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Abstract
Mucopolysaccharidosis type IVA (MPS IVA) was described in 1929 by Luis Morquio from
Uruguay and James Brailsford from England, and was later found as an autosomal recessive
lysosomal storage disease. MPS IVA is caused by mutations in the gene encoding the enzyme, N-
acetylgalactosamine-6-sulfate sulfatase (GALNS). Reduced GALNS activity results in impaired
catabolism of two glycosaminoglycans (GAGs), chondroitin-6-sulfate (C6S) and keratan sulfate
(KS). Clinical presentations of MPS IVA reflect a spectrum of progression from a
severe ”classical” phenotype to a mild “attenuated” phenotype. More than 180 different mutations
have been identified in the GALNS gene, which likely explains the phenotypic heterogeneity of
the disorder.
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Accumulation of C6S and KS manifests predominantly as short stature and skeletal dysplasia
(dysostosis multiplex), including atlantoaxial instability and cervical cord compression. However,
abnormalities in the visual, auditory, cardiovascular, and respiratory systems can also affect
individuals with MPS IVA. Diagnosis is typically based on clinical examination, skeletal
radiographs, urinary GAG, and enzymatic activity of GALNS in blood cells or fibroblasts.
Deficiency of GALNS activity is a common assessment for the laboratory diagnosis of MPS IVA;
however, with recently increased availability, gene sequencing for MPS IVA is often used to
confirm enzyme results. As multiple clinical presentations are observed, diagnosis of MPS IVA
may require multi-system considerations.

This review provides a history of defining MPS IVA and how the understanding of the disease
manifestations has changed over time. A summary of the accumulated knowledge is presented,
including information from the International Morquio Registry. The classical phenotype is
contrasted with attenuated cases, which are now being recognized and diagnosed more frequently.
Laboratory based diagnoses of MPS IVA are also discussed.

Keywords
Mucopolysaccharidosis IVA; MPS IVA; Morquio A; GALNS; laboratory diagnosis

Introduction
Mucopolysaccharidosis type IVA (MPS IVA), commonly referred to as Morquio A
syndrome, is an autosomal recessive lysosomal storage disease (1). MPS IVA was first
described in 1929 by Luis Morquio (2), a pediatrician from Uruguay, and James Brailsford
(3) a radiologist in England. The incidence of MPS IVA in the general population is
estimated to be 1:201,000 (4) and ranges among various populations from 1 in 76,000 live
births in Northern Ireland (5) to 1 in 640,000 live births in Western Australia (6). The
concept of a founder’s effect may account for the regional differences that are observed (7–
11).

MPS IVA is caused by mutations in the gene encoding the enzyme N-
acetylgalactosamine-6-sulfate sulfatase (GALNS, EC 3.1.6.4) (12). Reduced GALNS
activity results in impaired catabolism of 2 glycosaminoglycans (GAGs), chondroitin-6-
sulfate (C6S) (13) and keratan sulfate (KS) (14). The chondrocytes are predominantly
responsible for KS synthesis. As in other MPS disorders, these undegraded GAGs
accumulate in the lysosomes of cells, which, in turn, interferes with cellular function. The
tissue distribution of the particular GAGs, which accumulate in patients with MPS IVA, as
in other MPS disorders, is reflected in the clinical presentation of the disease. In patients
with MPS IVA, KS and C6S accumulation typically results in short stature and skeletal
dysplasia (15). Bone deformity is the most common initial manifestation (16–18) of skeletal
dysplasia. Additional compromised systems include the visual system, auditory system,
cardiovascular system, and respiratory system (19). The central nervous system is not
believed to have significant manifestations of GAG accumulation and normal intelligence
appears to be preserved (15). However, patients have a high risk of developing neurological
complications caused by a combination of odontoid hypoplasia, incomplete ossification of
the anterior and posterior rings of the atlas, and deposition of GAGs in the anterior
extradural space. This results in atlantoaxial subluxation and spinal cord compression
(SCC), with cervical myelopathy, consequential quadriparesis or even death (19;20).
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Quantitative and qualitative blood and urine KS assays were established in two major
methods; ELISA (21) and tandem mass spectrometry (22) and were successively applied to
MPS IVA patients (23;24).

There is a wide spectrum of disease progression among individuals with MPS IVA. A high
degree of genetic heterogeneity is likely responsible for this phenotypic variety. More than
180 different mutations have been identified in the GALNS gene (7–10;25–28). Clinical
presentations of severely affected patients have been reported as severe (29;30), or classical
(28–30) phenotypes. Less severe forms of MPS IVA have been reported as mild (30;31) or
attenuated (7;9) phenotypes. As well, an intermediate subtype of MPS IVA has been
proposed (29;30;32). Onset of disease symptoms commonly occurs prior to 1 year of age in
severely affected (rapidly progressing) patients or as late as the second decade of life in less
severely affected (mild) patients (33). Diagnosis is typically based on clinical examination,
skeletal radiographs, and the enzymatic activity of GALNS in blood cells or fibroblasts
(16;17;34).

Once diagnosed, MPS IVA requires a multi-disciplinary approach to patient care (17;19).
While management of skeletal manifestations and the associated neurological complications
is critically important, management of other organ systems, including visual, auditory,
cardiovascular, and respiratory systems, are also important to assure quality of life of
individuals with MPS IVA. With the goal of describing the natural history of disease
progression and improving recognition, diagnosis, and management of MPS IVA, a review
of the historical and current clinical experience of patients with MPS IVA is presented.

Historical Review of Defining Mucopolysaccharidosis IVA
The symptoms associated with MPS IVA were first described in 1929 by Dr. Luis Morquio
(2) in sibling cases in Uruguay, and James Brailsford (3) in a patient in England at
approximately the same time. However, Whiteside and Chomeley (1952) (35) proposed that
symptoms similar to those observed by Morquio and Brailsford were reported as early as
1913 (36) and McKusick et al (1972) (37) have theorized that the first cases of Morquio
syndrome were likely reported in a French Canadian brother and sister by Osler (38) (1897)
as cases of achondroplasia. Morquio described the symptoms as an osseous dystrophy while
subsequent reports have referred to the symptoms described by Morquio (35). Brailsford,
followed by others (35;39) referred to the condition as chondroosteodystrophy and
osteochondrodystrophia deformans (40). In a tribute to both Morquio and Brailsford, the
symptoms have also been referred to as Morquio-Brailsford disease (39–41).

