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Abstract Background: As spinal cord compression at the
craniocervical junction (CCJ) is a life-threatening manifes-
tation in patients with mucopolysaccharidosis (MPS)
IVA, surgical decompression should be performed before
damage becomes irreversible. We evaluated the diagnostic
value of several examinations for determining the need for
decompression surgery.

Methods: We retrospectively analysed results of clinical
neurological examination, somatosensory evoked potential
(SEP) and magnetic resonance imaging (MRI) in 28 MPS
IVA patients. A scoring system — based on the severity of
findings — was used to compare results of patients with and
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without indication for decompression surgery. Individual
test scores and two composite scores were evaluated for
their potential to assess severity of CCJ impairment.
Results: Sixteen patients had an indication for surgery;
12 of them had undergone surgery. Twelve patients had
no indication for surgery; none had received surgery.
Neurological (P = 0.004), MRI (P < 0.001) and atlanto-
axial subluxation (P = 0.006) scores, but not SEP and
odontoid hypoplasia scores, differed significantly between
patients with and without surgical indication. Both the
abbreviated CCJ score, i.e. sum of neurological and MRI
scores, and the extended CCJ score, i.e. sum of abbreviated
CCJ and atlantoaxial subluxation score, discriminated
between patients with and without surgical indication
(abbreviated: 0-2 points vs 2-5 points, P < 0.001;
extended: 0—3 points vs 3—7 points; P < 0.001). Although
CCJ instability plays a major role in cervical cord
pathology, decompression surgery without occipito-cervical
stabilisation may yield good postoperative results.
Conclusions: The abbreviated and extended CCJ
scores are objective, transparent and reproducible tools for
assessing the CCJ pathology and the need for surgery.

Introduction

Mucopolysaccharidosis IVA (MPS IVA, OMIM #253000) or
Morquio A syndrome is a rare metabolic disease caused by
deficiency of the lysosomal enzyme N-acetylgalactosamine
6-sulfatase (EC 3.1.6.4), which is involved in the degrada-
tion of the glycosaminoglycans (GAGs) chondroitin-
6-sulfate and keratan sulfate. Consequently, partially
degraded GAGs accumulate within lysosomes, resulting in
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progressive cellular damage and dysfunction in multiple
tissues and organs, mainly in bone (Muenzer 2011;
Tomatsu et al. 2011). Given the excessive deposition of
GAGs in bone, the major feature of MPS IVA is skeletal
dysplasia, including short trunk dwarfism, odontoid hypo-
plasia, joint hypermobility/ligamentous laxity, etc.
(Muenzer 2011). Odontoid hypoplasia in combination with
ligamentous laxity often results in atlantoaxial subluxation/
instability, causing narrowing of the spinal canal at the
craniocervical junction (CCJ), which is further increased
by extradural soft tissue deposition. This leads to compres-
sion of the lower brain stem and upper cervical cord. If left
untreated, this can ultimately result in irreversible damage of
the spinal cord, i.e. myelomalacia. Clinically, it manifests
as reduced muscle strength, paresis and ultimately death
(Montano et al. 2007; Muenzer 2011).

As cervical cord compression in MPS IVA can be
severely disabling and even life-threatening, it should be
addressed before damage becomes irreversible. Surgical
stabilisation of the CCJ and decompression are the only
means to achieve this goal. However, the risks associated
with surgery and anaesthesia should be weighed against the
severity of spinal cord compression, the patient’s progres-
sion rate and risk of significant permanent spinal cord
injury (McLaughlin et al. 2010; Walker et al. 1994). Hence,
determining the optimal indications and timing for surgery
is crucial. Unfortunately, literature on this topic is scarce.
Several diagnostic methods have been described to detect
and assess the severity of cervical cord compression in
MPS IVA patients, i.e. clinical neurological examination
(Takeda et al. 1991), somatosensory evoked potentials
(SEPs) (Boor et al. 2000; Takeda et al. 1991) and imaging
of the cervical spine/cord — including assessment of
atlantoaxial subluxation and odontoid hypoplasia — using
X-ray radiography, magnetic resonance imaging (MRI) or
computed tomography (CT) (Hughes et al. 1997; Roach
et al. 1984; Stevens et al. 1991). However, there is neither
consensus on the best diagnostic method, nor on the
optimal indications or timing for neurosurgery at the CClJ.
Thus, the final decision to perform surgery still depends on
the surgeon’s clinical judgement, which is subjective and
prone to interobserver variability. Therefore, we aimed at
quantifying the individual contribution of each of these
diagnostic methods to the decision-making process, i.e. at
identifying objective and reproducible criteria to assess the
severity of cervical cord compression in MPS IVA patients.

