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Abstract

Mucopolysaccharidosis IVA (MPS IVA, Morquio A syndrome) is an autosomal recessive disorder
caused by the deficiency of N-acetylgalactosamine-6-sulfate sulfatase. Deficiency of this enzyme
leads to the accumulation of specific glycosaminoglycans (GAGSs), chondroitin-6-sulfate (C6S)
and keratan sulfate (KS), which are mainly synthesized in the cartilage. Therefore, the substrates
are stored primarily in the cartilage and its extracellular matrix (ECM), leading to a direct impact
on bone development and successive systemic skeletal spondylepiphyseal dysplasia. The skeletal-
related symptoms for MPS IVA include short stature with short neck and trunk, odontoid
hypoplasia, spinal cord compression, tracheal obstruction, obstructive airway, pectus carinatum,
restrictive lung, kyphoscoliosis, platyspondyly, coxa valga, genu valgum, waddling gait, and laxity
of joints. The degree of imbalance of growth in bone and other organs and tissues largely
contributes to unique skeletal dysplasia and clinical severity. Diagnosis of MPS IVA needs clinical,
radiographic, and laboratory testing to make a complete conclusion. To diagnose MPS IVA, total
urinary GAG analysis which has been used is problematic since the values overlap with those in
age-matched controls. Currently, urinary and blood KS and C6S, the enzyme activity of GALNS,
and GALNS molecular analysis are used for diagnosis and prognosis of clinical phenotype in MPS
IVA. MPS IVA can be diagnosed with unique characters although this disorder relates closely to
other disorders in some characteristics.

In this review article, we comprehensively describe clinical, radiographic, biochemical, and
molecular diagnosis and clinical assessment tests for MPS IVA. We also compare MPS IVA to
other closely related disorders to differentiate MPS IVA. Overall, imbalance of growth in MPS
IVA patients underlies unique skeletal manifestations leading to a critical indicator for diagnosis.

Keywords

mucopolysaccharidosis 1VA; N-acetylgalactosamine-6-sulfate; keratan sulfate; chondroitin-6-
sulfate; spondyloepiphyseal dysplasia

1. Introduction: Historical Aspect for MPS IVA

Mucopolysaccharidosis IVA (MPS IVA) also known as Morquio A syndrome is an
autosomal recessive disorder caused by the deficiency of N-acetylgalactosamine-6-sulfate
sulfatase (GALNS). This enzyme deficiency leads to a progressive accumulation of
excessive glycosaminoglycans (GAGSs): chondroitin-6-sulfate (C6S) and keratan sulfate
(KS).
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These excessive GAGs are stored primarily in the cartilage and its extracellular matrix
(ECM) because C6S and KS are mainly produced in the cartilage [1]. The storage of GAGs
within the lysosomes disrupts cell function and metabolism in cartilage [2], resulting in a
direct impact on cartilage and bone development, failure of ossification, imbalance of
growth, and successive unique systemic skeletal dysplasia [1,3,14]. Excessive C6S and KS
are secreted in blood and excreted in the urine of patients with MPS IVVA. Staprans et al.
have described that GAGs in plasma are not covalently linked to plasma proteins and are
isolated as complexed with plasma proteins in noncovalent linkages [4].

In 1929, Dr. Luis Morquio, a pediatrician in Uruguay, first reported 4 Swedish siblings with
unique skeletal dysplasia, later classified as Morquio A syndrome (MPS IVVA). Those
patients reported had disproportionate short-trunk, hypermobile joints, prominent forehead,
abnormal face with a large mandible, short neck, pectus carinatum, kyphoscoliosis, flaring
of the rib cage, genu valgum, and pes planus [5]. At that same year, Dr. Brailsford, a
radiologist in the UK, also reported a patient with similar skeletal manifestations, except that
aortic valve disease and corneal clouding were not described in the original publication [6].
In 1962, Pedrini et al. reported urinary excretion of KS in three patients with Morquio
syndrome, showing that this metabolic disorder differs from other mucopolysaccharidoses
[6]. In 1965, McKusick et al. classified Morquio as MPS IVA [7]. Dr. Orii et al. reported
patients with milder forms of MPS IVA [8,9].

These reports have demonstrated that patients with MPS 1A have a wide range of clinical
heterogeneity and that the diagnosis of MPS IVA, especially with the attenuated form, can
be difficult and delayed. Clinical phenotype and consequent prognosis are primarily
determined by the extent of imbalance of growth between bones (flat bones - skull, hip,
sternum, ribs; spine; short and long bones; sesamoid bones), trachea, vessels, and organs,
leading to serious morbidity and mortality with spinal cord compression and restrictive lung
and obstructive airway [9].

2. Diagnosis

2.1. Clinical Diagnosis

Diagnosis of MPS IVA begins with the development of unique clinical manifestations,
which can occur from either clinical findings and/or radiographic findings [10]. Some
symptoms that can be noticed at birth include prominent forehead, pectus carinatum,
kyphosis (gibbus), and abnormal findings in the lumbar vertebral bodies in X-rays [12-15].
Gibbus, in particular, is often the first sign noticed in MPS IVA [11]. Diagnosis of MPS IVA
patients is often not made until a few years of age since the majority of patients seem normal
at birth, and normal levels of total urine GAG are observed in some cases [12].

GAG accumulation along the upper airway induces enlarged tongue, adenoidal, tonsillar,
and vocal cord hypertrophy, and large mandible. GAG accumulation in the lower airway and
cervicothoracic part results in an imbalance of growth between spine, rib, and manubrium
vs. trachea and vessels in thoracic inlet causing consequent bulging and twisted narrowing
trachea [13]. Respiratory involvement is seen with recurrent respiratory infections, upper
and lower airway obstruction, tracheomalacia, restrictive lung, shortness of breath, loud
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snoring, look up to the sky position (head and neck maintained in extension), and sleep
apnea [14]. Unlike other types of MPS, hypermobile joints (fingers, wrists, neck, and knees)
are commonly observed; however, decreased joint mobility can be observed in the large
joints including shoulder, elbows, and hips [15].

There is a broad phenotypic spectrum in MPS IVA ranging from a rapid progressive early-
onset form (severe) to a slowly progressive late-onset form (attenuated) [16].In patients with
the severe phenotype of MPS IVA, spinal cord compression, airway compromise, and later
valvular heart disease are the leading causes of high morbidity and mortality, contributing to
the shortened lifespan of individuals to the first few decades of life if untreated [13,17]. The
severe form is characterized by hypermaobile wrist joints, kyphosis, scoliosis, pectus
carinatum, deformity of vertebral bodies, disproportionate stature with short trunk, knock
knee (genu valgum), and waddling gait [16]. Due to the progressive and often life-
threatening nature of the disease [16], early and accurate diagnosis is critical for optimal
patient management [10], which provides a better quality of life and prolonged lifespan [17].
Respiratory failure has been shown as the primary cause of death in patients (63%), followed
by cardiac failure (11%), post-traumatic organ failure (11%), complications of surgery
(11%), and myocardial infarction (4%) [17].

Patients with the attenuated form of the disease can survive for over 70 years if well-
managed [18] and might have late-disease onset during late childhood or adolescence, and
often first manifests hip problems (pain, stiffness) as the primary symptom [9] (Fig. 1).
Clinical features are limited to minor skeletal abnormalities, hip pain, and moderate short
stature associated with the early-onset osteoporotic phenotype [19].

According to the International Morquio A Registry, the most common initial signs are short
stature (49.9%), genu valgum (45.1%), kyphosis (44.4%), pectus carinatum (43.6%), and
abnormal gait (37.8%). The most common current symptoms and the percentage of the
present signs and symptoms are short stature (84.7%), genu valgum (78.7%), pectus
carinatum (71.4%), kyphosis (70.4%), abnormal gait (64.4%), and laxity of wrist joints
(63.2%) [20] (Fig. 2).

As the disease progresses regardless of the phenotype of the disease, more signs and
symptoms begin to appear. With increasing age, joint laxity and skeletal deformities become
more evident, and patients typically require support by orthopedic interventions [18]. The
combination of bone and joint impairment leads to pain and arthritis causing the subsequent
inability of walking, restriction of range of motion, and consequently decreased activity of
daily living [9].

2.2. Biochemical Diagnosis

2.2.1. Urinary and Blood GAG—Urine-based testing for total GAG is considered only a
screen and provides substantial false negatives; it is recommended that KS measurement, as
well as enzymatic testing, are used to confirm the diagnosis of MPS IVA [20]. Measurement
of urinary GAGs is performed both quantitatively and qualitatively [20]. While a gross
elevation of urinary GAGs is normally specific for patients with other types of MPS,
borderline or slightly evaluated values are common in those with MPS VA [21-24].
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False negative results are found for almost 15% of all MPS patients [23] and even more for
MPS IV patients [21-23]. The urinary excretion of GAGs is high in infants and young
children, decreases with age, plateaus by the second decade of life, and remains constant
through adulthood [22,23,25-27]. The qualitative analysis of total urinary GAGs is usually
performed by spectrophotometric analysis using dimethylmethylene blue (DMMB) [28]. For
qualitative urine-based testing methods, the GAGs are first isolated from the urine and then
separated by thin layer chromatography or electrophoresis [29-32].

