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1. ABSTRACT

Mucopolysaccharidosis VI (MPS VI), or 
Maroteaux-Lamy syndrome, is an autosomal recessive 
lysosomal storage disorder caused by deficient activity of the 
enzyme arylsulfatase B (ASB). Progressive accumulation of 
glycosaminoglycans (GAGs) in organs and tissues leads to 
the development of multisystem clinical manifestations. The 
presentation of MPS VI is genotypically and phenotypically 
diverse, with a large number of potential disease-causing 
mutations and a phenotypic spectrum ranging from very 
slowly to very rapidly progressing disease. Diagnosis of 
MPS VI relies on presence of clinical features, increased 
GAG levels in urine or low ASB activity in dried blood spots, 
and measurement of enzyme activity levels in leukocytes or 
fibroblasts. The management of MPS VI involves enzyme 
replacement therapy and medical and surgical treatment 
of disease manifestations. Liquid chromatography/tandem 
mass spectrometry of GAG-derived disaccharides in blood 
or urine is emerging as a valuable method in the diagnosis, 
prognosis and assessment of therapeutic efficacy in 
MPS VI.

2. INTRODUCTION

Mucopolysaccharidosis VI (MPS VI), also 
known as Maroteaux-Lamy syndrome, is a progressive 
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autosomal recessive lysosomal storage disorder with 
multisystem involvement which was first described 
by Dr. Pierre Maroteaux and Dr. Maurice Lamy in 
1963 (1). The underlying cause of the disease is 
deficient activity of the enzyme N-acetylgalactosamine 
4-sulfatase (arylsulfatase B (ASB)), which is involved 
in the degradation of the glycosaminoglycans (GAGs) 
dermatan sulfate and chondroitin 4-sulfate. This enzyme 
deficiency leads to the accumulation of partially degraded 
GAGs in tissues and organs, which in turn causes an 
array of clinical manifestations that progressively worsen 
with age.

MPS VI is very rare, with incidence estimates 
ranging from 0.36 to 1.30 per 100,000 live births, 
depending on the country or ethnic population 
examined (2). The highest incidence has been 
reported for the Turkish population in Germany, which 
may be due to a high degree of consanguinity in this 
population; the lowest incidence has been reported for 
Sweden (3,4). No worldwide estimates are currently 
available. Due to the lack of newborn screening 
programs for MPS VI and the difficulties in diagnosing 
the disease, the reported incidence rates are probably 
underestimations.
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3. CLINICAL FEATURES OF MPS VI

Disease manifestations, age of symptom onset 
and rate of disease progression vary widely among 
MPS VI patients (Figure 1). Although a distinction is 
generally made between slowly and rapidly progressing 
phenotypes, it is important to recognize that the 
phenotypic spectrum of the disease is a continuum. 
Table 1 gives an overview of the clinical manifestations 
that have been described for MPS VI.

The rapidly progressing phenotype of MPS VI is 
associated with a rapid onset of clinical manifestations, 
usually before the age of 2 years. The skeleton is 
generally one of the most severely affected organs in 
these patients. A typical finding is dysostosis multiplex, 
a specific radiologic expression consisting of abnormally 
shaped ribs and vertebrae, enlarged skull, hypoplastic 
epiphyses, thickened diaphyses and thickened, short 
metacarpal bones (5,6). These patients also frequently 
show scoliosis or kyphosis, hip dysplasia, genu valgum 
and claw hand deformities, as well as joint stiffness, 
joint pain and flexion contractures (6,7). Musculoskeletal 
disease can result in short stature (adult height below 
120 cm in rapidly progressing patients), low body weight, 
nerve entrapment syndromes such as spinal cord 
compression, nerve root compression and carpal tunnel 
syndrome, and poor mobility (8,9). Patients with rapidly 
progressing MPS VI generally show normal to accelerated 
growth velocity during the first year of life, which 
slows down in the second year of life to below the fifth 

percentile of Centre for Disease Control (CDC) reference 
curves after the age of 3 years (10-12). Other common 
findings in these patients are coarse facial features 
with frontal bossing, depressed nasal bridge, enlarged 
tongue, gingival hypertrophy, teeth abnormalities, 
hirsutism, compromised pulmonary function, impaired 
vision (due to corneal clouding, high hyperopia, optic 
nerve injury, or retinopathy), impaired hearing, cardiac 
valve abnormalities, hepatosplenomegaly, and umbilical 
and inguinal hernias (6,7). Adolescent patients can show 
delayed pubertal development (13). Without proper 
treatment, patients with rapidly progressing disease have 
a life expectancy below 20 years (7). These patients 
generally die from cardiopulmonary disease, infection, or 
surgical complications.