Methods
Patients

Demographic and clinical data were retrospectively col-
lected from all patients with a biochemically confirmed
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diagnosis of MPS IVA in our department (Villa Metabolica,
Mainz), who received at least two of the following
assessments, i.e. neurological examination, SEP of the
median nerve or MRI of the CCJ. For patients who
had undergone at least one surgical intervention at the
CCJ in the past, findings from the last preoperative and
first postoperative examination were used for evaluation
of postoperative outcomes. For patients with a surgical
indication who had not yet been operated, the test results
that revealed the indication for surgery were used. For
patients without indication for decompression surgery,
the most recent available test results were used.

Patients were classified as having a rapidly or a
slowly progressive phenotype based on body height,
physical performance, mobility achieved with orthopaedic
support and degree of independence regarding daily
activities.

Diagnostic Tests

Clinical neurological examination, registration of SEP of
the median nerve and MRI of the CCJ were the main
methods used to evaluate the pathology of the CCJ. In
addition, atlantoaxial subluxation and odontoid hypoplasia
were evaluated using CT or MRI. For each test method, a
new scoring system was developed to rate the degree of
changes from 0 (normal findings) to 3 (most severe
changes) (Table 1). The most severe pathological finding
in any examination was used to assess the severity and to
determine the score.

Clinical neurological examination included assessment
of easily evaluable and reproducible signs caused by lesions
of the pyramidal tract, i.e. deep tendon reflexes and
pyramidal signs.

SEP of the median nerve was carried out as described
previously (Boor et al. 1998, 2000). As patients with
Morquio A syndrome generally have a shorter stature
than age-related healthy individuals, not absolute latencies
but interpeak latencies between the responses were
evaluated and compared with age-specific reference values
of our department. Examinations were judged to be
pathological in case of significant variation from the
age-specific reference values on either right or left side.

For the MRI evaluation, both T1- and T2-weighted
images were created. The presence or absence of cerebro-
spinal fluid (CSF) around the spinal cord could be
deduced from the sagittal and axial T2-weighted images.
The T2-weighted images (both sagittal and axial) were
also examined for increased signal intensity in the cord,
suggesting myelomalacia (Lachman et al. 2010). For most
patients, images were taken in neutral position of the
head. If images were available in flexion and extension
of the head, the most severe pathological finding was
chosen.
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Table 1 Scoring system for pathology of the craniocervical junction
and proximal cervical spine. Scoring system for findings of the
clinical neurological examination, somatosensory evoked potentials
(SEPs) of the median nerve, magnetic resonance imaging (MRI) of the
craniocervical junction (CCJ), assessment of atlantoaxial subluxation
and development of the dens axis

Score  Test findings
Clinical neurological examination
0 Normal neurological findings
Increased deep tendon reflexes, side differences of muscle
reflexes
2 Presence of pyramidal tract signs: Babinski, Oppenheim
reflex, clonus
3 Paresis or weakness of upper and/or lower extremities

SEP of the median nerve
0 Normal SEP

Extension of at least one of the interpeak latencies N9/P13,
N9/N13b or N13a/N20* (more than 2.5 SD)

2 Lack of P13 and/or N13b (subcortical)
3 Lack of N20 (cortical)
MRI of CCJ (sagittal images)
0 No effacement of cerebrospinal fluid (CSF) around the spinal
cord

Effacement of CSF on at least one side of the spinal cord
2 Effacement of CSF in all directions around the spinal cord
3 Myelomalacia

Atlantoaxial subluxation
0 Normal position of the atlas

Obvious ventral dislocation of the atlas relative to the axis

2 Severe ventral dislocation of the atlas relative to the axis,
making a regular position of the spinal cord unlikely,
regardless of glycosaminoglycan accumulation

Development of dens axis

0 (Possibly) hypoplastic bony part of dens axis extends
completely into the atlas

Bony part of dens axis extends partially into the atlas
2 Bony part of dens axis does not extend into the atlas

 Anatomical correlations according to Stohr et al. (2005):
NO9/P13: plexus brachialis — nucleus cuneatus

NI9/N13b: plexus brachialis — nucleus cuneatus
N13a/N20: dorsal horn (caudal cervical cord) — cortex

Surgery

The indication for decompression surgery was made on
clinical grounds, focusing on signs and symptoms of upper
motor neuron lesion and compromised lower brain stem
function, especially central apnoea. MRI findings and SEP
were also taken into account. Posterior decompression
surgery consisted of partial laminectomy of C1-C3 in
combination with enlargement of the foramen magnum
(if indicated), and removal of the thickened ligaments
without opening the dura. Additional stabilisation of the
cervical spine was performed if needed.