2.2.2. Keratan Sulfate (KS)—KS is mostly synthesized and accumulated in the cartilage
and cornea in MPS IVA patients, and excessive accumulation of KS in lysosome leads to
disruption of chondrocytes and subsequent increase of KS levels in blood and urine [33]. We
had two autopsied cases. The first autopsied case died of respiratory complication with
tracheal obstruction after cervical fusion at 20 years old [35]. The second case died of
respiratory failure with tracheal obstruction as well. In both casess, the chondrocytes in
various bones had accumulation of storage materials [34]. We have analyzed over 20 cases
of surgical remnants with various bones. All chondrocytes were vacuolated and were
severely affected [13,34-36]. Primary synthesis of KS in chondrocytes and successive
storage of KS in chondrocytes because of the deficiency of GALNS enzyme proves the
cartilage as the main source of KS in blood circulation.

The detection of KS in biological specimens with tandem mass spectrometry (MS/MS) has
been developed first by Oguma et al. [37] and applied to specimens in MPS IVA patients and
distinguished between control subjects and MPS IVA patients without the false negatives
[38-40]. Blood and urine KS levels are higher in MPS VA patients, compared with age-
matched controls [12, 37-39]. Urine KS levels remain higher or subnormal in MPS IVA
patients than those in controls after 20 years of age; however, blood KS levels tend to be
normalized by the age of 20 years [38-40].

Using sandwich ELISA [21,41] and LC/MS/MS [37,39] assay, the study was conducted for
KS levels in blood and urine from MPS IVA patients and healthy controls to evaluate the
comparability of results. Blood, urine, and other biological samples were purified by
filtration and GAGs are digested with chrondroitnase ABC and keratanase 11 to yield
disaccharides of C6S and KS, respectively. After digestion, the samples were injected into
the LC-MS/MS [38,40,42—-45].

The levels of blood and urine KS correlate with clinical severity during the early and
progressive stage of the disease, and therefore, it is a good prognostic biomarker at this stage
[12]. Blood KS directly displays growth, turnover disruption, and/or repair of cartilage
where it is mainly synthesized [12]. The advantage of measurement of KS in dried blood
spot (DBS) testing is its convenience for transport of samples and screening purposes [12].
In contrast, urine KS has a broader range of value and may not reflect cartilage condition
directly. KS is synthesized mainly in cartilage. Depending upon the extent of destruction of
cartilage in MPS (not only IVA but other types), KS level was increased in blood [12,21,46].
The levels of blood and urine KS also correlated with clinical severity during the early and
progressive stage of the disease [21] and therefore, it is a good prognostic biomarker at this
stage. Urine KS comes via kidney, and urine KS is filtered in kidney. Therefore, only
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selected smaller molecules are excreted in urine [12,47]. When MPS IVA patients are treated
with ERT, it is likely that urine KS levels are reduced rapidly since the enzyme is delivered
to kidney and digests the KS stored in the kidney [48]. Thus, urinary KS is useful to
differentiate MPS IVA from other forms of MPS and to demonstrate pharmacodynamic
effects of therapy while it does not provide a valuable predictor (biomarker) of skeletal or
clinical improvement during these therapies for MPS IVA [49]. It is noteworthy that the
origin and character of urinary GAGs are different from those of blood GAGs as seen is KS
[50,51].

The ratio of di-sulfated KS to total KS in urine is much higher than that in blood [52]. There
is a negative correlation between blood and urine for levels of mono- and di-sulfated KS in
ERT-treated MPS IVA patients, suggesting reduction of urine KS level does not reflect blood
KS level [52].

GALNS plays a role as galactose-6-sulfatase (G6S) because the enzyme hydrolyzes the
sulfated galactose of KS and converts di-sulfated KS to mono-sulfated KS [49,52].
Therefore, deficiency of GALNS activity leads to the accumulation of more di-sulfated KS,
and therefore, the ratio of di-sulfated KS to total KS of patients with MPS IVA increases,
compared with normal controls especially at an early stage [49]. Levels of both mono-
sulfated and di-sulfated KS in blood were measured by LC/MS/MS, and patients with MPS
IVA had higher KS with both forms, compared with age-matched controls [53]. The
elevation of di-sulfated KS in MPS IVA patients was more significant than that of mono-
sulfated KS [49]. The proportion of di-sulfated KS vs. total KS in blood rose with age in
control subjects while it was age-independent in patients with MPS IVA. The proportion of
di-sulfated KS is better at distinguishing younger MPS I1VVA patients than older patients from
age-matched controls. Levels of mono- and di-sulfated KS in the urine of MPS IVA patients
were also higher when compared to those in age-matched controls for all studied ages. A
significant difference in sulfation levels of KS between control subjects and patients with
MPS IVA indicates that di-sulfated KS is another potential biomarker for MPS IVA [49].
Overall, determination of urine KS concentration provides a potential biomarker to screen
for a high risk of MPS IVA patients and to measure pharmacodynamics effects [54]. This is
important for assessing the clinical status at the initial progressive stage. Blood KS could be
used for 15t tier newborn screening followed by the enzyme essay or vice versa [12] and is a
potential biomarker to provide the clinical severity and therapeutic effect for the bone at the
initial progressive stage [47].

2.2.3. Chondroitin-6-sulfate (C6S)—The GALNS enzyme plays an important role in
converting C6S to CS, by hydrolyzing the sulfate group in C6S. Measurement of C6S has
been developed by LC/MS/MS [55]. It is important that the data of C6S and KS are reported
together, as the information provided enhances discrimination of patients from controls
compared to C6S or KS levels alone [3,55]. Thus, C6S could be another useful biomarker
for MPS IVA [55]. Overall, blood and urine KS and its sulfation level should be measured
for diagnosis, the prognosis of the phenotype, and assessment of pharmacokinetic efficacy.
Blood KS and/or C6S could be a biomarker for therapeutic effect only at presymptomatic to
the early progressive stage but not beyond the progressive stage.
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2.2.4. Enzyme assay—In 1976, the enzyme deficiency in MPS IVA (GALNS deficiency)
was identified [56]. GALNS acts on 2 substrates: N-acetylgalactosamine-6-sulfate
(GalNACc-6S) [57] and galactose-6-sulfate (Gal-6S) [58,59].

GalNACc-6S is a component of C6S, and Gal-6S is a component of KS [57-59]. These
substrates are both used currently to demonstrate deficient GALNS activity [10]. The
GalNACc-6S based assay uses radio-labeled natural substrate [60], and the Gal-6S based
assay uses a fluorogenic artificial substrate [61]. GALNS activity is determined based on the
amount of radioactivity released from this substrate with a lack of GALNS activity, resulting
in the low generation of the signal [61]. The fluorogenic assay uses the 4-
methylumbelliferyl-p-D-galactopyranoside-6-sulfate (4MU-Gal6S) substrate [61]. GALNS
present in the sample first removes the 6-sulfate, and then exogenous B-galactosidase
removes the galactoside, freeing the 4-methylumbelliferone adduct, which will fluorescent
under high pH [61]. The addition of exogenous B-galactosidase to the reaction mixture is
critical because conditions in which B-galactosidase is deficient would result in significant
GALNS activity underestimation and possibly misdiagnoses [61].

To facilitate prenatal diagnosis, prenatal samples, such as dissected chorionic villi, cultured
chorionic villus cells, and amniocytes can also be used [62,63]. Fibroblasts and leukocytes
are recommended for diagnosis of the deficiency in GALNS activity [64]. Protocols for
evaluating GALNS activity in DBS samples have recently been proposed as screening
methods [65,66]. Leukocytes that are isolated from whole blood are better for more rapid
analysis as cell culture is not required [67].

Fibroblast samples are recommended for enzyme activity analysis due to the impact of
environmental and logistical factors during shipment can be minimized and corrected
through culturing of the cells [10]. The measurement of GALNS activity in DBS is useful
for screening, but it is not as robust as it is in fibroblasts or leukocytes due to the low number
of cells present in the sample [10]. More data is needed to evaluate GALNS stability in DBS
because DBS samples are more likely to be unprotected to environmental extremes during
shipping in comparison to leukocytes [10]. The activity of a reference enzyme with similar
stability in the same sample should be measured to confirm that the low GALNS activity is
not the cause of sample degradation [10]. If the DBS sample is used, measuring a reference
enzyme in the same sample to confirm integrity is recommended, but it may not be enough
to rule out an effect of handling on GALNS activity due to the stability of GALNS as
compared to other enzymes in a DBS which remains unknown [10].

The MS/MS-based method using a novel substrate has recently been developed [68].
Incorporation of this new assay into a multiplexed lysosomal storage disease panel for use in
newborn screening programs is being considered [69].

MPS IVA can also be diagnosed with DNA sequencing methods, where the coding regions
of the GALNS gene and small segments of immediately adjacent intronic regions are
evaluated. Multiple MPS IVA mutations are believed to be found in only one individual or
even one family [70]. DNA sequencing-based methods identify missense and nonsense
mutations, small insertions and deletions in the coding regions; however, splicing alterations
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or changes in copy number can be missed [71,72]. A variety of methods are available
including PCR, comparative genomic hybridization and multiplex ligation-dependent probe
amplification [70].

No example of pseudodeficiency allele or complex allelic interaction is currently described
for MPS IVA; however, Morrone et al. believes that the possibility warrants caution and the
analysis of mutations in the context of complete and accurate patient genotypes [73].

2.3. Radiographic diagnosis

2.3.1. Skeletal Manifestations—When MPS IVA is suspected, radiographic imagining
should be performed as a component of the diagnostic process [10]. A patient should obtain
a skeletal survey to allow evaluation of the skull, complete spine (including flexion-
extension lateral views), chest, hips, and limbs (particularly, hands, wrists, and knees)
because of the wide variation and subtleties of radiographic findings in MPS IVA [10].

2.3.2. Skull—In 8 out of 14 individuals with MPS IVA, subtle abnormal brain MRI
findings such as prominent perivascular space, enlarged lateral ventricles, and prominent
frontal cerebrospinal fluid (CSF) were reported [74].