The slowly progressing phenotype of MPS VI is 
associated with a slower clinical course or with clinically 
significant symptoms occurring in fewer systems. Adult 
patients with this phenotype tend to have heights above 
140 cm (6,7,12). They generally show normal or only 
mildly coarsened facial features, a slightly reduced to 
normal body height, and less prominent skeletal dysplasia 
compared to the rapidly progressing phenotype. Although 
disease manifestations tend to progress more slowly in 
these patients, clinically significant symptoms develop in 
an advanced stage of the disease, often requiring surgery 
and ultimately resulting in a reduced lifespan (14-17). 
In a German study of nine adult patients with slowly 
progressing MPS VI (19-29 years old), all patients showed 
reduced lung function, seven had reduced endurance, 
seven had corneal clouding, seven had hip dysplasia, 
and three had cardiac valve disease (17). Most of them 
required surgical interventions in the past, including ear-
nose-throat interventions, spinal cord decompression, 
valve replacement or carpal tunnel surgery. In a cross-
sectional Survey study by Swiedler et al. of 121 patients 
with MPS VI, only one patient was over 50 years of 
age (7).

Although several studies have shown 
abnormalities in the central nervous system of patients with 
MPS VI, including abnormalities in the ventricular system, 
white matter and perivascular spaces, communicating 
hydrocephalus, and cerebral atrophy (18-20), MPS 
VI is generally considered not to affect intellectual 
development. Nevertheless, in a recent study of 25 MPS 
VI patients, approximately 30 percent had IQ scores 
below the normal range (69 or lower) (20). As brain 
abnormalities on MRI did not correlate with IQ scores, 
the investigators suggested that cultural deprivation and 
physical limitations associated with the disease (fatigue, 
and visual or hearing deficits) may have an impact on the 
outcome of IQ testing in these patients (20).

Because of the high morbidity, frequent 
surgeries, and constant monitoring required to manage 
the common infections and other clinical manifestations, 

Figure 1. Photograph of patients with MPS VI illustrating the phenotypic 
spectrum of the disease.
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most MPS VI patients have a poor quality of life (21). 
Activities of daily living can also be considerably limited 
due to impairments in vision, hearing, mobility, and 
functional capacity (7).

4. BIOCHEMISTRY AND GENETICS

MPS VI develops due to mutations in the 
ARSB gene, encoding for the enzyme ASB, located 
on chromosome 5q13-q14. Functional ASB enzyme 
catalyzes the hydrolysis of the C4-sulfate ester linkage 
in N-acetylgalactosamine 4-sulfate residues at the 
non-reducing ends of the GAGs dermatan sulfate 
and chondroitin 4-sulfate (22). These GAGs are long 
unbranched sulfated polysaccharides comprised of 
repeating disaccharides consisting of an amino sugar 
(N-acetylgalactosamine) and an uronic sugar. Absent or 
reduced ASB enzyme activity results in the progressive 
accumulation in tissues and organs of dermatan sulfate 
and sulfated oligosaccharides derived from both dermatan 
sulfate and chondroitin 4-sulfate (6). The accumulation of 
dermatan sulfate in particular is believed to give rise to 
the clinical manifestations associated with MPS VI (6). 
Disease manifestations are generally present only in 
patients with enzymatic activity below 10% of the lower 
limit of normal (6). Carriers who still have one normal 
allele do not exhibit clinical manifestations of MPS VI.

The ARSB gene contains 8 exons and spans 
about 206 kb. Like other lysosomal enzymes, the ASB 
enzyme is first synthesized as a large molecular mass 
precursor (66 kD) and then proteolytically processed in 
acid compartments to a mature form of lower molecular 
mass (43 kD) (23). Mutations in the ARSB gene may affect 
enzyme synthesis, stability or maturation and possibly 
intracellular transport time or a combination of these 
factors. A recent study using site-directed mutagenesis 
suggested that most disease-causing mutations in the 
ARSB gene hamper the maturation of the ASB enzyme, 
rather than affecting the synthesis of the 66 kD ASB 
precursor (24). Different mutations may lead to different 
levels of residual ASB activity, and thus differences in 
GAG accumulation and clinical presentation.