In 1961, Maroteaux and Lamy (42) reported elevated levels of the acid mucopolysaccharide
in the urine of patients with Morquio’s disease. In 1963, Robins et al (43) proposed that
Morquio syndrome was caused by an abnormality in mucopolysaccharide metabolism
(mucopolysaccharidosis) and in their seminal description and categorization of the
mucopolysaccharidoses in 1965, McKusick et al (44) classified Morquio syndrome as MPS
IV. Langer and Carey (41) reported abnormal levels of the mucopolysaccharide,
keratosulphate, in patients with Morquio-Brailsford disease.

In 1974, Matalon et al. (1) found that patients with Morquio syndrome were deficient in the
enzyme chondroitin sulfate N-acetylhexosamine sulphate sulfatase and Singh et al (1976)
(45) found that a deficiency in the enzyme GALNS resulted in impaired degradation of
chondroitin-6-sulfate in patients with Morquio syndrome. Additional descriptions of a defect
in galactosamine-6-sulfate sulfatase involving degradation of KS further suggested a similar
association with MPS IVA (46). In 1976, Obrien et al (1976) described a case with mild
clinical manifestations similar to Morquio syndrome; however, the patient was deficient in
acid β-galactosidase. In the follow-up study, Arbisser et al (1977) (48) described a similar
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case of mild MPS IVA-like symptoms in a patient with β-galactosidase deficiency,
proposing an alternate description of the disease as MPS IVB. Since the description of MPS
IVB in 1977 (48), MPS IV has been categorized as two types, which include MPS IVA
(GALNS deficiency) and MPS IVB (β-galactosidase deficiency). The clinical manifestation
of β-galactosidase deficiency include platyspondyly of the vertebrae, significant dysplasia of
the long bones (femoral epiphyses), atlanto-occipital instability, distal epiphyses, genu
valgum, gait abnormalities, and corneal clouding. Distinct from MPS IVA, patients with
MPS IVB show normal or near normal stature with normal neck development and absence
of hearing loss and hepatomegaly (47;48).

As the clinical manifestations of the disease prior to description of MPS IVB in 1977 simply
refer to the affliction as Morquio syndrome or MPS IV, it is difficult to differentiate
published clinical descriptions as types A or B. Morquio A syndrome is recognized as MPS
IVA in the Online Mendelian Inheritance in Man® (OMIM®) database as entry #253000.

Obrien et al (47) have suggested that a patient with type B had skeletal dysplasia of the long
bones and extremities with a more normal stature. As well, GM-1 β-galactosidase activity
may be sufficient to prevent peripheral nervous system disorders seen in MPS IVA. Arbisser
et al (48) have described the symptoms of MPS IVB as being mild (less severe) relative to
those observed in patients with MPS IVA; however, varying severities of MPS IVA have
been proposed (7;16;17;23;29–31;50). The diagnosis and classification of MPS IVA disease
severity will be discussed later in this manuscript.

In a summary of literature up to the time of delineation of types A and B, a number of
extensive reviews of the clinical symptoms to consider in the diagnosis of MPS IV have
been published (35;41;43;44) . Since that time, a number of reviews of the clinical
manifestations particular to the diagnoses of MPS IVA have been published (16–19). As
well, biochemical analyses for diagnosis based on the enzymatic activity of GALNS in
leukocytes or fibroblasts (7;17;18;34) have been described. Diagnoses of MPS IVA have
been confirmed by molecular analysis (10;23). More recently, diagnostic algorithms, which
incorporate clinical, biochemical, and molecular evaluations, have been proposed for MPS
IVA (51).

Clinical manifestations of MPS IVA vary from a severe form characterized by severe
systemic bone dysplasia present at birth to a less severe form characterized by less
significant bone involvement in patients diagnosed in adulthood. Patients with the severe
form of the disease often do not survive beyond the second or third decade of life due
primarily to cervical instability and pulmonary compromise (16;17;19). A high degree of
genetic heterogeneity is likely responsible for this phenotypic variance with approximately
180 different mutations having been identified in the GALNS gene (10) (unpublished data).
Clinical presentations of severely affected patients have been reported as severe or classical
(28–30) phenotypes. Less severe forms of MPS IVA have been reported as mild (30;31;52)
or attenuated (7;9) phenotypes. As well, an intermediate subtype of MPS IVA has been
proposed (29;30;32). Onset of disease symptoms commonly occurs prior to 1 year of age in
patients with the severe form of MPS IVA or as late as the second decade of life in patients
with mild MPS IVA (16).

A very mild form of MPS IVA was first described in 1981 (29), in which the patient was
over 150 cm tall, and did not have many of the characteristic features, including
pectus.carinatum, genu valugum, laxity of joints, severe corneal clouding, and facial
changes. Additional reports of patients with mild MPS IVA indicate these patients may
survive 50–60 years (11;16;17). However, to date, most reported phenotypes have typically
appeared to be more severe (16;17). Montaño et al. (16) proposed that 68.4% of patients
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could be categorized as having the severe form of MPS IVA while 9.8% were categorized as
mild and 15.1% were categorized as intermediate. While the clinical phenotype for
categorizing severity has not been clearly established, height based on age may be the most
objective measurement. In this study, height was compared to age-matched normal growth
charts developed by the Centers for Disease Control (CDC) and patients were defined as
having severe, intermediate or mild MPS IVA if final height was below 120 cm, between
120 and 140 cm, or above 140 cm, respectively. Children with severe MPS IVA show a
reduced growth rate beginning at approximately 18 months of age and growth will stop at
approximately 7 or 8 years of age; however, some patients with attenuated MPS IVA may
continue growing into adolescence and exceed 140 cm in height (18;53).

Patients with severe MPS IVA will exhibit initial symptoms prior to 1 year of age and are
typically diagnosed before 5 years of age. Montaño et al (16) have reported that the major
symptoms in determining severity can be derived from degree of skeletal involvement such
as short stature, odontoid dysplasia, pectus carinatum, genu valgum, kyphoscoliosis, and
hypermobility of joints and abnormal gait. While symptoms appear less severe or delayed in
patients with attenuated MPS IVA, the disease progression in these individuals will
eventually lead to the symptoms seen in younger patients with more severe disease (19;54).
An alternative criterion for defining severity, based phenotype, was subsequently proposed
when standard growth charts for each gender of MPS IVA patients became available (53).
The MPS IVA growth charts define a more accurate phenotypic classification for both
genders.

