptomatic stenosis in achondroplasia. Instrumentation failure
and junctional kyphosis can be seen in instrumented fusions as previously discussed.

Growth-friendly spinal instrumentation has been shown to be effective in skeletally immature patients
with skeletal dysplasia. A higher complication and revision rate are reported in skeletal dysplasia patients
with severe spine deformity, however in general, control of deformity and trunk growth can be achieved. In
skeletally immature patients with achondroplasia and symptomatic spinal stenosis, decompression
without fusion yields progressive kyphosis.21 In those with stenosis and pre-existing kyphosis,
decompression alone will cause rapid progression of deformity. Therefore, any surgical treatment of
symptomatic stenosis in these patients should include instrumented spinal fusion with appropriate
correction of sagittal plane deformity. Spinal stenosis secondary to inadequate widening of the spinal
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canal, whilst typical in achondroplasia, can also occur in hypochondroplasia, albeit rarely. As such,
symptomatic inquiry in individuals with hypochondroplasia should encompass the possibility of spinal
stenosis, although routine monitoring for this is not necessary.

Hip contracture results in a forward tilt of the pelvis and compensatory lumbar lordosis to maintain
sagittal plane balance. Bayhan et al. demonstrated correction of lumbar lordosis in their series of SEDC
patients undergoing valgus-extension proximal femoral osteotomies. In this study hip �exion
contractures improved from preoperative average 16 degrees to 3 degrees, lumbar lordosis improved
from preoperative average 81 degrees 70 degrees, sacral slope from 55 degrees to 48 degrees, pelvic tilt
from − 29 degrees to -6 degrees, and pelvic incidence from 26 degrees to 42 degrees. This bene�t has
been limited to type II collagen disorders and not demonstrated for others, such as achondroplasia.

Conclusion
Given the rarity of these disorders, it is the aim of this working group to provide clinicians with multi-
disciplinary guidelines for diagnosis, evaluation and treatment of patients with skeletal dysplasia with
spinal pathology. The use of expert opinion at this time serves as a stopgap to �ll the dearth of relevant
evidence in the literature. These guidelines also provide opportunities to identify gaps in knowledge that
will serve as a springboard for further investigation.

It should be noted that there are now several promising emerging drug therapies for individuals with
skeletal dysplasia that might alter their natural history, surgical management, and long-term outcomes
with regard to spinal disease.

Declarations
Ethics approval and consent to participate: Not Applicable

Consent for publication: Not Applicable

Availability of data and materials: All data generated or analyzed during this study are included in this
published article.

Competing Interests: One or more of the authors (KKW, JHF, CR, MBB) has received funding from
BioMarin Pharmaceuticals, SOBI, Medlife, OI Foundation.

KKW has received bene�ts from BioMarin, Inc; Ultragenyx Pharmaceuticals; Alexion Pharmaceuticals, Inc;
and QED Therapeutics.

JHF has received bene�ts and payments from Therachon AG and Ascendis Pharma.

WGM has received bene�ts from is BioMarin, Inc. and Little People of America.



Page 20/24

MBB has received bene�ts and payments from BioMarin, Inc. Therachon, QED Therapeutics, Ascendis
Pharma.

MJG has received payments from Guidepoint Global Network.

CR has received payments from BioMarin Pharmaceutical, Ascendis Pharma, Alexion Pharmaceuticals.

RS has received bene�ts and payments from pharmaceutical companies to support clinical trial work.

SEK has received bene�ts from the Skeletal Dysplasia Management Consortium.

Source of Funding: This study was partly funded by BioMarin, Inc.; Ultragenyx, Inc.; Alexion Inc.; QED, Inc.;
and Growing Stronger, Inc.

Authors Contributions: All authors have made substantial contribution to the conception, design,
interpretation of data, drafted the work and substantively revised it. All authors have agreed both to be
personally accountable for the author's own contributions and to ensure that questions related to the
accuracy or integrity of any part of the work, even ones in which the author was not personally involved,
are appropriately investigated, resolved, and the resolution documented in the literature.