In 2007, Karageorgos and colleagues published 
data from a large mutational analysis in MPS VI patients. 
They identified 83 different mutations in 105 patients, 
including at least 38 missense mutations, five nonsense 
mutations, 11 deletions, seven splice-site mutations, 
one insertion, and four polymorphisms (25). Thirty three 
patients (31.4 percent) were homozygous. In addition 
to the mutations described by Karageorgos et al., there 
have been several publications reporting on previously 
described and new disease-causing mutations in 
the ARSB gene (24,26-30). As of April 2015, over 

Table 1. Overview of clinical manifestations associated with mucopolysaccharidosis VI (8,19,35,40,42,52)

Musculoskeletal
• Dysostosis multiplex
• Genu valgum
• Hip dysplasia
• Kyphoscoliosis
• Enlarged head
• Joint stiffness
• Joint contractures
• Short stature

Ear, nose and throat
• Gingival hyperplasia
• Macroglossia
• Thick lips
• High‑arched palate
• Distension of adenoids and/or tonsils
• Impaired opening of the mouth
• Conductive/neurosensory hearing loss

Respiratory
• Sinusitis, recurrent bronchitis or pneumonia
• Upper and lower airway obstruction
• Restrictive pulmonary disease
•  Sleep disordered breathing (obstructive sleep apnea, nocturnal 

hypoventilation)

Ocular
• Corneal clouding
• Refractive error problems
• Glaucoma
• Retinopathy
• Optic disc swelling/optic atrophy

Neurological
• Spinal cord/nerve root compression/myelopathy
• Carpal tunnel syndrome
• Abnormalities in ventricular system, white matter and perivascular spaces

Abdominal
• Hepatosplenomegaly
• Umbilical/inguinal hernias

Cardiac
• Aortic and mitral valve insufficiency/stenosis
• Pulmonary hypertension
• Cardiomyopathy
• Fibroelastosis
• Cardiac conduction system disorders
• Heart failure

Other
• Coarse facial features
•  Teeth abnormalities (hypoplastic mandibular condyles, malposition of 

unerupted teeth, large dental follicles, anterior open bite)
• Hirsutism
• Delayed pubertal development 
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130 disease-causing mutations in the ARSB gene have 
been reported in the Human Gene Mutation Database 
(http://www.hgmd.cf.ac.uk/ac/index.php), of which 100 
are missense mutations, 20 are deletions, nine are 
splice-site mutations, and three are insertions.

Because of the large number of mutations 
identified, many of which are unique or only occur in a few 
individuals, it has been very challenging to find genotype-
phenotype correlations for MPS VI. Analysis of genotype-
phenotype correlations is particularly problematic for 
compound heterozygous patients who have two different 
disease-causing alleles or when polymorphisms or the 
presence of two disease-causing mutations on the same 
allele may have an impact on disease phenotype (6). 
Nevertheless, several studies have suggested correlations 
between mutations and disease phenotypes (6). The 
large study by Karageorgos et al. showed a clear 
correlation between some genotypes and urinary GAG 
(uGAG) levels (25). In addition, the study showed that 
mutations in the active site of ASB, nonsense mutations 
and mutations resulting in a truncated protein product due 
to deletions or insertions, and some missense mutations 
(p.D54N, p.G144R, p.I223V, and p.I296N) appeared 

to cause rapidly progressing disease. Other missense 
mutations were associated with a more slowly progressing 
phenotype. Figure 2 gives an overview of the mutations 
identified by Karageorgos et al. and the predicted clinical 
severity associated with these mutations. The genotype-
phenotype correlations in this study were generated 
from clinical data described for these patients in other 
studies (7,31,32). More recently, Jurecka et al. showed 
a link between the relatively common p.Y210C mutation 
and an essentially osteoarticular phenotype (33), 
while patients homozygous for the p.R152W mutation 
were found to present with a cardiac phenotype that, 
although apparently slowly progressing, may lead to 
abrupt death (34). Despite these findings, it remains 
very difficult to predict a patient’s phenotype from his or 
her genotype.

5. PRIMARY AND SECONDARY 
INVOLVEMENT OF GLYCOSAMINOGLYCANS

The clinical manifestations of MPS VI 
are believed to be directly or indirectly caused by 
accumulation of dermatan sulfate in particular in tissues 
and organs. Dermatan sulfate is an important component 

Figure 2. Location of all the mucopolysaccharidosis VI (MPS VI) mutations in the human arylsulfatase B (ARSB) gene identified in a mutational analysis 
study by Karageorgos et al., 2007 (25) and predicted clinical severity associated with the mutations (represented by different colors) categorized on the 
basis of clinical criteria defined in the natural history study by Swiedler et al. (7). The boxes with Roman numerals represent exons of the gene. Reprinted 
with permission from Wiley and Sons.
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of bones, cartilage and connective tissues, but also has a 
role as cofactor or receptor for growth factors, cytokines, 
adhesion molecules and chemokines and serves as a 
regulator of enzyme activity and signaling molecules in 
response to cellular damage (6,35). The accumulation 
of dermatan sulfate can cause engorgement, cell 
enlargement and cell dysfunction, but may also indirectly 
lead to clinical manifestations through a cascade of 
secondary events.