Although the severity of MPS IVA in affected patients has been discussed in the context of
various observations, a unified definition of severity has not been proposed. A true measure
of disease severity may require multivariate considerations of this disease with such a vast
spectrum of clinical manifestations. However, regardless of severity, MPS IVA is a
progressive systemic disease that will eventually result in morbidity and mortality and early
diagnosis is important in order to improve the quality of life in these patients (16;17).

Description of Patients with Mucopolysaccharidosis IVA
A. The International Morquio Registry

The International Morquio A Registry started by International Morquio Organization and
Carol Ann Foundation (www.morquio.com) and was designed to study clinical outcomes of
patients with MPS IVA. The Registry included patient reported data from questionnaires
regarding family history, diagnosis, initial and present MPS IVA symptoms, birth length and
weight, current height and weight, surgical history, physical activities, and serious problems.
The characteristics of patients in the International Morquio A Registry have been previously
reported (16;17). These data provided an effective characterization of the manifestations of
MPS IVA and enhance the understanding of the variability, progression, and natural history
of MPS IVA among a large group of patients. Previously unpublished data collected through
the end of 2011 have been recently compiled from 399 patients in the International Morquio
A Registry and are presented (see (16) for a description of the data collection methods).

Table 1 shows the demographics of patients enrolled in the International Morquio A
Registry. A summary of the characteristics of patients in The International Morquio A
Registry are summarized in Table 2. The most common initial symptoms reported by
patients included bone deformity (genu valgum, kyphosis, pectus carinatum), short stature
and abnormal gait. Current symptoms reported in ≥ 50% of MPS IVA patients included
short stature, bone deformity, joint instability and laxity, difficulty with joint movement, and
abnormal gait.
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Patients with a severe phenotype accounted for nearly 3/4 of the 399 MPS IVA patients
registered in International Morquio Registry (Table 2). The age at presentation with
symptoms of MPS IVA is variable, as are the presenting signs and disease complications.
The age at onset of the main signs and symptoms of the disease was 2.2 years; however,
diagnosis was delayed by nearly 3 years, with a mean age of 4.9 years at diagnosis. It is
important to note that individuals who are diagnosed with a less severe form of the disease
may still have symptoms and complications that lead to significant morbidity and disability,
and may present with less severe to moderate physical disabilities. Although the clinical
course for the more severely affected patients is relatively predictable, there is considerable
variability in the clinical phenotype and progression of the more attenuated form of the
disease.

Survival to adulthood was common and in patients with less severe symptoms of MPS IVA,
life expectancy can be near normal. Less severely affected females have given birth to
children; however, delivery by Cesarean section was required in all cases. Patients with
MPS IVA can usually be clinically distinguished from patients with other MPS diseases as
they have additional skeletal manifestations derived from a unique epiphyseal
chondrodysplasia and laxity of joints. Patients with a severe phenotype show typical skeletal
manifestations of MPS IVA (kyphosis, pectus carinatum) by 1 year of age, followed by
gibbus deformity of the back, which may become clinically obvious at approximately 14
months of age. Genu valgum and abnormal gait may become clinically obvious by 2 years
of age. At that time, it is common to observe the beginnings of bone abnormalities in x-rays,
particularly within the hip, ovoid vertebrae, and as widening of the ribs.

The current signs and symptoms observed in over 60% of patients enrolled in the
International Morquio A Registry were short stature, genu valgum, kyphosis, pectus
carinatum, abnormal gait, laxity of joints, hip deformity, and difficulty of joint movement.
High mortality and morbidity rates are related to the occurrence of cervical myelopathy and
dysplasia in patients with severe MPS IVA, and these symptoms will eventually occur in
virtually all patients with MPS IVA (16;17;54). Many patients with MPS IVA walk with a
waddling gait or stand and walk with their knees and hips flexed.

Orthopedic complications were the most critical issues for MPS IVA patients with over half
of the patients enrolled in the International Morquio A Registry having surgical procedures.
The common orthopedic interventions were cervical spinal cord decompression/fusion,
osteotomy, and hip reconstruction and replacement. On average, by the age of 10 years,
MPS IVA patients often require major surgical operations in the neck, hip, knee, or leg
regions (16;17). Surgeries for skeletal, joint and ENT problems were common and
wheelchairs were used more frequently than walk aids. Height in children was typically
below the 3rd percentile of CDC growth charts and approximately 1/3 of pediatric and adult
patients were at a healthy weight with the remaining 2/3 tending to be overweight.

B. Musculoskeletal Observations of Patients with Mucopolysaccharidosis IVA
Data from the International Morquio A Registry further emphasize that the key symptoms
found in patients with MPS IVA include musculoskeletal abnormalities and limited growth.
Understanding and detecting the musculoskeletal manifestations is key to initial and early
diagnosis. Examples of skeletal observations in patients with severe (classical), intermediate
and mild MPS IVA are provided in Table 3. Figure 1 also provides photographic examples
of the musculoskeletal characteristics of the same patients with severe, intermediate and
mild types of MPS IVA.

In Figure 1, Cases 1 and 2 (29) are children of parents that were from a consanguineous
marriage. Two sisters, aged 12 (Case 1) and 8 (Case 2), classified as having severe MPS
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IVA, show the skeletal deformities typical of MPS IVA. They are 98 and 89 cm tall
respectively, with skeletal manifestations of pectus carinatum, genu valgum, and atlantoaxial
subluxation, as well laxity of joints. Both exhibit diffuse corneal clouding as non-skeletal
features. In Case 1, abnormal deformity in the ribs was observed at birth, and the patient had
kyphosis (with abnormal gait) at 15 months of age. Abnormal gait was also noticed in Case
2 at 15 months of age. Both patients were homozygotes for p.P125L mutation (27). Both of
these patients died suddenly in their sleep prior to the age of 20 years, possibly due to acute
atlantoaxial subluxation.

Case 3 is a male described as having a variant form of MPS IVA (29). At 5 months of age,
adduction of both thumbs was observed and at 18 months of age pectus carinatum was
noted. At the age of 3 years, the patient had kyphosis and abnormal gait was observed at the
age of 5 years. He was clinically diagnosed as having MPS IVA at 5.5 years of age. At the
age of 6 years the patient was referred to Sapporo Medical College Hospital; he was 105.2
cm tall and had corneal clouding, some vacuoles containing vesicles and electron-dense
granules in Kupffer cells, and less severe skeletal dysplasia. This atypical case did not have
genu valgum, obliquity of the lower ends of the radius or ulna, or KS excretion in the urine
and differed from the criteria described by Maroteaux and Lamy (55). At 15 years of age,
the patient had keratansulfaturia and was diagnosed enzymatically as intermediate MPS
IVA. At 18 years of age, the patient was 135 cm tall with less severe skeletal deformities of
pectus carinatum, genu valgum, laxity of joints. The genotype of the patient is p.R94G/
p.N204K (56). Case 3 is currently 48 years of age, and has a gait abnormalities and
atlantoaxial subluxation. The patient is able to drive a car and works in the software
industry.