References
1. Mortier GR, Cohn DH, Cormier-Daire V, Hall C, Krakow D, Mundlos S, Nishimura G, Robertson S,

Sangiorgi L, Savarirayan R, Sillence D, Superti-Furga A, Unger S, Warman ML. Nosology and
classi�cation of genetic skeletal disorders: 2019 revision. Am J Med Genet A. 2019
Dec;179(12):2393-2419.

2. Song D, Maher CO. Spinal disorders associated with skeletal dysplasias and syndromes. Neurosurg
Clin N Am. 2007;18(3):499-514

3. Kornblum M, Stanitski DF. Spinal manifestations of skeletal dysplasias. Orthop Clin North Am.
1999;30(3):501-520

4. White K.K., Sucato D.J. Spinal deformity in the skeletal dysplasias. Curr Opin Orthop. 2006;17(6):499-
510.

5. Linstone H, Turoff M. “The Delphi Method”. In: Addison-Wesley Pub.; 1975

�. Fitch K, Bernstein S, Aguilar M, Burnand B. The RAND/UCLA Appropriateness Method. In: RAND; 2001

7. Savarirayan R, Bompadre V, Bober MB, Cho TJ, Goldberg MJ, Hoover Fong J, Irving M, Kamps SE,
Mackenzie WG, Raggio C, Spencer SS, White KK, Skeletal Dysplasia Management Consortium. Best
practice guidelines regarding diagnosis and management of patients with type II collagen disorders.
Genet Med Jan 30. doi: 10.1038/s41436-019-0446-9. [Epub ahead of print]

�. Ashraf J, Crockard HA, Ransford AO, Stevens JM. Transoral decompression and posterior
stabilisation in Morquio’s disease.  Arch Dis Child. 1991(66):1318-1321



Page 21/24

9. Schkrohowsky JG, Hoernschemeyer DG, Carson BS, Ain MC. Early presentation of spinal stenosis in
achondroplasia. J Pediatr Orthop. 2007;27(2):119-122

10. Yoshii J, Traynelis VC. Achondroplasia and cervical laminoplasty. J Neurosurg Spine.
2009;11(4):417-420

11. Sciubba DM, Noggle JC, Marupudi NI, Bagley, Bookland MJ, Carson BS, Ain MC, Jallo GI. Spinal
stenosis surgery in pediatric patients with achondroplasia. J Neurosurg, 2007 106(5 Suppl), 372-
378. Am J Med Genet A. 2017 Oct;173(10):2584-2595

12. Drummond JC, Krane EJ, Tomatsu S, Theroux MC, Lee RR. Paraplegia after epidural-general
anesthesia in a morquio patient with moderate thoracic spinal stenosis. Can J Anaesth.
2015;62(1):45-49

13. Pruszczynski B, Mackenzie WG, Rogers K, White KK. Spinal cord injury after extremity surgery in
children with thoracic kyphosis. Clin Orthop Relat Res. 2015;473(10):3315-3320

14. Borlot F, Arantes PR, Capel Cardoso AC, Kim CA. Remote spinal cord injury in mucopolysaccharidosis
type IVA after cervical decompression. Neurology. 2014;82(15):1382-1383

15. Tong CK, Chen JC, Cochrane DD. Spinal cord infarction remote from maximal compression in a
patient with morquio syndrome. J Neurosurg Pediatr. 2012;9(6):608-612

1�. Lachman RS. The cervical spine in the skeletal dysplasias and associated disorders. Pediatr Radiol.
1997;27(5):402-408

17. Westvik J, Lachman RS. Coronal and sagittal clefts in skeletal dysplasias. Pediatr Radiol.
1998;28(10):764-770

1�. Lachman RS, Taybi and Lachman’s Radiology of Syndromes, Metabolic Disorders and Skeletal
Dysplasias. 5th ed. 2007. Mosby Elsevier, p. 1236

19. Lankester BJA, Whitehouse M, Gargan MF. Morquio syndrome. Curr Orthop. 2006;20(2):128-131.

20. Ain MC, Chaichana KL, Schkrohowsky JG. Retrospective study of cervical arthrodesis in patients with
various types of skeletal dysplasia. Spine. 2006;31(6):E169-74

21.   Mackenzie WG, Dhawale AA, Demczko MM, Ditro C, Rogers KJ, Bober MB, Campbell JW, Grissom
LE. Flexion-extension cervical spine MRI in children with skeletal dysplasia: Is it safe and effective? J
Pediatr Orthop. 2013;33(1):91-98.