The growth plate of long bones has been shown 
to be very sensitive to excessive GAG storage, which 
interferes with the control of chondrocyte development (36). 
Animal studies have shown that inflammation secondary 
to GAG accumulation plays an important role in joint 
and bone disease in MPS through the activation of 
the Toll-like receptor-4 (TLR-4) (37). Activation of the 
TLR-4 stimulates the release of inflammatory cytokines 
such as tumor necrosis factor alpha (TNF-alpha) and 
interleukin-1 beta (IL-1beta) from chondrocytes, leading 
to apoptosis. The resulting proliferation of immature 
chondrocytes leads to abnormal and poorly organized 
matrix formation. Release of matrix metalloproteinases in 
synovial membranes also contributes to the bone and joint 
pathology. In addition, abnormal GAG metabolism has 
been shown to interfere with major signaling pathways 
involved in cartilage and bone development (35,36). The 
defective endochondral and membranous growth leads 
to the typical radiologic skeletal deformities (dysostosis 
multiplex; Figure 3) and short stature seen in MPS VI 
patients (38). Anterior hypoplasia of vertebral bodies at 
the thoracolumbar junction can lead to gibbus deformity 
or dorsolumbar kyphosis very early in the disease 
course (39). Hip dysplasia can develop due to a poorly 
formed pelvis, dysplasia of the femoral heads, and coxa 
valga (38). Progressive flexion contractures of the fingers 
can lead to claw-hand deformity and a decline in fine 
motor skills. Most patients show joint stiffness, pain, and 
flexion contractures of the elbows, shoulders, hips, and 
knees, leading to decreased range of motion and gait 
abnormalities (39).

Respiratory function in patients with MPS VI 
can be impaired due to airway abnormalities, which may 
be caused directly by GAG deposition in the mouth, 
nose, throat, and upper and lower airways, or indirectly 
by cranial and spinal abnormalities (e.g., flattened 
nasal bridge, short neck, high epiglottis, mandibular 
abnormalities, abnormal cervical vertebrae) (40). Many 
patients also show reduced ventilatory capacity due to 
altered chest wall shape and structure, diaphragmatic 
weakness, or compromised diaphragm excursion (due 
to e.g., enlarged liver and spleen). As a result, patients 
may develop frequent sinusitis or otitis media, recurrent 
bronchitis or pneumonia, sleep disordered breathing, 
and even respiratory failure. Airway obstruction and 
restrictive pulmonary disease (often in combination with 
cardiovascular manifestations) pose a serious anesthetic 
risk to MPS VI patients (41).

Abnormalities in cardiac structure and function 
are common in patients with MPS VI and are prominent 
causes of morbidity and mortality (42-45). Cardiac valve 
disease, particularly in the mitral and aortic valves, is 
among the most common findings in these patients, 
occurring in 96 percent of 121 patients included in the 
Survey study by Swiedler et al. (7,43). Cardiomyopathy, 
fibroelastosis and pulmonary hypertension may 

Figure 3. Radiographs of (A) the hands of a patient (16 years old, 
male) with MPS VI showing short, broad, and irregular metacarpals and 
phalanges and moderately severe Madelung deformity; and (B) hips from 
a patient with MPS VI (19 years old, male) showing bilateral hip dysplasia 
with flaring of iliac wings and flattening of the acetabulum bilaterally. 
There is also flattening and flaring of proximal femur with incomplete 
containment of the femoral heads.
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also contribute to the development of heart failure 
in these patients (42). Dysfunction of heart muscle 
and morphological and biochemical changes in the 
connective tissues of the heart are primarily caused by 
accumulation of GAGs (42). Pathology studies have 
described excessive GAG accumulation in cytoplasmic 
vacuoles in endothelial cells, myocytes and fibroblasts 
of the endocardium, myocardium, valves, conduction 
system and blood vessels (42). The fact that dermatan 
sulfate is the dominant GAG in cardiac valve connective 
tissue and blood vessels in healthy subjects might explain 
why cardiac disease tends to be more severe in types of 
MPS associated with accumulation of dermatan sulfate 
(MPS I, II, VI and VII) than in other types (42,46). GAG 
accumulation can result in progressive thickening and 
deformation of the valves, leading to valvular regurgitation, 
stenosis, or both (42,44). Brands et al. recently postulated 
that GAG accumulation in the lysosomes of activated 
valvular interstitial cells (“clear” cells) deprive these cells 
of the capacity to maintain the extracellular matrix of 
the cardiac valve, leading to tissue damage. The tissue 
damage attracts macrophages, most likely through the 
TLR-4 pathway, which cause even more damage and 
eventually leads to valve regurgitation. In turn, valvular 
stenosis or regurgitation may lead to left atrial and/or left 
ventricular volume overload, left ventricular dilatation, left 
ventricular hypertrophy, and even to systolic and diastolic 
dysfunction (42,43). In addition, the stiff and narrow 
thoracic cage of MPS VI patients may limit the space 
available for the heart and heart beat movements (42).