Cases 4 and 5 were classified as having attenuated MPS IVA (31) and are offspring of
consanguineous.brothers. Two brothers aged 29 (Case 4) and 25 (Case 5), are 147 and 157
cm tall, respectively. Skeletal features related to MPS IVA include short neck, short trunk,
pectus carinatum, less severe skeletal deformities of thoracolumbar gibbus, less severe
platyspondyly with anterior unossified wedging of the vertebral bodies compared with Cases
1 and 2; they did not have genu valgum or wrist laxity were observed. Both cases exhibit
diffuse corneal clouding. Gait disturbances were observed in both brothers with hip joint
pain at ages of 9 and 10 years, respectively. Both patients underwent osteotomy at age of 13
years. The GALNS enzyme activities in fibroblasts derived from both cases were 16–26% of
normal controls (52). The genotypes of both cases are p.N204K/p.N204K (28). Case 4 died
of myocardial infarction at the age of 52 years. Case 5 is currently 57 years of age. He had
lower extremity deep vein thrombosis and obesity at 41 years, and was noticed chronic
membranous glomerulonephritis at 49 years. His condition continues to deteriorate and he
has undergone hemodialysis since 52 years of age but is currently stable.

C. Growth in Patients with MPS IVA
Most children with MPS IVA show poor growth and become physically handicapped due to
the multisystem involvement of the disease. For children with MPS IVA, periodic
assessments of growth are essential for monitoring disease activity and for acting
proactively to prevent complications. The growth retardation of individuals with severe
MPS IVA starts in early childhood and growth may stop by approximately 8 years of age
(16). However, some patients with mild or intermediate phenotypes continue growing into
adolescence or may continue to normal height (18;30;31;53) . Unlike other types of MPS,
current criteria used to determine the clinical severity of a patient with MPS IVA are partly
based on growth rates and final height (18;53).

Children with severe MPS IVA show a reduced growth rate beginning at approximately 18
months of age and growth will stop at approximately 7 or 8 years of age. The mean final
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height of boys and girls with classic MPS IVA has been shown to be −8.81 standard
deviations (SD) and −8.48 SD, respectively, when compared with the mean height for
healthy controls. However, some patients with attenuated MPS IVA continue growing into
their teens and may reach or exceed 140 cm (18;53).

Height and weight data collected through the end of 2011 from the International Morquio A
Registry compared measurements from 190 females and 209 males to reference growth
curves of healthy children provided by the CDC. Height (n = 2,105) and weight (n = 1,844)
measurements from 190 females and 209 males with MPS IVA were collected in the
International Morquio A Registry (16) and compared to reference growth curves of healthy
children provided by the CDC. The mean birth lengths of males and females with MPS IVA
were 52.0 (n = 165) and 51.9 cm (n = 136), respectively, corresponding to +0.75 SD for
boys and +0.98 SD for girls relative to the CDC growth charts. At 1 year of age, the mean
heights for males and females were 78.1 and 78.3 cm, respectively, corresponding to +0.85
SD for males and +1.6 SD for females, remaining slightly higher than normal. At 2 years of
age, the mean height of males and females with MPS IVA closely corresponded to that of
the normal population; however, after the age of 2 years, the mean height of both genders
began to fall markedly below the −2 SD value. The mean height for males and females at 18
years of age was 120.4 (n = 78) and 114.8 cm (n = 62), resulting in a difference of −55.8 and
−48.3 cm, respectively, compared to the mean height for the age-matched controls. These
values correspond to −8.0 SD and −7.7 SD of the height for normal healthy males and
females.

Mean birth weights for males and females were 3.5 (n=189) and 3.4 (n=163) kg,
respectively. The mean body weights for males and females at 18 years of age and older
were 40.7 and 36.7 kg (n=74), respectively while normal healthy males and females at 18
years old had mean body weights of 67.2 and 56.2 kg, respectively. The weight of children
with MPS IVA up to age 12 years was within the −2 SD of the normal children. However,
the mean weight of males and females with MPS IVA at 18 years of age was 36.5 (n = 96)
and 35.2 kg (n = 108), respectively. These values corresponded to −3.5 SD and −3.1 SD of
the weight for age-matched normal males and females.

Age-dependent Z-score curves of the mean heights and weights were determined and
compared with the aged-matched controls. The Z-score of the mean weight of patients with
MPS IVA to the age matched control was higher than that of the mean height through
almost all ages in both genders. From birth to 1 or 2 years of age, Z-scores of the weight for
male and female patients remained positive, while Z-scores of the height stayed positive
until 1 year of age. After 1 year of age, Z-scores of height were markedly reduced,
indicating early slowing of height growth compared with weight. These findings resulted in
mean body mass indexes (BMI) of males and females over 18 years of age of 27.4 and 27.7
kg/m2, respectively. These values corresponded to +1.3 SD and +1.9 SD of the BMI for age
matched normal males and females, respectively, suggesting that the majority of adult
patients with MPS IVA are overweight. A BMI above the 95th percentile, indicating an
individual is obese (34.7 and 34.4 kg/m2 for males and females, respectively) was observed
in 6.8% of the males and 5.4% of the females with MPS IVA that were 18 years of age and
older.

Diagnosis and Management of Patients with MPS IVA
A. Clinical Recognition and Management

Clinical recognition and management of skeletal manifestations and the associated spinal
complications is critically important for MPS IVA patients. However, as MPS IVA affects
multiple organ systems, the recognition and management of other aspects of the disease
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cannot be ignored. Dysfunctions in the visual, auditory, cardiovascular, and respiratory
systems can severely affect quality of life in patients with MPS IVA and may also contribute
to decreased longevity. In addition to the skeletal manifestations, a review of clinical
recognition and management of extra-skeletal symptoms of MPS IVA is presented along
with recommended assessments and interventions.