3.3.3. Spine—Children with MPS IVVA have instability of the neck, odontoid hypoplasia,
ligamentous laxity, incomplete ossification of the anterior and posterior rings of the atlas,
and spinal cord compression [12,16,75,76] (Fig. 3). Spinal cord compression may occur in
any spinal segment; however, cervical spinal compression is the most common site [9].
Spinal cord compression may be due to several factors such as cervical instability, ossified
fibrocartilage associated with an abnormal odontoid process, ligamentous laxity,
cartilaginous and ligamentous hypertrophy at the atlantoaxial joint, GAG deposition in the
extradural space, disc protrusion, kyphoscoliosis, and acquired central canal stenosis [18,77-
80].

If MPS IVA is suspected or diagnosed in a patient, frontal and lateral radiographs of the
spine should be evaluated [80]. Spinal involvement in MPS IVA occurs at 2 distinct sites;
cervical and thoracic [80]. Cervical spinal involvement, particularly instability and
compression at the C1-C2 level, is a nearly universal finding and predisposes patients to
myelopathy, paralysis, and sudden death [18]. Knowledge of the unique anatomy and
pathology of the atlantoaxial (C1-C2) system facilitates radiological detection of upper
cervical spine anomalies [80]. Spinal cord compression at the cervicothoracic or the
thoracolumbar level due to kyphotic deformity can lead to paraplegia with gradual onset and
all of its devastating consequences, although it is not common [81,82]. A lateral cervical
spine x-ray of a 6-year-old female patient showed hypoplastic odontoid, platyspondyly, and
anterior subluxation on C7 on T1 [9]. If cervical spine instability is suspected on plain film
or with inconclusive radiographic findings, then flexion-extension cervical spine MRI can be
used to evaluate cord compression [9]. Flexion-extension CT with sagittal reformation and
soft-tissue filtration showed cone-shaped dens, a thickened cruciate ligament, and small
thick cartilaginous posterior arch of C1. With flexion, there is a narrowing of the canal
between the body of C2 and the cartilaginous posterior arch of C1.
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2.3.4. Upper Extremities—Characteristic radiographic findings in hand and distal
forearms of individuals with MPS IVA include a short ulna, ulnar deviation of the radial
epiphysis, and delayed maturation of the carpal bones; the scaphoid, however, may not be
radiographically present [20,83]. Metacarpals may be short and the proximal ends of the
second through fifth metacarpals are typically rounded or pointed [20,83]. The upper
extremities involvement is progressive and affects the wrist strength in some activities of
daily living [9].

2.3.5. Lower Extremities—The lower extremity involvement is universal and progressive
if untreated [84,85]. The most common lower extremity deformities are knee and ankle
valgus. Genu valgum results from distal femoral and proximal tibial involvement and joint
laxity [9]. Children with MPS IVA have unique waddling gait, a slower walking speed,
reduced cadence, and reduced stride length [86]. The hips are either normal or slightly
subluxated to start and may progressively dislocate over time [12]. The capital femoral
epiphyses are smaller and progressively flattened, and many become fragmented over time
[12]. The articular cartilage is abnormal and will degenerate promptly and build up early
arthrosis, especially in the lower extremities [12].

2.3.6. Hips—Early in the disease course, the capital femoral epiphyses are small, and the
acetabuli are shallow [9]. Affected individuals can become wheel-chair bound due to the
following gradual and destructive changes in the femoral head and acetabuli resulting in hip
dislocation, arthritis, and severe joint restriction [18] (Fig. 4). A hip x-ray of an 8-year-old
female showed a bilateral irregular flattening of the capital femoral epiphyses and irregular
dysplastic acetabuli with lateral joint subluxation [9].

2.3.7. Knee—The knee is the most commonly affected lower extremity joint in MPS IVA.
Laxity of the collateral ligaments aggravates the deformity [87]. The proximal tibia
contributes to more knee deformity than the distal femur, and there may also be procurvatum
of the distal femur with recurvatum of the proximal tibia [87]. Arthrograms or magnetic
resonance imaging (MRI) of the knees in MPS IVA patients shows that the proximal lateral
portion of the tibia is unossified and the fibula is short; these results offer clarity of the bony
and cartilaginous nature of the deformity [18]. Knee valgus causes the ground force to be
shifted laterally, which forces the knee to go into further valgus [87] (Fig. 5). Correction of
knee valgus using guided growth, such as the 8-plate hemiepiphysiodesis, is proven to be
effective as the child is growing [84]. Multiplanar and more severe deformities may be
corrected with osteotomies around the knee [88].

2.3.8. Ankle—The ankles of MPS IVVA patients are typically in valgus with wedging of the
distal tibial epiphysis and shortening of the fibula [87]. The patients might have hindfoot
valgus, some degree of equinus in the hindfoot, and adductus in the forefoot [87] (Fig. 6).
Ankle valgus can be managed by orthotics but sometimes may require surgical correction
such as guided growth or an osteotomy [84]. On lateral images, tarsal bones are irregular,
and the talus appears to be plantarflexed [87]. Recurrence of the knee and/or ankle valgus is
not uncommon in MPS IVVA patients [89].
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Imaging of x-rays, computed tomography (CT), and MRI is important for the diagnosis of
MPS IVA because of the evaluation of cervical spine instability, stenosis, and cord
compression [80]. Radiographs are the mainstay for assessing and monitoring lower
extremity bone involvement; two dimensional CT provides detailed information on the bone
structure and also allows for precise determination of the bony dimensions [87,90].
However, progressive fragmentation and collapse of the osseous structures can lead to false
assumptions regarding the anatomy around joints [87]. To get a more accurate picture of the
non-ossified structures and the articular surfaces, arthrography or MRI will be needed [87].
The cartilaginous part of the epiphysis is often not as deformed as could be predicted by the
plain radiographs [87]. CT does not offer the ability to assess the health of the spinal cord
itself [80]. The detection of canal stenosis, cord compression, and myelomalacia is critical to
check for the disease progression [80]. MRI is the most useful method for evaluating the
neural axis in MPS IVVA and is also currently considered the imaging method of choice for
evaluating the spinal cord [80]. No other imaging method provides superior information
about the soft tissues, including the cartilage, ligaments, dura, spinal cord, and nerve roots
[80].

2.3.9. Imbalance of Growth—MPS IVA is characterized by accumulation of GAGs in
chondrocytes, the incomplete ossification, and the successive imbalance of growth, which
cause unique clinical features of disproportionate short trunk, hypermobile joints in hands
and fingers, a prominent forehead, an abnormal face with a large mandible, short neck,
cervical spinal cord compression, tracheal obstruction with crowd thoracic inlet, pectus
carinatum, flaring of the rib cage, coxa valga, genu valgum, and pes planus
[5,8,18,20,57,91-93].

The frontal bone, parietal bone, occipital bone, and the mandible keep growing, causing
MPS IVA patients to have an enlarged head, a prominent forehead, and a large mandible.
The cervical spine in the region C1-C7 halts growing earlier in patients with MPS VA,
causing the patients to have a short neck. Cervical spine shows platyspondyly and typical
beaking of the anterior margin of the vertebral bodies, causing kyphosis as well as instability
of the atlantoaxial joint and spinal cord compression (Fig. 7). Tracheal abnormalities which
include stenosis, tortuosity ultimately resulting in obstruction is due to several factors,
including the imbalance of growth in patients with MPS IVA. The thoracic spine from T1 to
T12, as well as the lumbar region of the spine from L1 to L5, stop growing early causing
patients with MPS IVA to have a short trunk. Pectus carinatum is marked deformity of the
anterior chest wall because the ribs (costal cartilage) overgrow compared with other parts of
the body, causing restrictive lung [94]. The wrist joints show marked hyperlaxity because the
ulna stops growing earlier and the radius continues to grow, resulting in an ulnar deviation of
the wrist. The metacarpals and carpals grow slowly in patients affected by MPS IVA. The
growth plates are wide with mild generalized brachydactyly and hypoplastic carpal centers
[95] (Fig. 9). Hip deformities are caused by a combination of the bilateral flattening and
fragmentation of the capital femoral epiphyses and acetabular dysplasia with lateral joint
subluxation [9]. The pelvis shows wide flared iliac bones laterally [96]. Genu valgum is
caused by the mechanical axis shift laterally, where pathologic stress is placed on the lateral
femur and tibia which inhibits growth [97]. The lower limbs malalignment is evaluated with
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the measurements of the mechanical axis deviation (MAD) [98]. The patellofemoral joint
may become shallow, incongruous, or unstable, causing activity-related knee pain in patients
[97]. Patients will not only have knee pain and laxity, but they can develop a circumduction
gait, in which each leg is swung outward to avoid knocking their knees together due to genu
valgum [97].

2.4. Non-Skeletal Manifestations

2.4.1. Ophthalmology—The most common ophthalmologic findings are related with
slowly progressive corneal clouding (Fig. 10). Generally, in patients with MPS, corneal
opacification of varying severity is frequently seen, as well as retinopathy, optic nerve
swelling and atrophy, ocular hypertension and glaucoma [99]. Other ophthalmologic
findings that are less common are astigmatism, cataracts, punctate lens opacities, open-angle
glaucoma, optic disc swelling, optic atrophy and retinopathy [89,100]. Ocular manifestations
are common in MPS and may result in significant visual impairment [99]. Corneal
opacification often causes reduced vision in the early childhood of MPS IVA patients,
necessitating penetrating keratoplasty for which the outcome can vary [9]. In a study with 20
patients aged 1-65 years, with MPS 1V, in which the subtype A or B was not specified, 10
eyes had no corneal clouding, 17 eyes had mild corneal clouding, 4 eyes had moderate
corneal clouding, and 4 eyes had severe corneal clouding (corneal clouding was not graded
in 5 eyes) [101]. The severity of corneal clouding was related to the increasing age of the
patient and results in the reduction in visual acuity [101]. The corneal deposits can also
interfere with examination of the other ocular structures, such as the trabecular meshwork,
the retina, and the optic nerve [100].