Table 2 Demographic information at last follow-up (N = 28)

N (%)
Gender
Male 16 (57%)
Female 12 (43%)
Age
< 18 years (children) 21 (75%)
> 18 years (adults) 7 (25%)
Phenotypical disease severity
Slowly progressive (attenuated) phenotype 8 (28%)
Rapidly progressive (severe) phenotype 20 (72%)
Neurosurgery at the craniocervical junction (CCJ)
History of neurosurgery at the CCJ 12 (43%)
(>1 intervention)
Indication for neurosurgery at the CCJ, 4 (14%)
but not yet operated
No indication for neurosurgery at the CCJ 12 (43%)

N number of patients

Statistics

Statistical analysis was done using IBM SPSS 19. The Fisher
Exact, Mann-Whitney, Wilcoxon and sign tests were used
for ordinal variables, continuous variables, ordinal data, and
for comparison of pre- and postoperative outcomes for both
ordinal and continuous variables, respectively. A P-value
< 0.05 was considered statistically significant.

Results
Demographics and Baseline Characteristics

The study included 28 patients with a biochemically and/
or genetically confirmed diagnosis of MPS IVA (16 males,
12 females) (Table 2). Median age at the time of analysis
was 12.9 years (range 5—49). Twelve patients had under-
gone at least one neurosurgical intervention at the CCJ in
the past. Three patients underwent posterior decompression
surgery plus cervical spine stabilisation, while nine patients
did not need stabilisation. Four patients had an indication
for cervical cord surgery but had not yet been operated,
either because of recent worsening of their situation or
because of anaesthesia risks. Another 12 patients did not
(yet) have an indication for decompression surgery.

All 16 patients with an indication for surgery were
children (< 18 years) at the time of surgery or at the time of
finding the indication, except for one 39-year-old woman.
Their median age at that time was 7.9 years (range 2—39),
which is lower than the median age of 11.9 years of the
12 patients without surgical indication at last follow-up
(range 5-20; 10 children, 2 adults). All 16 patients who
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Table 3 Findings of diagnostic tests to evaluate the pathology of the craniocervical junction (CCJ) in patients without (—; results of last follow-
up) and with (4; preoperative results) an indication for neurosurgery at the CCJ

Percentage of patients with score

Diagnostic test Surgical indication N 0 1 2 3 P(—vs+)
Clinical neurological examination - 12 67 33 0 0 0.004
+ 14 7 57 21 14
Somatosensory evoked potentials of the median nerve - 12 83 17 0 0 0.571
+ 10 90 10
Magnetic resonance imaging - 10 80 20 < 0.001
+ 14 7 14 43 36
Atlantoaxial subluxation assessment - 11 82 18 0 - 0.006
+ 14 21 36 43 -

Explanation of scoring system for each test: see Table 1

 Pathology scores 0 for clinical neurological examination and magnetic resonance imaging were not observed in a single patient

flexion

Figure 1 Impact of position of the head on cervical cord
compression. T2-weighted magnetic resonance imaging of the
craniocervical junction during (a) flexion, (b) neutral position and
(c) extension of the head of an 8-year-old boy with severe MPS IVA,

needed surgery — except for the 39-year-old woman — had
a rapidly progressive phenotype, compared to only 5/12
patients without surgical indication.

Comparison of Cervical Cord Pathology in Patients
With and Without Surgical Indication

The scores of diagnostic tests to assess the severity
of cervical cord compression were compared between
patients with and without an indication for neurosurgery
at the CCJ. The outcomes are summarised in Table 3.
For SEP of the median nerve, results were comparable
between patients with and without surgical indication.
In contrast, for neurological examination and MRI of
the CCJ, pathological findings were more common and
more severe among patients who needed neurosurgery.