With increasing age, joint laxity and skeletal deformities become increasingly evident, and
typically require support by orthopedic interventions (17). Genu valgum can be corrected
with temporary medial hemi-epiphysiodesis of the femoral and tibial growth plates with the
caveat that this procedure should be postponed as long as possible as relapse of this
deformity may occur during continued childhood growth (57). It is also important to note
that if a procedure is excessively delayed, the patient may not show enough post-procedure
growth and the procedure could fail. If the epiphyses are already closed, an osteotomy is an
option. In the adult patient who remains mobile, hip replacement may become necessary.
Lastly, physiotherapy may be beneficial for all patients to preserve joint function.

Early detection of SCC is important in order to prevent further development of SCC and
myelomalacia, which indicates irreversible damage of the spinal cord. Periodic neurological
examinations should be performed from approximately 5 years of age in patients that are
diagnosed at a young age. The degree of functional impairment of the spinal cord can be
assessed by neurophysiological examinations such as somatosensory-evoked potentials
(SSEP). In addition, magnetic resonance imaging (MRI) studies of the cranio-cervical
junction as well as simple radiological examinations in flexion and extension positions of
the neck are strongly recommended. The SSEP and radiological examinations should be
repeated every 2 years. If there are any clinical and/or radiological signs of SCC, a surgical
decompression may be required. In order to stabilize the cranio-cervical junction, a fusion
operation using an onlay bone graft may follow the decompression. Weakness of the legs
and bladder and anal incontinence are symptoms of compression in the lower spine that can
also require surgical correction.

Any surgical procedures requiring sedation that are performed on patients with MPS IVA
require an anesthesiologist who has extensive experience in anaesthesia of patients with
MPS diseases and is familiar with the complications that may arise from the intubation of
children and adults affected by these diseases. Because of the risk of SCC due to atlanto-
axial subluxation during the intubation, hyperflexion of the neck should be prevented. In
case of airway obstruction, fiberoptic intubation may be applied (58;59).

In most patients with MPS IVA, the eye is affected as well (60). Typically, corneal clouding
is usually less severe, and in some cases retinopathy may be observed (61). In patients with
significant corneal clouding, penetrating keratoplasty provides good results with a clear
donor cornea. The success of the graft, however, is limited as accumulation of GAGs in host
keratinocytes may lead to recurrence of opacification.

As MPS IVA progresses in patients, cardiac and pulmonary complications typically arise,
even in cases categorized as mild. Echocardiographic investigations have revealed moderate
mitral and aortic regurgitation and valve thickening (62). Valve replacement is necessary in
rare cases, appearing to affect the aortic valve more frequently (63;64); however,
endocarditis prophylaxis may be required in some cases. Echocardiography should be
repeated every 2 to 3 years, depending on initial findings. Recurrent infections of the upper
airway and hearing problems are common among patients with MPS IVA, which require
frequent examinations by an otolaryngologist. Prophylactic antibiotics may be useful to
manage recurrent infections due to abnormalities in the ears, nose, and throat (ENT) and
corrective procedures such as adenoidectomy or tonsillectomy may become necessary. As

Hendriksz et al. Page 9

Mol Genet Metab. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the disease progresses, patients may experience mixed hearing loss and may require
tympanostomy tube insertion and/or hearing aids (19). While hearing loss may be postponed
in mild cases, eventual hearing loss is common (19).

The cause of restrictive lung disease in patients with MPS IVA is likely multifactorial;
however, thoracic deformity (pectus carinatum, rib deformity) appears to be a primary
cause. The resulting poor clearance of airway secretions commonly leads to recurrent
pneumonia. 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 and obstruction. Pulmonary hypertension, which may be caused by obstructive
sleep apnea, is observed in patients with MPS IVA as commonly as observed in other
mucopolysaccharidoses. Patients may complain of nocturnal dyspnea, in which case
polysomnography can be used to assess sleep disturbances. Continuous positive airway
pressure (CPAP) to retain the patency of the airway has been shown to be beneficial for
patients with nocturnal sleep apnea (17;65).

Abnormalities of the teeth are very common in patients with MPS IVA (66). The teeth of
patients with MPS IVA are typically small and the enamel is thin with a greyish color and
the cusps of the permanent teeth are sharpened (17). Because of high risk of dental caries,
regular conservative dental therapy is important in patients with MPS IVA.

The data of the International Morquio A registry have revealed that <50% of patients with
MPS IVA are diagnosed prior to 5 years of age (16). A delayed diagnosis of a serious
chronic disorder poses a severe psychological burden on the parents of patients, who have
believed that they had a healthy child. When the parents have been informed about the
diagnosis of their child, it is recommended that they be referred to a clinical geneticist for
appropriate genetic counseling. To diminish this burden the whole family may seek
psychological assistance. Connecting parents to resources, support, and advocacy groups,
such as an MPS Society, is recommended.

B. Radiographic Observations
As reported by Montaño et al. (16), musculoskeletal manifestations are a significant
observation in patients with MPS IVA. An important component of the review of
musculoskeletal manifestations in patients with MPS IVA patients is dysostosis multiplex
(DM). The diagnosis of DM is often non specific and can be determined radiologically. The
radiographic expression of DM is similar to almost the entire group of
mucopolysaccharidoses and mucolipidoses diseases as well as other similar disorders. The
diagnosis of DM in patients with MPS IVA is typically based on the radiological findings
presented in Table 4.

Universal platyspondyly and beaking of the vertebral bodies with thoracolumbar kyphosis
are commonly observed as the most distinct skeletal changes in patients with MPS IVA.
Skeletal radiographs of some patients with MPS IVA at birth have shown small
abnormalities in the lower lumbar vertebrae followed by progressive bone dysplasia
characteristic of MPS IVA. Therefore the characteristic findings of platyspondyly and
anterior beaking of the vertebral bodies might be detectable at an early age. Progression of
the anterior beaking, progressive kyphosis, platyspondyly, and irregularities of the vertebral
bodies are characteristic MPS IVA (67).
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Laboratory Diagnoses of MPS IVA
A. Biochemical Diagnoses of MPS IVA and Challenges

Once a high degree of clinical suspicion has been established, further biochemical testing is
required. Historically, total urine GAGs (uGAGs) testing have been performed which, if
positive, was followed by measurement of GALNS enzyme activity. However, as urine
based testing is considered only a screen and can have false negatives, it is recommended
that enzymatic or molecular testing be used to confirm or rule out the diagnosis of MPS
IVA.