22. Solanki G, Martin KW, Theroux MC, Lampe C, White KK, Shediac R, Lampe CG, Beck M, Mackenzie
WG, Hendriksz CJ, Harmatz PR. Spinal involvement in mucopolysaccharidosis IVA (morquio-
brailsford or morquio A syndrome): Presentation, diagnosis and management. J Inherit Metab Dis.
2013;36(2):339-355.

23.  

24. Yecies D, Fogel N, Edwards M, Grant G, Yeom KW, Cheshier S. Safety of dynamic magnetic resonance
imaging of the cervical spine in children performed without neurosurgical supervision. World
Neurosurg. 2018;116: e1188-e1193.



Page 22/24

25. Leet AI, Sampath JS, Scott CIJ, MacKenzie WG. Cervical spinal stenosis in metatropic dysplasia. J
Pediatr Orthop. 2006;26(3):347-352.

2�. Tanyildizi Y, Gökce S, Marini F, Mayer AK, Kirschner S, Hennermann JB, Brockmann MA. A.Vessel
shape alterations of the vertebrobasilar arteries in MPS Iva (Morquio A) patients. Eur J Radiol 93
(2017) 128-133.

27. Haga N. Management of disabilities associated with achondroplasia. J Orthop Sci. 2004;9(1):103-
107

2�. Remes V, Marttinen E, Poussa M, Kaitila I, Peltonen J. Cervical kyphosis in diastrophic dysplasia.
Spine (Phila Pa 1976). 1999; 24:1990–1995.

29. Kopits SE. Thoracolumbar kyphosis and lumbosacral hyperlordosisin achondroplastic children.
Basic Life Sci. 1988; 48:241–255.

30. Margalit A, McKean G, Lawing C, Galey S, Ain MC. Walking out of the curve: Thoracolumbar kyphosis
in achondroplasia. J Pediatr Orthop. 2016.

31. Xu L, Li Y, Sheng F, Xia C, Qiu Y, Zhu Z. The e�cacy of brace treatment for thoracolumbar kyphosis in
patients with achondroplasia. Spine. 2018;43(16):1133-1138.

32. Pauli RM, Breed A, Horton VK, Glinski LP, Reiser CA. Prevention of �xed, angular kyphosis in
achondroplasia. J Pediatr Orthop. 1997; 17:726–733

33. Schmidt M, Breyer S, Lobel U, Yarar S, Stucker R, Ullrich KM, Muller I, Muschol N. Musculoskeletal
manifestations in mucopolysaccharidosis type I (Hurler syndrome) following hematopoietic stem
cell transplantation. Orphanet J Rare Dis. 2016;11(1):93-016-0470-7

34. Yasin MN, Sacho RH, Oxborrow N, Wraith JE, Williamson JB, Suddique I. (2009)
Thoracolumbarkyphosis in mucopolysaccharidosis I (Hurler Syndrome). In: Proceedings 44th annual
meeting and course (paper 48, page 43), Scoliosis Research Society, San Antonio.
http://www.srs.org/professionals/meetings/am09/am09-�nal-program.pdf

35. Tolo VT. Spinal deformity in skeletal dysplasia conditions, in Bridwell KH, deWald RL (eds): The
Textbook of Spinal Surgery. Philadelphia, PA, Lippincott-Raven, 1997, pp 307-320

3�. Ain MC, Browne JA. Spinal arthrodesis with instrumentation for thoracolumbar kyphosis in pediatric
achondroplasia. Spine. 2004;29(18):2075-2080

37.   Helenius I, Crawford H, Sponseller P, Odent T, Bernstein RM, Stans AA, Hedequist D, Phillips JH. Rigid
�xation improves outcomes of spinal fusion for C1-C2 instability in children with skeletal dysplasias.
J Bone Joint Surg Am. 2015;97(3):232-240.