@ Springer

neutral position

extension

who underwent decompression surgery when he was 4 years old.
Spinal cord compression depends on the position of the head and is
the most obvious during flexion

As only few preoperative images were available for
assessment of atlantoaxial subluxation and odontoid hypo-
plasia, some postoperative images were used as well
(only for patients who did not undergo stabilisation).
Although we could not establish a scoring system for
atlantoaxial subluxation based on clear objective criteria,
such as atlanto-dens interval, due to the different ages
of our patients, subluxation was significantly more common
in patients who needed spinal cord decompression. In
contrast, development of the bony part of the dens axis
(N = 27) did not differ significantly between both patient
groups (data not shown; P = 0.634).

For some patients, MRI pictures of the CCJ were taken
in several positions of the head, i.e. in neutral position,
flexion and/or extension (Fig. 1). From these images, one
can see that compression of the cervical cord depends on
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the position of the head. During flexion of the head,
compression is obvious, with no visible CSF around the
spinal cord. In contrast, in neutral position of the head, the
cervical cord is surrounded by a minimal amount of CSF.
During extension, the space available for the spinal cord is
even more increased.

Composite CCJ Scores for Defining the Need
for Neurosurgery

Two composite CCJ scores were developed to evaluate
whether combining the results of the individual examina-
tions could improve the assessment of severity of cervical
cord compression. The abbreviated CCJ score is the sum of
the pathology scores for neurological examination and MRI
and ranges from 0 to 6. The extended CCJ score is the sum
of the abbreviated CCJ score and the atlantoaxial subluxa-
tion score and ranges from O to 8. SEP and odontoid
hypoplasia scores were not included, as they did not differ
significantly between both patient groups. Both scores were
compared between patients with and without an indication
for surgery.

Both scores could discriminate between patients with
and without surgical indication (both P < 0.001). Indeed,
in patients without surgical indication, abbreviated and
extended CCJ scores ranged from 0 to 2 (median 0.5) and
from 0 to 3 (median 1), respectively, while in patients with
surgical indication, they ranged from 2 to 5 (median 4) and
from 3 to 7 (median 5). Thus, in none of the patients
requiring surgery, neurological examination and MRI find-
ings were normal (score 0) at the same time.

Impact of Cervical Cord Decompression

To assess if surgery had an impact on the test results, we
compared the pre- and postoperative scores of the three
main diagnostic procedures and the abbreviated CCJ score.
Differences between pre- and postoperative findings were
not statistically significant. For neurological examination
and for the abbreviated CCJ score, there was a trend
towards improvement, with 45% (P = 0.219) and 78%
(P = 0.180) of patients showing postoperative improve-
ment, respectively.

Discussion

This retrospective study aimed at quantifying the relative
utility of individual methods to assess the severity of CCJ
impairment, in order to establish objective and reproducible
criteria regarding the need for neurosurgery, allowing
comparison between different centres. Clinical neurological
examination, MRI and atlantoaxial subluxation appeared to

be reliable methods to determine the indication for cervical
cord surgery, with MRI being the most sensitive one, in line
with a previous publication (Hughes et al. 1997). In
contrast, SEP of the median nerve in neutral position of
the head could not discriminate between patients with and
without a surgical indication (Takeda et al. 1991), as
opposed to a previous report (Boor et al. 2000). Similarly,
the degree of odontoid hypoplasia appeared not to be a
good criterion to determine the need for surgery in MPS
IVA patients, as suggested previously (Hughes et al. 1997,
Stevens et al. 1991). This is not surprising, as transition
from cartilage to bone in the dens axis might not be
completed before the age of 8 years, and 11/28 patients in
our study were < 8 years old. Furthermore, cervical cord
compression may also occur in the absence of bony
odontoid hyperplasia (Shukla et al. 2011). The abbreviated
and extended CCJ scores — combining MRI, neurological
examination and atlantoaxial subluxation scores — appeared
to have a higher discriminatory power than the individual
tests.

When interpreting these results, it should be noted that
the classification of patients into two groups, i.e. those with
and without surgical indication, was dependent on the
decision of a single neurosurgeon. Although this surgeon
was very experienced in judging the need for surgery, this
decision remained highly subjective and might have been
taken too early or too late (i.e. in those patients who already
had myelomalacia). However, it is currently the only
available standard against which the new scoring system
could be tested. Indeed, the only other existing scoring
system for evaluating cervical cord involvement is solely
based on MRI findings and was not developed to determine
the optimal timing for surgery (Castro et al. 2008; Lachman
et al. 2010). Future research will be needed to confirm the
validity of our scoring system, by comparing the (long-
term) outcomes of patients with and without a surgical
indication according to the CCJ scores.