While visual acuity is better in MPS IVA patients compared to other MPS patients, the
corneal clouding, refractive errors, glaucoma, and cataracts can affect the visual acuity as the
patient ages [100]. Glaucoma or ocular hypertension seems to be unusual in MPS VA [102].
Electron microscopy shows distended trabecular endothelial cells with a thickened basement
membrane in MPS IVA [100]. The inclusions in the trabecular meshwork are primarily multi
membranous, whereas other types of MPS inclusions are more fibrillogranular [103,104].
This most probably explains the reduced prevalence of ocular hypertension and glaucoma in
individuals with MPS VA [103,104].

Annual eye examinations should be performed in MPS IVVA patients and should include the
following: slit-lamp biomicroscopy of the cornea, measurement of intraocular pressure,
assessment of refractive error, and examination of the posterior segment [100]. If the vision
reduces, evaluation with low-vision aids should be considered [100].

2.4.2. Auditory system—Hearing impairment is common among patients with MPS IVA
[9,11,16,100,105-107]. Conductive hearing loss caused by serous otitis media due to
frequent upper respiratory tract infections may be present anytime from birth and onwards
[9, 94]. Many patients with MPS I\VVA have one or more sets of ear pressure equalization
tubes to treat conductive hearing loss due to recurrent ear infections [16,105]. Some undergo
an ear tube insertion after childhood. Hearing loss in MPS IVA is progressive [108-110] and
bilateral [9, 93] in general, and its severity ranges from mild to moderate [9,18,94] but can
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be severe [105,109,110]. Permanent hearing loss in MPS IVA is not usually identified until
adolescence [100] but has been found in children younger than eight years old [108].
Younger patients exhibited conductive hearing loss and the sensorineural hearing loss
element is added to the conductive component as the disease progressed [100,105,108]. A
recent study reported that some MPS IVA patients who had normal audiometric results
exhibited abnormal auditory neurophysiological responses based on otoacoustic emissions
and/or abnormal auditory brainstem responses [105]. Their study suggests that the
sensorineural hearing impairment may be in progress before patients notice [93].

Conductive hearing loss can be secondary to recurrent serous otitis media [100] or deformity
of the ossicles due to the GAG accumulation in the middle ear [94]. The cause of
sensorineural hearing loss is unknown, but it is likely due to the GAG accumulation in the
cochlea and retrocochlear auditory nerves [100,111,112].

A recent study [105] on hearing function in patients with MPS IVA showed a strong
correlation between height and hearing sensitivity and a strong correlation between height
and the cochlear outer hair cell function. The strong relationship between short height and
hearing loss suggests that patients with severe skeletal dysplasia may be at higher risk for
developing severe hearing loss [105].

In addition to annual behavioral audiometric testing appropriate for the age of patients
[100,107,113], regardless of age or skeletal severity, neurophysiological hearing testing such
as otoacoustic emissions and ABR should be tested annually to monitor hearing disorders
due to the progressive nature of the hearing impairment and the increased risk of developing
a sensorineural hearing loss with age [88, 93].

2.4.3. Dental—Deciduous teeth erupt normally and are widely spaced and discolored with
thin irregular (stippled) enamel and small pointed cusps which flatten over time with normal
wear [9] (Fig. 11). Permanent teeth also have hypoplastic enamel [114]. Some common
features have been reported with thin tooth enamel as well as multiple cavities.

Levin et al. described the classic oral abnormalities found among 12 patients with MPS IVA
[115]. Tooth morphology is highly specific for MPS IVA [116]. The maxillary anterior teeth
are widely spaced and flared, and the posterior teeth are tapered with pointed cusp tips. The
enamel can be of normal hardness, but some patients have pitted enamel with decreased
thickness [115]. In roentgenograms, the enamel was less than one-fourth of normal thickness
but was of normal radio density [115]. The dental abnormalities in the MPS IVA are of a
type that is unique among the group of genetic MPS [115]. The teeth of patients with MPS
IVA are typically small, and the enamel is thin with a greyish color. The cusps of the
permanent teeth are sharpened [18]. Due to both dental and upper extremity abnormalities,
maintaining oral health can be particularly challenging [110].

3.4.4. Cardiology—Cardiac complications include ventricular hypertrophy and early
onset, severe valvular involvement as well as coronary intimal sclerosis [100]. Cases of
cardiac valve thickening, regurgitation, and/or stenosis have been reported in patients [117—
121]. In a case study in 1990, 10 patients with MPS VA underwent echocardiographic
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assessment, and abnormalities were detected in 6 cases with mitral valve involvement in 5
patients and aortic valve disease in 4 [118]. One patient had severe mitral leaflet thickening
to the point of mitral stenosis [118]. Two patients had evidence of myocardial involvement
by way of echocardiographic ventricular hypertrophy [118]. Overall, there is a high
prevalence of silent cardiac abnormalities in patients with MPS VA with predominantly left-
sided valve involvement [118]. Valve thickening that can be seen on cardiac ultrasound has
been found to be nearly as common in patients who do not accumulate dermatan sulfate as
in those who do [122]. All MPS IVA cardiac valves may show GAG deposition, although the
left-sided cardiac valves are more severely affected [100].

The single cardiac ultrasound study that specifically addresses MPS 1A lacks the color flow
Doppler technology which improves the detection of valve stenosis and insufficiency [118].
Despite the absence of color Doppler, valvular heart disease was found to be quite common
in the single study devoted to MPS VA [118]. 5 of the 10 (50%) patients studied had mitral
valve regurgitation (1 of whom had mitral valve stenosis as well), 30% had aortic valve
regurgitation, and 20% had both mitral and aortic regurgitation in conjunction with left
ventricular hypertrophy [100]. Aortic and/or mitral valve thickening was present in 40% of
patients tested [100].

Electrocardiography (ECG) examinations were carried out in 20 out of 37 patients [123],
and measurements were compared with normal data [124]. All 20 patients had low R wave
voltage in V6 [123]. Among the 37 patients who had echocardiography, cardiovascular
abnormalities progressed with age although most had mild clinical signs and symptoms
[123].

2.4.5. Respiratory—Respiratory complications are a major cause of morbidity and
mortality in MPS IVA. This includes airway obstruction, sleep-disordered breathing, and
restrictive lung [9]. The GAG accumulation in the following locations: adenoids, tonsils,
pharynx, larynx, trachea, and bronchial tree leads to adenotonsillar hypertrophy, tracheal
distortion, trachea- and bronchomalacia and obstructive sleep apnea [125,126]. Restrictive
lung results from a small thorax, chest wall abnormalities, spine deformities, and
neuromuscular compromise from cervical myelopathy and hepatomegaly causes an upward
displacement of the diaphragm [100,126].

Patients with MPS IVA often prefer to sleep prone on a flat surface without a pillow to keep
the neck extended and to minimize the tortuosity of the airway [9]. Due to the short stature
and skeletal dysplasia, alteration in growth and development provides an additional
mechanism for respiratory compromise which is frequently noted in patients [18]. Patients
with MPS IVA are at increased risk for complications that include recurrent infections,
progressive loss of respiratory function, sleep-disordered breathing, and ultimately
respiratory failure [16,18,127].

The cause of restrictive lung in patients with MPS IVA is likely multifactorial; however,
thoracic deformity (pectus carinatum, rib deformity) appears to be a primary cause [20].
Pulmonary function tests (PFT) such as forced vital capacity (FVC) and forced expiratory
volume in 1 second (FEV1) should be performed regularly to assess changes in lung volume
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and obstruction [20]. Pulmonary hypertension, which may be caused by obstructive sleep
apnea, is observed in patients with MPS IVA as commonly as observed in other MPS [20].
Patients may complain of nocturnal dyspnea, in which case polysomnography can be used to
assess sleep disturbances [20]. 22 MPS 1V patients (7 male, 15 females) ranged from 3 to 40
years of age, underwent noninvasive PFTs with vital signs [128].

For lung function studies, the age, size, and fitness are all important considerations [100]. As
patients with MPS IVA exhibit a restrictive and obstructive element of respiratory
compromise, both aspects need to be assessed [100]. To assess airflow limitation, the most
common test utilized is the spirometry [100]. It is also a readily available technique utilized
to measure the vital capacity (VC; the maximum amount of air that can be inhaled/ exhaled
from full inflation to maximum deflation) which indicates the size of the lungs [100].
Airway resistance is assessed through a measurement known as impulse oscillation (10S),
where it utilizes a speaker to impose external oscillating pressure and airflow impulses over
these subject’s tidal breathing [100]. The “gold standard” assessment of lung restriction is
by measurement of total lung capacity (TLC) [100]. This can be assessed by a variety of
techniques such as physiological, which includes whole body plethysmography, gas
(typically helium) dilution, and nitrogen washout, or by the radiographic means
[conventional chest radiographs or (CT)] [100].