Spinal cord compression in MPS VI can develop 
due to atlantoaxial subluxation, craniovertebral stenosis, 
posterior longitudinal ligament hypertrophy, dural 
thickening, disc bulging, kyphoscoliosis, or a combination 
of these factors and can cause compressive myelopathy, 
leading to loss of strength in the legs, pyramidal 
signs, paresis and, ultimately, tetraparesis (47-50). 
Compression occurs mostly at the upper cervical or 
thoracolumbar regions, but multilevel myelopathy may 
occur as well (50). Thickening of the dura mater, posterior 
elements and ligaments may be due to deposition of 
GAGs in these structures (19,50). A potential cause of 
atlantoaxial instability in MPS VI patients is odontoid 
process hypoplasia (19). The development of carpal 
tunnel syndrome, which is a relatively common finding 
in MPS VI, is considered to be due to bone deformity 
in combination with excessive GAG storage in tissues 
surrounding the carpal tunnel (16,51). Carpal tunnel 
syndrome may be associated with burning pain, tingling 
and numbness, finger weakness, clumsiness and, in 
a late stage, loss of thumb abduction and opposition 
strength (51) or may develop gradually without typical 
symptoms. Ventricular enlargement and communicating 
hydrocephalus in MPS VI are believed to be due to 
overflow impairment through bony dysostosis of the 
skull base in combination with deposition of GAGs in the 
arachnoid villi (19).

Most patients with MPS VI develop ocular 
manifestations, which can result in reduced visual 
acuity or even blindness (52). Corneal clouding is most 
commonly reported and develops when GAG storage 
in the cornea affects keratocyte size and disrupts the 
regular network of collagen fibrils in the stroma (53). 
GAGs in the anterior segments of the eye may also cause 
increased intraocular pressure, which in turn may lead to 
open-angle or narrow-angle glaucoma (53). Retinopathy 
can arise due to accumulation of GAGs in the retinal 
pigment epithelium and the interphotoreceptor matrix. 
Optic disc swelling and subsequent optic atrophy can 
be due to thickening of the sclera and impingement of 
the optic nerve, or may result from mismatch of the optic 
nerve sheath and optic canal diameter, GAG deposits 
within ganglion cells or the meningeal covering of the 
optic nerve, or from chronically increased intracranial 
pressure (53). Increased rigidity in the cornea and 
thickening of the sclera due to deposition of GAGs may 
cause flattening of the corneal curvature or shortening of 
the axial length, leading to hyperopia.

Hearing loss is a frequent finding in patients with 
MPS VI and is mostly due to recurrent otitis media, although 
it may also develop directly due to GAG deposition in 
the inner ear or the central nervous system (54). Young 
children tend to have conductive hearing loss, while 
adolescent and adult patients generally develop mixed 
hearing loss or pure sensorineural hearing loss (55). 
The exact mechanisms underlying this evolution are still 
unclear.

Very common findings in patients with MPS VI 
and other types of MPS are an enlarged liver and spleen 
(hepatosplenomegaly). Light and electron microscopic 
studies have revealed membrane-bound GAG inclusions 
within hepatocytes and Kupffer cells of MPS patients and 
hepatocellular accumulation of lipid droplets (56).

The frequently observed malpositioned and 
unerupted teeth in MPS VI have been suggested to develop 
secondary to large dental follicles (35). As the dermatan 
sulfate content does not seem to be high in large dental 
follicles, it remains unclear what causes this enlargement. 
The anterior open bite in some MPS VI patients might be 
due to hypoplastic mandibular condyles (35).