3�. Sensenbrenner JA. Achondroplasia with hypoplastic vertebral bodies secondary to surgical fusion.
Birth Defects Orig Artic Ser. 1974;10(12):356-357

39. Tolo VT. Surgical treatment of kyphosis in achondroplasia. Basic Life Sci. 1988;48:257-259

40. Lonstein JE. Treatment of kyphosis and lumbar stenosis in achondroplasia. Basic Life Sci.
1988;48:283-292



Page 23/24

41. Tandon V, Williamson JB, Cowie RA, Wraith JE. Spinal problems in mucopolysaccharidosis I (Hurler
syndrome). J Bone Joint Surg Br. 1996;78(6):938-944

42. White KK, Sousa T. Mucopolysaccharide disorders in orthopaedic surgery. J Am Acad Orthop Surg.
2013;21(1):12-22

43. Bekmez S, Demirkiran HG, Dede O, Ismayilov V, Yazici M. Surgical management of progressive
thoracolumbar kyphosis in mucopolysaccharidosis: Is a posterior-only approach safe and effective?
J Pediatr Orthop. 2018;38(7):354-359

44. Ain MC, Shirley ED. Spinal fusion for kyphosis in achondroplasia. J Pediatr Orthop. 2004;24(5):541-
545

45. Arlet V. Reviewer point of view on the treatment of �xed thoracolumbar kyphosis in immature
achondroplastic patient Eur Spine J. 2004 Aug; 13(5): 462–463.

4�. Bradford DS, Tribus CB. Vertebral column resection for the treatment of rigid coronal
decompensation. Spine (Phila Pa 1976). 1997;22(14):1590-1599

47. Suk SI, Kim JH, Kim WJ, Lee SM, Chung ER, Nah KH. Posterior vertebral column resection for severe
spinal deformities. Spine (Phila Pa 1976). 2002;27(21):2374-2382

4�. Ain MC, Shirley ED, Pirouzmanesh A, Hariri A, Carson BS. Postlaminectomy kyphosis in the skeletally
immature achondroplast. Spine (Phila Pa 1976) 31: 197-201, 2006

49. Abelin Genevois KA, 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.

50. Eur Spine J. 2014 Dec;23(12):2751-7

51. White KK, Bompadre V, Shah SA, Redding GJ, Krengel WF, Mackenzie WG. Early-onset spinal
deformity in skeletal dysplasias: A multicenter study of growth-friendly systems. Spine Deform.
2018;6(4):478-482.

52. Helenius IJ, Saarinen AJ, White KK, McClung A, Yazici M, Garg S, Thompson GH, Johnston CE, Pahys
JM, Vitale MG, Akbarnia BA, Sponseller PD. Results of growth-friendly management of early-onset
scoliosis in children with and without skeletal dysplasias: a matched comparison. Bone Joint J.
2019 Dec;101-B(12):1563-1569

53.   Karatas AF, Dede O, Rogers K, Ditro CP, Holmes L, Bober M, Shah SA, Mackenzie WG. Growth-sparing
spinal instrumentation in skeletal dysplasia. Spine. 2013;38(24): e1517-26.

54. J Med Genet. 1979 Apr;16(2):140-6.

55. Wynne-Davies R, Walsh WK, Gormley J. Achondroplasia and hypochondroplasia. Clinical variation
and spinal stenosis. J Bone Joint Surg Br. 1981;63B(4):508-15.

5�. Bayhan IA, Abousamra O, Rogers KJ, Bober MB, Miller F, Mackenzie WG. Valgus hip osteotomy in
children with spondyloepiphyseal dysplasia congenita: Midterm results. J Pediatr Orthop. 2019
Jul;39(6):282-288. 

57. Yap P, Savarirayan R. Emerging targeted drug therapies in skeletal dysplasia. Am J Med Genet. 2016.
170:2596-614.



Page 24/24

5�. Savarirayan R, Irving M, Bacino CA, Bostwick B, Charrow J, Cormier-Daire V, Le Quan Sang KH,
Dickson P, Harmatz P, Phillips J, Owen N, Cherukuri A, Jayaram K, Jeha GS, Larimore K, Chan ML,
Huntsman Labed A, Day J, Hoover-Fong J. C-type natriuretic peptide analog therapy in children with
achondroplasia. N Engl J Med. 2019. Jul 4;381(1):25-35