2.4.6. Tracheal Obstruction—Unlike other MPS patients, MPS IVVA patients develop
severe tracheal stenosis with a characteristic appearance on imaging studies and on direct
bronchoscopic examination. Thus it is important to remember that MPS VA patients have
obstruction of large airways in addition to the upper airway obstruction reported in the
earlier literature. Characteristics of the tracheal abnormality include right ward deviation of
the trachea, twisting and buckling of the trachea which may at a younger age appear simply
tortuous. Factors that contribute to this unusual pathological features are both external and
internal to the trachea itself. External factors consist of the compression of the trachea due to
the crossing of the brachiocephalic artery across and anterior to the trachea, proximity of the
cervicothoracic spine which moves forward, the sternum (the manubrium) with the
clavicular heads, and the pectus carinatum all competing for space in a crowded thoracic
inlet, each contributing varying degrees of compression and narrowing of the trachea [8].
Internal factors contributing to the tracheal pathology include deposits of GAG increasing
the thickness of the tracheal walls; unbalanced longitudinal growth of the trachea (in
comparison to the growth of the thoracic cavity) resulting in trachea having to ‘fold upon
itself” which is now known as ‘buckling’ of the trachea [20] [13]. Patients with MPS IVA
can develop respiratory failure secondary to reduced chest wall compliance and airway
collapse due to the irregularly shaped vocal cords and trachea [127]. Tracheal obstruction
also leads to life-threating complications during anesthesia because of the difficulty in
managing both upper and the lower airways in MPS IVA primarily manifested by the
difficulty in intubating the trachea [13] (Fig. 12). Tracheal narrowing increases with age as
does anesthetic risk from both upper airway and tracheal pathology[13].

Sagittal MRI images of the cervical spine of 28 MPS IVA patients (12 + 8.14 years) showed
that 19 out of the 28 (67.9%) patients had at least 25% tracheal narrowing. 8 out of 28
(28.6%) patients were categorized as severe (>75%) tracheal narrowing when images were
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evaluated in neutral head and neck position. The tortuous brachiocephalic artery was the
most common cause in the 19 patients with tracheal narrowing (n = 15). Evidence of such
tracheal narrowing was evident as early as 2 years of age. Tracheal narrowing increased with
age, with all 8 patients over 15 years of age having greater than 50% narrowing. The severity
score of the subjects over 15 years of age was nearly twice higher than the score of the 10—
15 years old [13]. Greater attention to the trachea is needed when evaluating cervical spine
MRIs as well as other imaging and clinical investigations, with the main goal of establishing
a timely treatment protocol to reduce the mortality rate in the MPS IVA population.

3. Clinical tests

Since MPS is a progressive disorder that affects many organ systems simultaneously, it is
very challenging to identify signs and symptoms that can be applied as suitable parameters
for clinical trials. Some clinical endpoint tests are performed by measuring the general
endurance since the impairment of stamina is common in all forms of MPS. The
longitudinal, prospective MPS IVA clinical assessment program reviewed a decline of
endurance tests, 6-minute walk test (6-MWT) and 3-minute stair climb test (3-MSCT)
suggesting decreased functional ability over time [129]. Other tests can be used as clinical
endpoints in studies that are aimed to demonstrate the efficacy of a new drug for MPS
patients such as the stair climb test, lung function, joint range of motion, pain, and quality of
life.

3.1. 6 Minute Walk Test (6-MWT)

The 6-minute walk test (6-MWT) is a supervised test that measures the distance a patient
can walk on a hard flat surface over a 6-minute period [130]. According to the American
Thoracic Society (ATS) guidelines, the 6-MWT is a simple test that requires a 30 meters
hallway with no exercise equipment of advanced training for technicians. This test evaluates
the global and integrated responses of all body system such as the pulmonary and
cardiovascular systems, systemic circulation, peripheral circulation, blood, neuromuscular
units and muscle metabolism. It is important to note that most patients do not achieve
maximal exercise capacity during the 6-MWT, as the patients choose their own intensity of
exercise and are allowed to stop and rest during their test. The strongest indication for the 6-
MWT is for measuring the response to medical interventions in patients with moderate to
severe heart or lung disease [131].

The advantage of 6-MWT is that it is the easiest to perform compared with other endurance
tests and has a good correlation with the functions of the heart and lungs. In contrast, the 6-
MWT has several limitations as this test has been studied mostly in adult patients and rarely
in children. Nixon et al. used the 6-MWT in severely ill children before they received a lung
or a heart transplantation. According to their study, there was a strong correlation of
oxyhemoglobin saturation on the bike test compared to the walk test. In general, the results
of the various studies of the 6-MWT including MPS patients have to be interpreted with
caution as several factors have to be taken in consideration such as the length of the corridor
used, the learning effects, and/or encouragement [132]. It is impossible to apply the 6-MWT
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in young MPS patients. Therefore, the 6-MWT may not be reliable due to its lack of
effectiveness in MPS IVA patients.

Treatment with 2 mg/kg elosulfase alfa weekly resulted in a modest improvement in the 6-
MWT in the first clinical trial of 6 months; however, there was no improvement in the
extension clinical trial (weekly infusion group) at week 72 [3]. After 120 weeks, results
showed mild improvement in 6-MWT [133]. For patients treated with elosulfase alfa at 2.0
mg/kg/week throughout the study, mean 6-MWT improvements from baseline were 32.0 and
39.9 m from the intent to treat and modified per protocol populations, respectively, in
relation to the 22.5 m improvement reported in the pivotal study [134]. The effectiveness of
6-MWT as a clinical endpoint remains ambiguous especially in a short term.

3.2. 3 Minute Stair Climb Test (3-MSCT)

The 6-MWT is a submaximal exercise test widely used to measure endurance and flexibility
a range of patients [49,135,136], whereas the 3-minute stair climb test evaluates the effort
required by the cardiovascular, pulmonary and/or musculoskeletal systems to perform an
activity [136,137]. The risk with 3-MSCT is that patients with MPS VA may get injured
with falling down, as well as that patients who are handicapped can not perform this test.
There was no significant improvement for patients treated in neither the 2 mg/kg WT nor 2
mg/kg QOW treatment group, compared to the placebo group at week 24. The two
treatments groups and the placebo group mean difference in the stair climb rate was only 1.1
stairs per minute [134]. On week 72, both groups maintained the change in 3 MSCT without
worsening below baseline. After 120 weeks, the results were higher than those at 24 weeks
[139].

3.3. Pulmonary Function Test

Respiratory function tests are difficult to perform in MPS IVVA patients due to their
characteristic skeletal dysplasia, small body size and lack of cooperation of young patients,
causing conventional spirometry for pulmonary function to be very challenging in some
cases [128]. The non-invasive pulmonary tests: impulse oscillometry system (10S),
pneumotachography (PNT), and respiratory inductance plethysmography (RIP) in
conjunction with conventional spirometry were evaluated in MPS IVA patients, all subjects
had normal vital signs at rest including and age-appropriate heart rate [128]. All patients also
preserved normal values in 10S, PNT, RIP, and forced expiratory volume in 1 second/forced
expiratory volume total which were normal and not significantly impacted by age; however,
the predicted forced expiratory total decreased with age and was below normal [128]. The
proposed non-invasive pulmonary function tests can cover a greater number of patients
(young patients and/or wheel-chair bound), which provides a new diagnostic approach for
the assessment of lung function in MPS IVA that in many cases may be difficult to evaluate
[128]. In a natural history study, changes in the FVC and maximum voluntary ventilation
(MVV) were observed. For patients less than 14 years, the values increased, as would be
expected for growth; however, the values decreased in older patients, which raised concerns
about disease progression [129]. The compromised respiratory function and decreased FVC
and MVV are related to multiple factors, including the progression of bone abnormalities
and airway obstruction [138].

Mol Genet Metab. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peracha et al. Page 17

3.4. Range of Motion

Patients typically show significant differences in the active and passive range of motion
(ROM) at the wrist joint, which shows the loss of stability at the joint [139]. Patients
typically show a pronounced decrease in grip and pinch strength and have difficulties
performing day-to-day tasks that require strength [139]. This regular assessment of ROM
and strength provides inside into the degree and progression of functional impairment of the
hands [87]. A goniometer can show both active and passive ROM of the wrists and digits
[87].

3.5. Sleep Study

Sleep-disordered breathing (SDB) is common in all MPS diseases and may precede the
development of overt respiratory failure during wakefulness [100,125]. Ventilatory
abnormalities during sleep include obstructive sleep apnea due to several factors such as
GAG accumulation in the upper airway, sustained hypoventilation due to the chest wall
deformity and/or respiratory muscle weakness [100]. Sleep studies should also be performed
in addition to lung function assessments [100]. Symptoms suggestive of SDB, such as
apneas, gasping respirations, snoring, difficult wakening, daytime somnolence, and restless
sleep should be assessed annually as part of the clinical evaluation of all patients [100].
Overnight sleep studies can be used to both diagnose the type and severity of SDB and also
to evaluate nocturnal ventilatory treatments for the underlying respiratory disorder [100].

3.6. Bone Mineral Density

In the last few years, MPS IVA has been reported to be related with an early-onset
osteoporotic phenotype, which can affect the clinical course of the condition [19]. The
accumulation of KS disturbing bone mass acquisition and perturbing the regular
microarchitecture of bone tissue has been reported to reflect on the bone mass density
(BMD) [140]. Bone growth and mineralization have been reported to be affected by GAGs
accumulation in animal models of MPS I, I1, 111, IVA, VI, and VII; there are, however,
limited publications on the assessment of bone mineral density in patients with MPS
[46,141-144].