6. GLYCOSAMINOGLYCANS AS BIOMARKER 
OF DISEASE SEVERITY

In MPS VI and other types of MPS, GAGs 
are stored in lysosomes and the extracellular matrix of 
several tissues, secreted into the blood, and excreted 
in urine (57). The cross-sectional Survey study of 121 
MPS VI patients by Swiedler et al. revealed an association 
between uGAG levels and disability progression rate, 
with higher uGAG levels being associated with a more 
rapidly progressing disease course (7). Elevated uGAG 
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levels (higher than 200 µg/mg creatinine) in this study 
tended to correspond with a rapidly progressing clinical 
course, characterized by an age-adjusted short stature 
(height range 80 to 120 cm), a low body weight, impaired 
endurance in a walk test, and impaired pulmonary 
function and joint range of motion (Figure 4) (7). Patients 
with slowly progressing disease tended to have uGAG 
levels below 100 μg/mg creatinine. Low uGAG levels 
also seemed to be associated with a longer survival, as 
suggested by the finding that most patients older than 
20 years had levels below 100 µg/mg creatinine (7). 
In line with these findings, a 10-year Resurvey study 
of patients who had participated in the Survey study 
suggested better survival in patients with low baseline 
uGAG levels (200 µg/mg creatinine or lower) than those 
with higher baseline levels (58). In addition, all patients 
with the most prevalent mutation (p.Y210C), associated 
with a slowly progressing phenotype, had uGAG levels 
below 100 µg/mg creatinine (7,25). Lower uGAG levels 
were also correlated with a higher height for age, which 
has been confirmed in other studies (7,13,25). The 
10-year Resurvey study showed an inverse correlation 
between baseline uGAG levels and final heights after 
10 years (58).

Taken together, these findings indicate that 
uGAG levels may, at least to some degree, predict disease 

progression in patients with MPS VI. Based on the results 
of the Survey study, MPS VI patients can be classified into a 
rapidly progressing patient group with uGAG levels above 
200 µg/mg creatinine and a slowly progressing patient 
group with uGAG levels below this threshold. It should be 
noted that this does not apply to uGAG levels in infants, 
because infants have been shown to have naturally high 
uGAG levels (59). The utility of uGAGs for classifying MPS 
VI is limited after onset of therapy that lowers uGAG levels, 
such as enzyme replacement therapy (ERT).

7. DIAGNOSIS

7.1. Diagnostic algorithm
The diagnosis of MPS VI is generally triggered 

by the presence of clinical features indicative of a 
metabolic disorder and referral to a metabolic specialist 
or clinical geneticist or by the diagnosis of a close 
relative (sibling) with the disease. Definitive diagnosis 
is based on a combination of disease-specific clinical 
findings, including short stature, dysostosis multiplex, 
corneal clouding, hepatosplenomegaly and cardiac valve 
disease, and laboratory test results.

In 2012, Wood et al. presented expert 
recommendations for the laboratory diagnosis of MPS 
VI (60) (Figure 5). In most cases, the first step in the 

Figure 4. Association between urinary glycosaminoglycan (uGAG) levels and clinical outcomes in the MPS IV Survey study. Reprinted from Swiedler 
et al., 2005 (7), with permission from Wiley and Sons.
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Figure 5. Algorithm for the laboratory diagnosis of mucopolysaccharidosis VI (MPS VI). Reprinted from Wood et al., 2012 with permission from 
Elsevier (60).
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diagnostic work-up is a screening test, i.e. quantitative and 
qualitative analyses of GAGs in urine or measurement of 
ASB activity in dried blood spots. If one of these tests is 
positive or clinical suspicion of MPS is high, the clinician 
should proceed to the next step in the algorithm, i.e. a 
diagnostic test for ASB or other MPS enzyme activity. 
A urine test is considered positive if it shows elevated total 
uGAG levels and detects dermatan sulfate. Clinicians 
should be aware that a negative outcome in this test does 
not rule out MPS VI. The screening test in dried blood 
spots is considered positive if ASB activity is low and if 
multiple sulfatase deficiency is ruled out (if activities of 
other enzymes tested in the same blood spot are within 
normal ranges). If initial screening is not positive, the 
test can be repeated on a new sample (when sample 
degradation is suspected because other enzymes were 
below normal ranges). If clinical suspicion is high, the 
clinician can proceed directly to a diagnostic test for ASB 
activity. When family history indicates a high risk that 
the patient has MPS VI, the diagnostic test is generally 
performed directly, without initial screening.