Measurement of uGAGs can be performed quantitatively and qualitatively. Both are
recommended as part of the evaluation of patient for MPS IVA. Quantitative uGAG
analyses measure the total amount of GAG in the sample per unit creatinine. The normal
range is age dependent and values decrease with age, reaching a plateau in adolescence
(68;69). This testing is considered as a screen for any MPS disorder (51;68) as the reported
value includes all GAG species and does not allow for delineation of the specific MPS
subtype. While a gross elevation of quantitative uGAGs is normally specific for an MPS
disorder, borderline or slightly elevated values are common in affected patients, especially
those with MPS IVA (34;68;70;71).

Qualitative urine-based testing methods separate the various GAG species and therefore,
provide a starting path for differential diagnosis. For these procedures, the GAGs are first
isolated from the urine and then separated by thin layer chromatography or electrophoresis
(72–75). A GAG specific stain such as dimethylmethylene blue is then used to visualize the
GAGs and their relative position on the gel or plate is used for identification (76). The
specific diagnostic GAG in patients with MPS IVA, KS, can be difficult to separate and
visualize by these methods and false negatives can occur. The positive identification of KS,
unlike other types of MPS, is generally specific for MPS IVA, MPS IVB, or rarely other
LSD conditions; however, qualitative methods do not give a specific value for the amount of
KS.

Detection of specific abnormal GAG levels has been described using tandem mass
spectrometry based methods first by Oguma et al (22;77), followed by others (24;67;78–83).
The measurements of blood and urine KS specifically have been accomplished using an
inhibition ELISA (21) or a sandwich ELISA (34;84), supplied by Seikagaku Co (Tokyo,
Japan), and tandem mass spectrometry (22;24;80;81; 83; 85). Blood and urine KS levels
correlate with clinical severity in MPS IVA patients (24;34;79;80). The results of these
research studies show that blood and urine KS measurements may potentially be used as a
biomarker for assessing clinical severity at an early stage and monitoring therapeutic effects
(82). Currently, there is no commercial ELISA assay available to measure KS; however,
tandem mass spectrometry methods of measuring KS are in use (22;24).

Regardless of the test used, uGAGs and/or KS based testing should be considered as a
screening tool, which has a lower sensitivity and specificity than enzyme based testing.
Patients with a strong clinical indication, regardless of total uGAGs and/or blood and urine
KS results, may move straight to enzyme based testing or further follow up testing. In
addition, patients with less severe MPS IVA and older patients have a greater chance of
false negative in total uGAGs or even blood and urine KS measurements. Blood KS levels
can be measured using dried blood spot with tandem mass spectrometry (22) and may be
applicable for newborn screening for severe type of MPS IVA patients. A pilot study of
newborn screening for MPS including MPS IVA by measuring specific GAGs on dried
blood spots (DBS) has been initiated by an international consortium supported by an NIH
grant (Montaño and Tomatsu, unpublished).
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Measurement of the activity of GALNS is a common laboratory assessment for the
diagnosis of MPS IVA. The enzyme is active in leukocytes and fibroblasts and either sample
type is acceptable for diagnosis. Use of DBS has recently been described and can be
effective in areas where transportation delays or difficulties in shipping blood or fibroblasts
may impact sample quality. However, the GALNS enzyme is particularly sensitive to
temperature and recommended guidelines for shipping samples and interpretation of results
should be observed (86).

Measurement of enzyme activity is normally performed using an artificial radioactive
(87;88) or fluorogenic substrate (88). To measure the activity, the amount of signal
(substrate) is measured per unit of time and is standardized for the amount of sample used
(typically per mg of protein lysate in the leukocyte or fibroblast pellet). Lack of or
significant reduction in the amount of substrate released compared consistent with a
deficiency of the enzyme. However, all results should be compared to the reported normal
range of enzyme activity, which can vary between laboratories and methodologies.
Recently, a substrate has been designed, which allows the enzyme activity to be monitored
via tandem mass spectrometry (89;90). While not currently available to clinical laboratories,
this methodology shows great promise and may provide a significant advance for the
diagnosis of MPS IVA.

Although GALNS is most commonly associated with MPS IVA, this is not the only
disorder, which can lead to decreased GALNS activity. Some additional causes are provided
in Table 5. Patients with mucolipidoses II (MLII, also known as I-cell disease, OMIM#
252500) and III (ML III, 252600) have reduced levels of a number of lysosomal hydrolases
including GALNS when measured in fibroblasts. Symptoms of MLII and MLIII result from
N-acetylglucosamine-1-phosphotransferase (GlcNAc-phosphotransferase; EC 2.7.8.17)
deficiency, which catalyzes the addition of a mannose 6-phosphate (M6P) targeting signal
on a large number of lysosomal hydrolases. In patients with MLII or MLIII, enzymes are
mis-localized to the extracellular space and therefore, intracellular concentrations are very
low. Finding normal fibroblast activity of a second M6P targeted enzyme (eg β-
hexosaminidase, α-iduronidase, β-galactosidase) can be used to rule out this disorder.
Patients with I-cell disease will have normal uGAG levels but may show increased urine
oligosaccharides. Measurements of various plasma enzymes can also be used as a screen for
I-cell disease as the plasma activity level of the mis-targeted enzymes are grossly increased.
It is important to note that leukocyte enzyme activity levels are generally normal in I-cell
disease and therefore only when GALNS is measured in fibroblasts should a concern for a
ML II or ML III be raised. Additionally, GALNS levels will be low in patients with multiple
sulfatase deficiency (MSD, OMIM# 272200), a disease resulting in abnormally low activity
of all sulfatase enzymes. As with I cell disease measurement of a second enzyme, another
sulfatase, is recommended to rule out this disorder. Potentially the most common cause of
false positive enzyme results is degradation of the sample during shipment if a DBS or
peripheral blood sample is used. As with the previous two examples, measurement of a
second enzyme is recommended.

While measurement of GALNS activity is common for the laboratory diagnosis of MPS
IVA, recently there has been increased availability of MPS IVA gene sequencing,
confirmation of the enzyme studies with the identification of one or more pathogenic
mutations is recommended and is necessary to facilitate carrier studies and in many cases
prenatal analysis. Molecular testing can be beneficial for confirming enzyme testing,
especially in patients whose clinical phenotype is less severe. However, two clearly
pathogenic mutations are not always found, and at times, only a single mutation may be
identified.
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While laboratory studies are a vital part of the diagnosis of MPS IVA, any laboratory result,
which does not agree with the clinical assessment and other supporting evidence, should be
questioned. Consultation with the laboratory staff and director about concern or questions
may be required. Many laboratories will perform repeat testing to confirm prior results and
use of a second laboratory may be suggested when a diagnosis is in question.