In a study with 18 patients (16 unrelated) with MPS I\VVA with an average age of 21.4 years
(3.3 to 40.8 years). In this prospective cross-sectional study, BMD of the whole body (WB),
lumbar spine (LS), and lateral distal femur (LDF) was acquired by dual-energy X-ray
absorptiometry (DXA) on patients with MPS IVA (Fig. 13). WB DXA could be obtained on
only 6 patients (5 full-time ambulators) because of the respiratory compromise caused by the
position, presence of hardware, or positioning difficulties. Mean WB Z-score was —-2.0
(range — 0.3 to —4.1). Technical issues invalidating LS DXA in 8 patients included kyphosis
at the thoracolumbar junction results in overlap of vertebrae in the posterior-anterior view.
Mean LS BMD Z-score in full-time ambulators was —3.4 (range — 1.6 to —5.0) and in the
non-/partial ambulator was —4.0 (-3.7 to —4.2). Lateral distal femur BMD was acquired on
every patient, and average Z-scores were —2 or less at all the sites; fulltime ambulators
exhibited higher BMD. LDF proved to be the most feasible site to measure in patients with
MPS IV A [145]. Low BMD of the lower extremities as measured by the LDF, DXA is
directly associated with lack of ambulation or weight bearing [146-150].
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3.7. Dexterity Test

The Functional Dexterity Test (FDT) is validated and timed pegboard test that is not only
easy to administer, but also it assesses the ability of the patients to perform functional daily
tasks that require a 3-jaw chuck pretension pattern (also referred to as the lamar pinch,
pencil pinch or tripod grip) such as writing and buttoning [151,152]. Each patient with MPS
IVA syndrome requires regular assessment of upper limb function (fine motor skills) [89].
To obtain consistent measurements, it is important to record the position of the wrist and
also to record whether the wrist was supported or not during testing [89]. Passive and active
assessments of the range of motion of elbows and shoulders can be useful but do not have
therapeutic consequences [89].

The FDT was developed as a measure of dexterity that will take a minimum amount of time
to administer, yet still provides information regarding the patient’s ability to use the hand for
daily tasks requiring a 3-jaw pretension between the fingers and the thumb [152]. The
overall, recommended pediatric modifications to the FDT are to use speed (pegs per second)
instead of time (seconds) to report the results, and also to not assess penalties [151].

3.8. Gait pattern

Tests on gait and mobility can easily be done by a simple physical exam and an interrogation
of the patients [89]. Instrumented gait analysis proves information about the dynamic
alignment of the lower extremities and is also helpful in decision making in various
conditions [153]. In a study of 9 MPS IV children (who had no previous lower extremity
surgery), underwent a 3D gait analysis to describe the gait kinetics and kinematics in
children with MPS IV. The mean age at gait analysis for the study was 10.6+4 years, mean
height was 105.2+15.6 cm (z= —4.5), and mean weight was 22.3+7.2 kg (z= -1.434). The
measurements obtained from gait analysis in the patients were compared with data from 10
healthy young individuals with age ranging from 9.5 to 11.5 years; the mean height was of
138+6.6 cm, and the mean weight was of 32.5+7.1 kg [86]. There were significant
differences in the temporal-spatial characteristics, kinetics, and kinematics in children with
MPS 1V in comparison with the normal population on instrumented gait analysis. There was
a decreased forward velocity, cadence, and stride length that was compared with the normal
population (p<0.05). The height-adjusted, normalized forward velocity and stride length
were also reduced in comparison with the normal population (p<0.01). The forward tilt of
the trunk and pelvis, hip flexion, hip adduction, and external hip rotation were increased in
comparison with the normal population (p<0.05). There was increased knee flexion, genu
valgus (abduction), and external tibial torsion compared with normal during stance (p<0.05).
Dynamic knee varus—valgus joint laxity showed a mean difference of 9.5° between the
minimum and maximum genu valgus (abduction) that was recorded during stance, which is
compared with a difference of 0.9° in the normal population (p<0.05). While there was a
strong correlation between genu valgus measured on gait analysis and standing radiographs
(r=10.89), there was a moderate correlation between genu valgus measured on gait analysis
and clinical examination (r=0.69) [86].
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3.9. Activity of daily living

The current options for treating MPS IVA in a multisystem manner to address overall quality
of life are limited [100]. Currently, due to the absence of an effective and safe systemic
treatment option, patients require extensive management and regular intervention to
maximize their quality of life [100]. To track and manage the quality of life, patients with
MPS IVA should see both physiotherapist and experts on MPS annually to evaluate the
degree of impairment, including determination of the range of motion, muscle strength, daily
activity, and participation limitations [100]. As MPS IVA disorder process progresses, the
quality of life for the patient declines. Patients increasingly become more dependent on
caregivers as deteriorating vision, hearing, oral health, respiratory and cardiac function,
muscular strength, and endurance make routine daily activities increasingly difficult to
complete tasks [100].

The activity of daily living (ADL) questionnaire is made up of three sections: “Movement,”
“Movement with Cognition,” and “Cognition.” Each section has four subcategories rated on
a 5-point scale based on the level of assistance. The questionnaire was then collected from
145 healthy controls and 82 patients with MPS IVVA. Of the 82 patients questioned, 63
patients were severe and 17 patients had attenuated phenotypes (2 were undefined); 4
patients treated with hematopoietic stem cell transplantation (HSCT), 33 patients with
enzyme replacement therapy (ERT) for more than one year and 45 untreated patients. MPS
IVVA patients showed a decline in ADL scored after 10 years of age. Patients with a severe
phenotype had a lower ADL score than healthy control subjects, and lower scores than
patients with an attenuated phenotype in domains of “Movement” and “Movement with
cognition.” Patients who underwent HSCT were followed up for over 10 years, had higher
ADL scores and fewer surgical interventions than untreated patients [154]. Further
investigation of large study on HSCT is required since it is limited number.

3.10. Growth

Growth impairment is commonly observed in patients with MPS [155]. Patients with MPS
IVA are most severely affected in growth and final height, which are used as an indicator of
disease severity [16,156]. Short stature is the main evident symptom, and the male and
female patients have the growth impairment to approximately an equal degree [16,156,157].
Growth in patients with MPS IVA stops around 7 to 8 years age [156,158].

In 2007, Montano et al. described that the phenotypic classification for severe MPS IVA by
height was below 120 cm while the classification for the attenuated type was above 120 cm
[158]. Some patients with attenuated MPS IVVA continue growing even into their teens and
reach over 140 cm [16]. In 2008, Montano et al. proposed that a standard growth chart for
each gender of MPS IVA patients should be made for better results of phenotypic
classification [158]. Height and weight measurements from MPS IVA patients were
collected in the International MPS IVVA Registry, and the growth charts for male and female
patients were established, compared to reference growth curves of healthy children provided
by the CDC [16,20]. In 2012, more height and weight measurements from 193 girls and 195
boys with MPS IVVA were collected to revise the growth charts [147]. The mean birth length
of boys was 52.4 + 3.9 cm, and the mean height for males at 18 years of age was 119.3
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+ 22.6. The mean birth length of girls was 52.1 £ 2.9 cm, and the mean height for girls at 18
years of age was 113.5 + 23.1 cm. These values correspond to —8.0 SD and 7.7 SD of the
mean height for normal males and females. The mean birth weights for boys were 3.56 + 0.5
and for girls were 3.5 + 0.7 kg. The growth patterns in MPS IVA patients were characterized
by impaired growth velocity after 1 and 2 years of age [156]. According to the isopleth upon
which the patient falls, patients above the 90th centile on the growth chart for each gender of
MPS IVA are more likely to be defined as mild attenuated while patients between the 75th
centile and 90th centile on the growth chart are more likely to be defined as intermediate
attenuated. Patients less than the 75t centile are classified as classic severe.

In another study with MPS IVVA from Taiwan, 92% of the patients had short stature [159].
Patients treated with ERT showed no statistical significance in height/growth rate [134,160].
Overall, the height and growth velocity are the simplest and objective tests to define the
clinical severity and to monitor therapeutic efficacy.

4. Molecular Diagnosis

Molecular analysis is used to confirm the diagnosis and to provide genetic counseling for the
family and prenatal analysis [17]. The GALNS gene is located on chromosome 16¢24.3,
contains 14 exons, and generates a 1566 nucleotide mRNA [161-164]. Multiple MPS IVA
mutations are believed to be exclusive and found in only one individual or family [70].

As of February of 2018, 334 mutations in the GALNS gene have been reported missense/
nonsense mutations account for a total of 203, 35 deletions, 22 splicing site mutations, 7
insertions and 3 complex rearrangements [165]. Several mutations are common; the most
prevalent recurrent mutations in the GALNS gene are ¢.1156C>T (p.R386C), ¢.901G>T
(p.G301C), ¢.337A>T (p.1113F), c.1A>G (p.M1V), ¢.757C>T (p.R253W), ¢.871G>A
(p-A291 T), c.935C>G (p.T312S), and ¢.1171A>G (p.M391V), accounting for 8.9%, 6.8%,
5.7%, 2.3%, 2.1%, 1.8%, 1.8%, 1.8%, and 1.8%, respectively [166-172].

In a study with 37 MPS IVVA patients that were based on clinical data, biochemical assays,
molecular analyses, and in silico structural analyses of associated mutations, the results
displayed that standard sequencing procedures, albeit identifying novel GALNS genetic
lesions, and failed to characterize the 2nd disease-causing mutation in the 16% of the
patients’ cohort [173]. To address this drawback and uncover potential gross GALNS
rearrangements, the study developed molecular procedures assays, quantitative fluorescent-
PCRs (QF-PCRs), endorsed by comparative genome hybridization (CGH) arrays [173].
Using this approach, the study was able to characterize two new large deletions and their
corresponding breakpoints [173].