Based on our observations, we propose relative and
absolute indications for neurosurgery at the CCJ (Table 4).
Importantly, when interpreting this table, evolution of the
severity scores over time, i.e. rapidity of progression,
should also be taken into account. Thus, pyramidal tract
signs and CSF effacement around the spinal cord might be
considered as relative indications for surgery when stable
over time — requiring close monitoring — but they might
require immediate surgical intervention in case of rapid
aggravation. This is a limitation of the current study.
Therefore, it might be interesting for future studies to add
a ‘longitudinal’ or ‘time’ component to the new scoring
system, allowing intervention in earlier stages, when
pathology is still reversible.

In addition, our study showed that flexion-extension
imaging is indispensable to detect CCJ instability in all
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Table 4 Proposed absolute and relative indications for neurosurgery at the craniocervical junction (CCJ) in patients with MPS VIA. Outcomes
of diagnostic methods suggesting the need for decompression surgery are indicated

Diagnostic method® Relative indication

Absolute indication

Clinical neurological examination
MRI of CCJ

Abbreviated CCJ score

Extended CCJ score

Score 2

Score 3

Score 2 (pyramidal tract signs)
Score 2 (absence of CSF around spinal cord)

Score 3 (paresis or limb weakness)
Score 3 (myelomalacia)

Score > 3

Score > 4

?The most extensive diagnostic method available for a single patient should be considered. Extended CCJ score is more extensive than
abbreviated CCJ score, while abbreviated CCJ score is more extensive than MRI of CCJ or clinical neurological examination alone

MPS IVA patients — unless there is a severe risk of
aggravating the patient’s conditions — as cervical cord
compression might only be noticed in flexion and not in
neutral position of the head (Fig. 1) (Roach et al. 1984;
Stevens et al. 1991). We preferred MRI over other methods
for flexion-extension imaging such as CT and X-ray
radiography, because it directly visualises the spinal cord
and uses non-ionising radiation, which is especially
advantageous in children. Moreover, plain flexion-exten-
sion X-ray films might be difficult to interpret. Indeed,
overlap between the thickened skull and the very small C1-
C2 vertebrae is common in MPS IVA patients and might
lead to delayed detection of instability, when myelopathy is
already present (Ransford et al. 1996). As many MPS
IVA patients are children at the time of diagnosis, very
short sequence MRI and limited flexion-extension move-
ments were required to minimise the risks of general
anaesthesia and damaging the spinal cord by prolonged
flexion of the neck.

Finally, to our knowledge, this is the first study in MPS
IVA patients showing that cervical laminectomy for cervical
spine decompression is feasible without posterior occipito-
cervical fixation/fusion, leading to improvement in abbre-
viated CCJ score in 78% of patients. Indeed, given the
major role of instability/hypermobility of the CCJ in the
pathophysiology of spinal cord damage (Ashraf et al.
1991), (prophylactic) cervical fusion has always been
preferred as surgical intervention, either with or without
posterior decompression, with variable success rates (Ain
et al. 2006; Kopits et al. 1972; Lipson 1977; Northover
et al. 1996; Ransford et al. 1996; White et al. 2009).
However, metal stabilisation may cause artefacts on MRI or
CT scan, thereby hindering future monitoring, while bone
grafts may complicate revision surgery in case of relapse. In
addition, stabilisation severely limits neck motion (White
et al. 2009). Therefore, in our study, stabilisation was only
performed in three patients. The (short-term) success of
laminectomy-only suggests that, next to CCJ instability,
permanent cervical cord compression due to extradural soft
tissue thickening plays a role in spinal cord damage
(Stevens et al. 1991), thereby confirming the mixed
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pathophysiology of CCJ lesions (White et al. 2009).
However, comparison of our results with those of previous
studies applying cervical stabilisation is very difficult, as
the severity of neurological impairment before surgery
might differ between studies. Therefore, a prospective long-
term follow-up study comparing laminectomy with cervical
stabilisation will be needed to confirm our findings.

Take-Home Message

Clinical neurological examination, magnetic resonance
imaging and evaluation of atlantoaxial subluxation are
the best diagnostic methods to assess the severity of
cervical cord compression in patients with MPS IVA;
they can be combined into two composite scores which
can help to determine the need and optimal timing for
decompression surgery.
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