The diagnostic test for ASB activity is usually 
performed on leukocytes or fibroblasts, but may also be 
done on dried blood spots collected separately from the 
initial blood spots used in the screening assay. Multiple 
sulfatase deficiency should be ruled out by measuring 
a second sulfatase. Sample integrity can be assessed 
by measuring activity of a reference enzyme. If the 
diagnostic test is positive, the combined outcomes of 
all clinical and laboratory findings should be considered 
in the definitive diagnosis. Confirmation of ASB activity 
results in a different sample or tissue, the identification of 
two disease-causing mutations, or both are encouraged 
to confirm the diagnosis.

7.2. Factors confounding diagnosis
Diagnosis of MPS VI can be challenging due 

to the phenotypic heterogeneity resulting from the large 
number of disease-causing mutations and other genetic, 
metabolic and environmental factors (60). Patients with 
slowly progressive MPS VI may be particularly difficult to 
diagnose because they often first present as adolescents 
or adults to specialists not familiar with the disease such as 
rheumatologists or ophthalmologists. Also, most of these 
patients do not show the skeletal features of classical 
dysostosis multiplex (61). Clinicians should be aware that 
the radiographic findings in these patients may be very 
similar to those of other disorders such multiple epiphyseal 
dysplasia, some forms of spondylo-epiphyseal dysplasia 
and bilateral Perthes-like disease (61). An additional 
problem is that slowly progressing patients may have 
uGAG levels within the normal range and thus may be 
missed if only a quantitative uGAG analysis is performed.

7.3. Future directions
To overcome some limitations of the currently 

available screening methods, alternative screening 

methods have been developed in more recent years. 
Liquid chromatography/tandem mass spectrometry 
(LC-MS/MS) has emerged as a powerful qualitative 
and quantitative method for the simultaneous analysis 
of disaccharides derived from different GAGs in 
urine, blood and/or dried blood spots (57,62-65). This 
method has shown good sensitivity and specificity for 
detecting all subtypes of MPS, and may also be useful 
in defining clinical severity and monitoring therapeutic 
efficacy (57). However, LC‑MS/MS is time‑consuming, 
which limits its utility for screening large numbers of 
samples. An alternative GAG assay by RapidFire high-
throughput mass spectrometry was recently developed 
to overcome these limitations (66). Although this method 
is faster and more efficient than conventional LC-MS/
MS methods and has shown sensitivity and specificity 
equivalent to LC-MS/MS, its use is limited by the fact that 
it cannot distinguish between disaccharides with identical 
molecular weights (57). In the future, LC-MS/MS may 
become a useful test for newborn screening of MPS (67).

8. TREATMENT

8.1. Therapies replacing or repairing the 
deficient enzyme

For a long time, the treatment of MPS VI was 
limited to symptom management and palliative care. 
More recently, therapies that directly target the underlying 
cause of the disease, i.e. the deficiency of the ASB 
enzyme, have been developed. The therapies currently 
available for MPS VI are ERT and hematopoietic stem 
cell transplantation (HSCT).

8.1.1. Enzyme replacement therapy
ERT is currently the recommended first‑line 

treatment for MPS VI (39). The therapy involves weekly 
intravenous infusions with recombinant human ASB or 
galsulfase (Naglazyme®, BioMarin Pharmaceutical Inc., 
Novato, CA, USA) to replace the defective enzyme. 
The recombinant enzyme is produced in genetically 
engineered Chinese Hamster Ovary cells (31).

Preclinical studies in MPS VI cats established 
the safety of galsulfase and its efficacy in reversing GAG 
storage and limiting bone disease when started early 
in life (68). These studies were followed by phase 1/2, 
2 and 3 studies in humans with MPS VI (31,32,69), which 
led to approval of the therapy in the United States in 
May 2005 (70) and in the European Union in January 
2006. These clinical studies evaluated the efficacy and 
safety of intravenous ERT (0.1 or 1 mg/kg/week) in a 
total of 56 MPS VI patients ranging from 5 to 29 years 
of age at study initiation (Table 2). Supportive efficacy 
and safety data in a larger and more heterogeneous 
MPS VI population than in the clinical trials and over a 
longer period of time are being collected in the MPS VI 
Clinical Surveillance Program (MPS VI CSP), which was 
established to collect observational data from routine 