5. Challenges of Diagnosing MPS IVA

The signs and symptoms of MPS IVA overlap with those of other MPS, all of which have a
broad spectrum of clinical manifestations [9] (Table 1). In comparison to the other MPS,
patients with MPS IVA have normal intellectual abilities as well as less coarsening of the
facial features [9]. Laxity of joints (atlanto-axial, fingers, hands, knee) is a major condition
for MPS IVA. Atlanto-axial instability, weakness of wrist, and knock-knee are more
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common in patients with MPS IVA in comparison to other MPS types [9]. Patients with a
severe phenotype accounted for nearly 75% of the 399 MPS IVVA patients registered in
International MPS IV Registry [20]. With the skeletal involvement, significant morbidity of
patients can also result from obstructive sleep apnea, corneal clouding, hearing impairment,
respiratory compromise, valvular heart disease and spinal cord compression.

MPS IVA can be diagnosed with the above unique characters although this disorder relates
closely to other disorders in some characteristics. The disorder that most commonly
resembles MPS IVA is MPS IVB. MPS IVB differs from MPS IVA in that there is an
accumulation of only KS due to the deficiency in the enzyme p-galactosidase, and several
disease characteristics overlap although MPS IVA is usually more severe than MPS IVB.

Mucopolysaccharidosis type VI known as Maroteaux-Lamy syndrome is an autosomal
recessive disorder, caused by mutations in the arylsulfatase B (ARSB) gene and leads to a
deficiency in the N-acetylgalactosamine 4-sulfatase enzyme [168]. The clinical presentation
of MPS VI like MPS IVA varies depending on the age of onset and rate of disease
progression [175]. Unlike MPS VI, MPS IVA patients have hypermobile joints,
platyspondyly, loud breathing and short trunk [95,176,177].

Mucopolysaccharidosis type VII known as Sly syndrome is an extremely rare recessive
lysosomal storage disease caused by the mutations in the GUSB gene leading to a deficiency
in the B-glucuronidase enzyme causing accumulation in the DS, HS, and C6S. Unlike MPS
VI, MPS IVA patients have hypermobile joints and a large mandible [178-181].

GM1 gangliosidosis is an autosomal recessive storage disorder and is caused by the
deficiency of B-galactosidase which is the same as MPS VB [182]. GM1 gangliosidosis like
MPS IVA, have anterior breaking of the vertebral bodies, joint pain, muscle weakness, short
stature, coarse face, corneal clouding, visual impairment, hearing loss, cardiac valve
abnormalities, hepatosplenomegaly, kyphosis/gibbus, scoliosis, and waddling gait. Unlike
MPS IVA, GML1 gangliosidosis patients have CNS impairment, developmental delay,
craniofacial dysmorphia and fetal hydrops. GM1 gangliosidosis patients however lack sleep
disturbance, disproportionate short stature, hypermobile joints, large head, coarse hair,
hypertrophic adenoid and tonsil, large tongue, dental abnormalities, recurrent otitis media,
recurrent respiratory infections, large mandibular, short neck, cervical instability, odontoid
hypoplasia, chest abnormalities, pectus carinatum, hip deformity, short trunk, platyspondyly,
genu valgum, and inguinal hernia.[183,184].

Spondyloepiphyseal dysplasia congenita (SEDc) has very similar radiographic findings to
MPS IVA. SEDc is caused by the autosomal dominant mutations in the 7RPV4 gene. SEDc
like MPS IVA, have anterior breaking of the vertebral bodies, short stature, normal
intelligence, joint pain, hearing loss, chest abnormalities, kyphosis/gibbus, scoliosis, hip
deformity, short trunk and genu valgum. While MPS IVA patients have hypermobile joints,
SEDc patients have joint stiffness [185-188].

Legg-Calve-Perthes disease (LCPD) is an autosomal dominant disorder of the COL2A1
gene mutations, in which mild MPS I\VVA with only hip pain at the early stages can lead to an
initial misdiagnosis of Legg-Calve-Perthes disease. Perthes disease, unlike MPS IVA, is a
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rare childhood condition that only affects the hip Signs and symptoms for LCPD correlate to
MPS IVA because symptoms include muscular weakness, normal intelligence, short stature,
hip deformity, genu valgum, and waddling gait. Usually, LCPD only involves one hip.
However, both hips can be affected in some children [189-191].

Dyggve-Melchior-Clausen syndrome (DMC), originally reported as Morquio-Ullrich’s
disease, is caused by mutations in the DYM gene and is autosomal recessive. Mutations in
the same DYM gene can also cause Smith-McCourt syndrome (SMC), which is a condition
that is radiographically identical to DMC in which intelligence and psychomotor
developments are normal in the patients [192]. DMC can be clinically differentiated from
MPS IVA because DMC patients are intellectually disabled, whereas MPS I1\VVA patients are
not [10,193,194]. A patient with DMC or SMC will have a lace-like appearance of iliac
crests, concavity of the end of the scapula because of defective ossification, a horizontal
acetabular roof and a double-humped end-plates of vertebrae, which lacks in MPS IVA
patients [195-197].

Although clinical findings and radiographs can provide great insight, laboratory testing is
required to reach a diagnosis of MPS IVA [10]. When alternative skeletal dysplasia is
suspected, and MPS IVA is considered enough of a possibility that the clinician chooses to
perform a laboratory test to rule out the MPS disorders, then urinary screening is not an
acceptable method to use by itself because of the high false negative rates for MPS IVA [10].

6. Conclusion

Variable clinical presentation and laboratory testing caveats make MPS IVA particularly
challenging to diagnose [10]. Both skeletal and non-skeletal symptoms need to be tested and
assessed for clinical suspicion. Especially, imbalance of growth causes major clinical signs
and symptoms leading to serious morbidity and mortality. Radiographic, biochemical, and
molecular tests are critical for precise diagnosis and prognosis for MPS IVA. The age of
diagnosis, the natural progression of the disease, and prognosis of the disease play a role in
determining the precise management of MPS IVA.
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ABR Auditory Brainstem Response

ADL Activity of Daily Living

BMD Bone Mineral Density

C6S Chondroitin-6-sulfate

CDC Centers for Disease Control and Prevention
CSF Cerebrospinal Fluid

CT Computed Tomography

DBS Dried Blood Spot

DMMB Dimethylmethylene Blue

DMC Dyggve-Melchior-Clausen syndrome

DS Dermatan Sulfate

DXA Dual Energy X-Ray Absorptiometry
ECG Electrocardiography

ECM Extracellular Matrix

ELISA Enzyme-linked Immunosorbent Assay
ERT Enzyme Replacement Therapy

FDT Functional Dexterity Test

FET Forced Expiratory Time

FEV, Forced Expiratory Volume in 1 Second
FIvC Forced Inspiratory Vital Capacity

FvC Forced Vital Capacity

G6S Galactose-6-sulfatase

GAG Glycosaminoglycans

Gal-6S Galactose-6-Sulfate

GalNAc-6S N-acetylgalactosamine-6-sulfate
GALNS N-acetylgalactosamine-6-sulfate sulfatase
GM1 GM1-Gangliosidosis

HS Heparan Sulfate

HSCT Hematopoietic Stem Cell Transplantation
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10C Impulse Oscillation

ITT Intent-to-Treat

KS Keratan Sulfate

LCPD Legg-Calve Perthes Disease
LDF Lateral Distal Femur

LS Lumbar Spine

LSD Lysosomal Storage Disorders
MPS Mucopolysaccharidoses

MPS IVA Morquio A Syndrome

MRI Magnetic Resonance Imaging
MVV Maximum Voluntary Ventilation
PFT Pulmonary Function Tests
QF-PCRs Quantitative Fluorescent-PCRs
ROM Range of Motion

SDB Sleep Disordered Breathing
SEDc Spondoephisyseal Dysplasia Congenita
SMC Smith-McCort Syndrome

TLC Total Lung Capacity

VvC Vital Capacity

VRA Visual Reinforcement Audiometry
WB Whole Body

WHO World Health Organization
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Highlights
. Mucopolysaccharidosis IVA is an autosomal recessive disorder caused by the
deficiency of GALNS.
. This enzyme deficiency leads to a progressive accumulation of excessive C6S
and KS.
. Spinal cord compression, airway compromise, and valvular heart disease are

the leading causes of high morbidity and mortality.

. The attenuated form may not become evident until late childhood or
adolescence, and often first manifests hip problems as the primary symptom.

. Imbalance of growth in bones, organs, and tissues causes the hallmark of
clinical manifestations.

Mol Genet Metab. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Peracha et al. Page 39

MPSIVA

Severe Intermediate

— Classical Morquio-

&

T.N. 3lyr, F SK. 18yr, M

Figure 1.
Patients with mild to severe form of MPS IVA. A. Images of patients with distinct

differences in clinical features from mild form, immediate form, and severe form of MPS
IVA (adapted from Educational CD for Morquio and permitted by Carol Ann Foundation).
B. Images of a patient with severe form of MPS IVA. From left to right: patient age is 7, 8,
11, 16, and 16 years (adapted from Educational CD for Morquio and permitted by Carol
Ann Foundation) [33].
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Figure 2.
Time course of clinical symptoms in MPS IVA

Mol Genet Metab. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Peracha et al.