B. Genetic Diagnosis of MPS IVA
Mutation of the GALNS gene in patients with MPS IVA results in impaired catabolism of
two GAGs, KS (91) and C6S (13). The human gene encoding GALNS has been mapped to
chromosome arm 16q24.3 (92;93), spanning approximately 50 kb and containing 13 introns
and 14 exons. A single-splice product, 1566-bp GALNS mRNA, codes for a 522-amino acid
precursor. After the cleavage of a 21–amino acid N-terminal signal peptide and
glycosylation, it becomes 40- and 15-kDa subunits of mature active enzyme (12;94;95). The
GALNS gene is a member of the sulfatase gene family, of which 13 sulfatase genes in
humans have been cloned. All sulfatase gene products are closely related, showing 20–35%
similarity at the amino acid level. The C79 residue of human GALNS is conserved among
all sulfatase proteins from many species. The post-translational modification of the highly
conserved cysteine residue is required for catalytically active sulfatases (96).
Characterization of sulfatase proteins by structural analysis and homology comparisons
confirmed C79 as an active site residue (97). There have been 180 different mutations of the
GALNS gene reported, resulting in a spectrum of disease phenotypes. These mutations have
been identified in over 400 mutant alleles in a total group of 250 patients by a variety of
molecular techniques (8–10;26–28). The mutations are distributed along the entire gene and
all types of mutations are found (missense, nonsense, splice site mutations, small deletions
and others).

By cataloguing current literature, missense mutations were found to be the most prevalent
(69%) among GALNS mutations (Figure 2). The 10 most frequent mutations accounting for
over 7 mutant alleles are represented by single nucleotide changes except for one deletion.
They make up 35% of all described mutations. The 16 mutations accounting for 6, 5 or 4
mutant alleles account for 19% of all mutations. The remaining 46% of mutations occur less
than 3 times in the total population, suggesting that molecular heterogeneity in GALNS
mutations is marked. The most prevalent c.1156C>T transitional mutation at CpG
dinucleotide (p.R386C) was found in 9% of patients from various ethnic groups origin
(9;10;32;98;99).

In an assessment of the genetic composition of 9 MPS IVA patients in Latin America (32),
all 9 patients were homozygous for 1 of 4 different mutations (c.1156C, c.224C, c.500A, c.
346G) and developed a severe type of MPS IVA with similar clinical signs and symptoms.
The p.I113F and p.T312S mutations are of great interest since these mutations were specific
to British, Irish, and Australian (100;101) populations and account for 18 and 14% of all
mutations, respectively (101). These two founder mutations are associated with a 3–6-fold
increase of the incidence of MPS IVA in Northern Ireland compared to other ethnic
populations. The p.I113F mutation defines a severe phenotype while the p.T312S mutation
defines an attenuated phenotype (101). Thus, some mutations are clearly correlated with a
specific clinical phenotype. Based on a review of missense mutations in the current
literature, 69% of mutations were defined as severe, 19% were as attenuated and other 12%
were as undefined.
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Emerging Developments in Our Understanding of MPS IVA Clinical
Manifestations

MPS IVA has historically been understood as a disease caused by pathogenic storage of KS
in cartilage and connective tissue, leading to skeletal dysplasia and visual, auditory,
cardiovascular, and respiratory compromise (15;19). However, this model does not fully
account for all of the clinical observations in MPS IVA (102). Recent studies and
observations have lead to novel theories regarding the pathogenesis behind MPS IVA and
the resulting clinical manifestations. Although it has been generally assumed that MPS IVA
does not directly affect the central nervous system (CNS), a contemporary publication
challenged this assumption by presenting subtle neuroimaging, neurochemical, and
neurocognitive abnormalities indicating the potential for CNS involvement in MPS IVA
(103). A complex interplay between lysosomal, mitochondrial, and calcium trafficking
dysfunction was proposed as a hypothetical mechanism (103). Anecdotally, patients with
MPS IVA tend to have skeletal muscle weakness and slightly lower than average core
temperatures (unpublished data). If calcium trafficking, and hence mitochondrial
functioning, is affected in MPS IVA as proposed by Davison et al (103), it could also be a
possible explanation behind these clinical observations. Calcium abnormalities have been
noted in other lysosomal storage diseases (104;105) and their role in the pathogenesis of
these diseases has been described in the context of impaired autophagy and accumulation of
dysfunctional mitochondria (106–108). Furthermore, impaired autophagy and mitochondrial
dysfunction have been reported in fibroblasts from patients with MPS VI (109). This
pathogenic cascade may well be present in many lysosomal storage diseases including the
mucopolysaccharidoses and MPS IVA specifically. Further research is needed to
substantiate the anecdotal clinical observations and to investigate the roles of calcium
trafficking and mitochondrial dysfunction, or alternative mechanisms, in the pathogenesis of
MPS IVA.

Conclusions
The symptoms of patients reported to have MPS IVA related disease (chondro osteo
dystrophy, osteochondrodystrophia deformans, Morquio’s syndrome, Morquio-Brailsford
disease, Morquio-Ulrich’s disease) have been described for at least 80 years. A historical
review of these reports based on case reports or limited sample sizes indicates that MPS IVA
affects multiple organ systems, with skeletal dysplasia and growth being the most severely
affected. In addition, other organ systems including visual, auditory, cardiovascular, and
respiratory systems are also affected. Similar descriptions of the symptoms of MPS IVA
have recently been demonstrated in a survey of a large population (399 patients), confirming
previous observations.

While many of the signs and symptoms of MPS IVA are well described, others such as joint
laxity and lack of strength are not. These have been reviewed in this report, but the lack of
understanding of these findings also illustrates the possibility that additional unaddressed
symptoms may occur in this multi-organ disease. It is also important to note that some
symptoms reported by patients with MPS IVA can clinically and radiographically resemble
other disorders, and differential diagnosis requires enzymatic or molecular diagnosis.

The age at diagnosis, natural progression of the disease, and severity of symptoms is
determined by the severity of the disease, which may be associated with specific genetic
mutations. Although the severity of MPS IVA in affected patients has been discussed in the
context of various observations, particularly height, a unified definition of severity has not
been proposed. It is possible that defining criteria for the early diagnosis of MPS IVA in less
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severely affected children may be required in order to initiate early management to alleviate
the effects seen later in life.