Figure 3.
Lateral radiographs of the cervical spine in flexion (a) and extension (B) show atlantoaxial

instablity in an 8-year-old female patient with MPS IVA. The anterior arch of C1 moves
anteriorly in flexion (arrow) in relation to C2. There is hypoplasia of the dens (dashed arrow)
and generalized platyspondyly.
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Figure 4.
Erect frontal radiograph of the hips from a patient with MPS IVA. Shown here is progressive

proximal and lateral migration (blue arrow) as well as the flattening and eventual
disappearance of the proximal femoral epiphysis (white arrows).
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Figure 5.
Erect frontal radiographs of the lower extremities of a patient with genu valgum.
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Figure 6.
Feet of a patient with MPS IVVA. Photograph of the feet (a) and lateral radiograph of the left

foot (b) of this MPS IVVA patient show skew foot posture in both feet (white arrows),
pronated pes planus (orange arrow), and increased sandal gap between the first and second
toes (black arrow).
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Figure 7.
Lateral radiograph of the spine of a two-year-old MPS IVA patient with vertebral wedging

(blue arrow). Platyspondyly (yellow line), anterior inferior beaking (orange arrow), rib
flaring (white arrows) are seen in this X-ray radiograph of a patient with MPS IVA.
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Figure 8.
CT angiography (CTA) of a 20-year-old woman with MPS IVA. 3D oblique reconstruction

of CTA demonstrates marked narrowing of the trachea at the thoracic inlet (yellow arrow).
T- Trachea, B- Brachiocephalic artery, M- Manubrium.

Mol Genet Metab. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Peracha et al. Page 47

Figure 9.
X-ray radiograph of an MPS VA patient hand. Clearly seen are the tapering of the proximal

portion for the metacarpals (orange arrows), small irregular carpal bones (white arrow), and
the distal portion of the radius being tilted toward the ulna (blue arrow).
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Figure 10.
Eyes of a patient with MPS IVA. Image of a 24-year-old patient with MPS I1VA shows fine

stromal corneal clouding (adapted from Educational CD for Morquio and permitted by Carol
Ann Foundation).

Mol Genet Metab. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Peracha et al. Page 49

Figure 11.
Teeth of a patient with MPS IVA. A. Image of a 24-year-old patient with widely spaced teeth

(black arrow) and spade shaped incisors (black dotted arrow) (adapted from Educational CD
for Morquio and permitted by Carol Ann Foundation). B. X-ray of a MPS IVA patient with
concave occlulsal sufraces (orange arrow) and spade-shaped incisors (orange dotted arrow).
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Figure 12.
Sagittal (a) and axial (b) CT images of a 16-year-old boy with MPS IVA focal severe

tracheal narrowing at the thoracic inlet (arrows). Tracheal cross-sectional area measures 10
mm? at the thoracic inlet and 110 mm? intrathoracic below the area of narrowing.
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DXA Results Summary:

Region Area BMC  BMD s z- |
(em?) (g (g/em? score score

L1 6.34 2.00 0.315

L2 4.49 1.76 0.392

L3 5.81 2.67 0.459

L4 6.22 3.27 0.525

Total 22.87 9.69 0.424 -1.6

L
Total BMD CV 1.0%

Figure 13.

DXA image of the spine of a MPS IVA patient. Lumbar spine DXA requires careful and
precise measurement of vertebral body levels and margins (Adapted from Kecskemethy et

al. Mol Genet Metab; 2017, 144-149) [145].

Mol Genet Metab. Author manuscript; available in PMC 2019 September 01.



Page 52

Peracha et al.

Author Manuscript

Author Manuscript

Author Manuscript

++ ++ ++ ++ ++ ++ + ++ ++ ++ snggI9/sisoydAy|
++ ++ ++ ++ ++ ++ - ++ ++ ++ (wnBrea nuab) asu Moouy
++ ++ - + - ++ ++ ++ ++ - - SSaUNS lor
- - - + + ++ ++ ++ ++ ++ ++ ++ uled juior
- - - - - ++ ++ ++ ++ + + elulaH |euinbul
- - - - - + ++ ++ - ++ ++ 11su0) pue prouape d1ydoiadAH
- - - - - - - - - ++ ++ | (s186u1y 8)gnop pue 1M deam) ol sjiqowsadAH
- - - - - ++ - ++ - - - AunnoeladAH
- - - - - ++ ++ + ++ - - snfeydaooipAH
- - ++ ++ - ++ ++ ++ ++ ++ ++ Awioge@ diH
- - - - ++ ++ ++ ++ ++ + + AreBawous|dsoredeH
- - - ++ ++ ++ ++ ++ ++ ++ ++ $507 ButteaH
- - - - + ++ - - - - - sdoipAH |ered
+ + + + - ++ ++ ++ ++ ++ ++ wsipem@ seuonodoldsig
- ++ - - ++ ++ - ++ ++ - - Aeja@ [euswdojanag
- - - - - ++ 4 ++ ++ ++ ++ Y199} padeds AjapIm :saliifewlouqy [ewusg
- - - - ++ - ++ ++ ++ - - elydiowsAqQ [eroeyouesd
- - - - ++ ++ ++ + ++ ++ ++ Buipno|d |eaui0d
- - - - - ++ + ++ ++ + + JreH 8sie0d
++ ++ - - ++ ++ ++ ++ ++ + + 80e4 8sJe0)
- ++ - - ++ ++ - ++ ++ - - wswuredw| SNO
+ + - - - ++ ++ ++ ++ - - (spuey pue s1ebuly p1bi) spueH me|d
++ ++ - + - +++ ++ ++ - +++ +++ Burrels qu :sanifewlouqy 1s8Yyd
- - - - - +++ +++ ++ +++ ++ +++ Auigeisuy [eainied
- - - - +++ +++ +++ ++ +++ ++ ++ S8}l [eWIOUqY SA[EA JeIpIeD
++ ++ - + +++ ++ ++ +++ +++ ++ 4+ S31p0q [eJgaMaA :Buieslg Jolsiuy
- - - - - + - ++ - - - Joineyag |ewiouqy
ONS | DN | AdOT | @3S | TWD | HIAAAIN | IANSAIN | TSN | ISdIN | GAISdN | VAISAN
SaseasIP SIaYl0 pue WAl SdIN Usamisq m_mocmm_b leniustayig
T 3|qeL

Author Manuscript

Mol Genet Metab. Author manuscript; available in PMC 2019 September 01.



Page 53

Peracha et al.

- - ++ - ++ + ++ - - ++ ++ He9 Bullppem
- - - ++ ++ + ++ + ++ ++ ++ Juswiedw [ensiA
- - - - - ++ ++ ++ ++ + + BIUIBH [ed1]Iqun
- ++ - - ++ ++ - ++ + - - Kejaq yosads
- - - - - ++ + ++ - ++ ++ Bunious
- - - - - + ++ ++ ++ - - aouegnuisig des|s
- - - - - ++ ++ ++ ++ ++ ++ eaudy daa|s
++ ++ - ++ ++ - + + ++ ++ Junil uoys
++ ++ + ++ ++ +++ ++ ++ ++ ++ ++ ++ alnjels uoys
++ - - - - ++ ++ - ++ ++ ++ 298N Moys
++ ++ - ++ |+ ++ ++ ++ - ++ ++ ++ SIS01100S
- - - - - ++ ++ ++ ++ + + (mogja “18pInoys) swior Jo Aupibry
- - - - - ++ ++ ++ ++ ++ ++ suo1asul Alojendsal uaINdsy
- - - - - ++ ++ ++ + ++ ++ BIP3W SN0 Jusindsy
++ ++ - ++ - ++ - - ++ ++ ++ saIpoq [esgaman :AlApuodsAie|d
++ ++ - - - ++ ++ - - ++ ++ winjeutied snjoad
++ ++ - - - ++ ++ + - + + eise|dodAH pioyuopo
++ + ++ ++ ++ ++ ++ + + ++ ++ 8ouabif|amu| [ewloN
++ ++ ++ - ++ + + ++ ++ ++ ++ SSIUMEI/W JEINIOSNIA
_ - _ - - ++ - - ++ ++ ++ Ureaiq o ssaupioys ‘Buiyiealq pno
- - - - - ++ ++ ++ ++ + ++ anbuo] abre
- - - - - - + - + ++ ++ a|qIpuel 8b1eT
- - - - - ++ ++ ++ ++ ++ ++ pesH abie
ONS | ONQ | AdOT | @3s | TAD | HAADIN | IASAIN | TISdIN | ISdIN | GAISdIN | VAISAIN

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Mol Genet Metab. Author manuscript; available in PMC 2019 September 01.



	Abstract
	1. Introduction: Historical Aspect for MPS IVA
	2. Diagnosis
	2.1. Clinical Diagnosis
	2.2. Biochemical Diagnosis
	2.2.1. Urinary and Blood GAG
	2.2.2. Keratan Sulfate (KS)
	2.2.3. Chondroitin-6-sulfate (C6S)
	2.2.4. Enzyme assay

	2.3. Radiographic diagnosis
	2.3.1. Skeletal Manifestations
	2.3.2. Skull
	3.3.3. Spine
	2.3.4. Upper Extremities
	2.3.5. Lower Extremities
	2.3.6. Hips
	2.3.7. Knee
	2.3.8. Ankle
	2.3.9. Imbalance of Growth

	2.4. Non-Skeletal Manifestations
	2.4.1. Ophthalmology
	2.4.2. Auditory system
	2.4.3. Dental
	3.4.4. Cardiology
	2.4.5. Respiratory
	2.4.6. Tracheal Obstruction


	3. Clinical tests
	3.1. 6 Minute Walk Test (6-MWT)
	3.2. 3 Minute Stair Climb Test (3-MSCT)
	3.3. Pulmonary Function Test
	3.4. Range of Motion
	3.5. Sleep Study
	3.6. Bone Mineral Density
	3.7. Dexterity Test
	3.8. Gait pattern
	3.9. Activity of daily living
	3.10. Growth

	4. Molecular Diagnosis
	5. Challenges of Diagnosing MPS IVA
	6. Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Table 1