With the goal of describing the expected natural history of disease progression and
improving recognition, diagnosis, and management of MPS IVA, a review of the historical
and current clinical experience of patients with MPS IVA has been presented, along with
some possible treatment options. In addition, contemporary laboratory assessments and well
defined algorithms for diagnoses will further improve early diagnoses. Understanding the
symptoms and progressive nature of MPS IVA will provide a solid basis for evaluating the
efficacy of treatment modalities (110).
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Abbreviations not common to the field

CDC Centers for Disease Control and Prevention

CPAP Continuous positive airway pressure

DBS Dried blood spots

GALNS N-acetylgalactosamine-6-sulfate sulfatase
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Highlights

• International experts discussed diagnosis of MPS IVA.

• Historical Review of the Clinical Presentation was summarized.

• Clinical to lab data on MPS IVA was summarized.

• Updated information was included.

• By reading this article the reader will understand how to diagnose MPS IVA.
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Figure 1.
Spectrum of disease progression among MPS IVA-affected individuals. Copy right
permission from Gifu University.
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Figure 2.
Occurrences of Genetic Mutation Types in Patients with MPS IVA Based on Literature
Review.
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Table 1

Demographics of Patients in the International Morquio A Registry

Statistics Males Females

Number enrolled n (%) 209 (52.4) 190 (47.6)

Age at enrollment Mean (SD) 17.0 (12.3) 19.2 (13.9)

Median 11.6 15.2

Range 1–74 0–68

Age distribution

  ≥18years n (%) 68 (32.5) 81 (42.6)

  <18 years n (%) 141 (67.5.1) 109 (57.4)

Ethnicity n

  Caucasian n (%) 127 (60.7) 124 65.3)

  Hispanic n (%) 39 (18.7) 29 (15.3)

  Black n (%) 4 (1.9) 1 (0.5)

  Asian n (%) 33 (15.8) 32 (16.8)

  Other n (%) 6 (2.9) 4 (2.1)

Results based on data available as of the end of 2011 from 399 patients in the International Morquio A Registry.
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Table 2

Initial Characteristics of Patients in the International Morquio A Registry

Status Value

Mean age at enrollment (years) 17.4

Mean age of onset (years) 2.2

Mean age at diagnosis (years) 4.9

Age at diagnosis (%)

  < 1 year 9

  1–3 years 34

  3–5 years 33

  5–10 years 16

  > 10 years 8

Phenotype (N, %)a

  Severe 288 (72.2)

  Mild 82 (20.6)

  Unknown 28 (7.2)

Most common initial symptoms (%) Short stature (49.9)

Genu valgum (45.1)

Kyphosis (44.4)

Pectus carinatum (43.6)

Abnormal gait (37.8)

Most common current symptoms (%) Short stature (84.7)

Genu valgum (78.7)

Pectus carinatum (71.4)

Kyphosis (70.4)

Abnormal gait (64.4)

Laxity of wrist joints (63.2%)

Patients with ≥1 surgery (%) 222 (55.6)

Most frequent surgery (%) Cervical spine surgery (51)

Walk endurance (maximum distance)

  <200 meters (%) 63.2

  ≥200 meters (%) 13.1

Require walking aids (%) 23.7

Wheelchair usage (%) 37.3

Mean (SD) birth weight (kg)

  M 3.50 (0.66)

  F 3.42 (0.61)

Mean (SD) weight of patients > 18 years
(kg)

  M 43.02 ± 18.02

  F 36.7 ± 14.5

Mean (SD) birth length (cm)

  M 52.0 ± 4.7
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Status Value

  F 51.9 ± 4.5

Mean (SD) height of patients > 18 years
(cm)

  M 120.4 ± 22.5

  F 114.8 ± 20.5

a
Phenotypic severity based on height

Results based on data available as of the end of 2011 from 399 patients in the International Morquio A Registry.
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Table 4

Radiological Findings of Patients with MPS IVA.

Skeletal Region Potential Radiological Findings of
Dysostoses Multiplex

Skull Typically normal

Possible abnormal J-shaped sella turca

Thickened diploic space

Chest/Thorax Pectus carinatum (pigeon chest)

Funnel Chest

Clavicles (Collar bone) Short, thick

Ribs Paddle/oar shaped (not common in MPS IVA)

Spine Superiorly notched, inferiorly beaked vertebral bodies

Middle beaked vertebral bodies (most common in MPS IVA)

Posterior scalloping of vertebrae

Kyphosis

Pelvis/Hips Rounded iliac wings

Inferiorly tapered ilia

Coxa valga

Long bones Generalized mildly hypoplastic epiphyses

Hypoplastic fragmented capital femoral epiphyses

Long narrow femoral necks

Genu valgum

Hypoplastic distal ulnae/radial tilt

Thick short diaphyses

Tarsal bones with irregular contours

Hands Metacarpals, proximal pointing (often persistent proximal
rounding in patients with MPS IVA)

Metacarpals, thick/short/thin cortices (typically mild in
patients with MPS IVA)

Carpal bones, irregular/Hypoplastic

Hand bone age compared to chronological age shows
delayed bone development

Carpal bone age compared to chronological carpal bone age
shows very delayed maturation in carpal bones [epiphyseal-
carpal disassociation]

Scaphoid bone extremely delayed ossification or not
radiographically present
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Table 5

Sources of Deficient GALNS Activity not related to MPS IVA

Source of Deficiency Cause Confirmation of Alternative
Diagnosis/Cause

Patient has I-cell disease
(specific to measurement of
GALNS in fibroblasts)

Mutations in GNPTAB or
GNPTG gene. Improper
trafficking of numerous
lysosomal enzymes.

Measurement of a second
enzyme that uses M6P
targeting (β-hexosaminidase,
α-iduronidase, alpha
mannosidase, etc) or
measurement of various
plasma enzymes

Patient has multiple sulfatase
deficiency (all sample types)

Mutations in SUMF1 gene.
Inability to activate sulfatase
active site.

Measurement of a second
sulfatase (iduronate 2
sulfatase, arylsulfatase A or
B)

Sample has degraded during
shipment

Sample has been impacted by
event that leads to low
enzyme activity for numerous
enzymes.

Measurement of a second
enzyme which is found to be
deficient. Assay in a second
sample may be considered.
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