GAGs and MPS VI

 394 © 1996-2017

clinical and laboratory assessments of patients with 
MPS VI over a period of at least 15 years (8). In March 
2010, the MPS VI CSP included data from 132 MPS VI 
patients with ages ranging from 1 to 59 years collected 
at 39 sites in Europe and the US (8). A phase 4 clinical 
open-label study in four infants (aged 3.3-12.7 months 
at inclusion) who received galsulfase 1.0 or 2.0 mg/kg/
week for at least 52 weeks has recently been completed 
as well (71). In addition, the impact of early initiation 
of ERT on disease progression has been examined in 
three (ongoing) sibling control studies in children with 
MPS VI (72-74). In the Resurvey study which examined 
10-year follow-up data of 59 patients who had previously 
participated in the Survey study by Swiedler et al., 
55 patients received ERT (58). The mean duration of ERT 
treatment was 6.8 years in the 52 patients with known 
ERT start date (58). The outcomes of these studies were 
supported by a number of retrospective studies and case 
reports (11,24,75-82).

All clinical studies showed a significant reduction 
in uGAG after initiation of ERT (31,32,69). This reduction 
was sustained through 240 weeks of ERT (83). In the 
MPS VI CSP, uGAG data before and after initiation of 
ERT were available for 59 patients (8). uGAG decreased 
after initiation of ERT by a mean of at least 65 percent 
in patients with a baseline uGAG level higher than 
200 μg/mg and by approximately 50 percent in those 
with a baseline uGAG below 200 μg/mg for the duration 
of the study. Improvements in endurance in a 6- or 
12 minute walk test (MWT) and 3-minute stair climb test 
(3MSCT) were also seen in all clinical studies after onset 
of ERT (31,32,69). After the 24‑week double‑blind part 
of the phase 3 study, patients in the ERT group walked 
on average 92 meters more in the 12MWT (P = 0.025) 

(Figure 6) and climbed 5.7 stairs per minute more in 
the 3MSCT (P = 0.053) than patients in the placebo 
group (69). Continued improvement in endurance 
was observed during the open-label extension (83). In 
the MPS VI CSP, distance walked in timed walk tests 
increased after initiation of ERT in 76 percent of patients 
(N = 25) (increases of at least 15 meters in the 6MWT 
and/or at least 30 meters in the 12MWT) (8). The increase 
in walking distance was observed through 4 years of ERT 
(N = 9 at 4 years follow-up). The 10-year Resurvey study 
also showed improvements in mean 6MWT distance in 
the ERT group, with patients with low baseline uGAG 
levels (below 200 µg/mg creatinine) showing greater 
increases after 10 years than those with high baseline 
uGAG levels (58).

A post-hoc analysis of the pooled long-term 
data of the MPS VI clinical trials and data from the 
MPS VI CSP and 10-year Resurvey study also showed 
significant improvements in pulmonary function, 
i.e. forced vital capacity, forced expiratory volume in 
1 second and maximum voluntary ventilation, after onset 
of ERT, which was sustained in the long term (8,58,84). 
Improvements in pulmonary function occurred in both 
patients aged younger than 12 years and patients aged 
12 years or older, despite a smaller percentage increase 
in height in the latter group (Figure 7). Post-hoc analysis 
of cardiac ultrasound data from the clinical trials and 
additional studies suggested that ERT preserves cardiac 
dimensions and function, decreases ventricular wall 
thickness, and does not prevent progression of valve 
disease (44,58,75,76). Although the clinical studies 
showed no impact of ERT on cardiac valve disease in 
MPS VI patients, there are indications from sibling control 
studies that ERT might prevent or delay the progression 

Table 2. Overview of studies assessing the efficacy and safety of enzyme replacement therapy in patients 
with mucopolysaccharidosis VI

Study Phase 1/2 Phase 2 Phase 3

Design Double-blind, randomized, dose 
comparison/open-label extension

Open-label, 
non-randomized

Double-blind, placebo-controlled, 
randomized/open-label extension

Weeks of double-blind (placebo-controlled) part of 
the study

24 - 24

Weeks of open-label extension: efficacy (safety) 
evaluation

240 (260) 144 (214) 96 (159)

Number of patients enrolled/completed 7/5 10/10 39/38

Dose galsulfase per week 0.2 mg/kg or 1.0 mg/kg1 1.0 mg/kg 1.0 mg/kg

Age at baseline in years; mean±SD (range) 12.0±3.8 
(7-16)

12.1±5.3 
(6-21)

13.7±6.47 (galsulfase), 
10.7±4.35 (placebo) 
(5-29)

Baseline uGAG (µg/mg creatinine); mean±SD 365±148 336±116 346±128 (galsulfase)
330±114 (placebo)

Adapted from Harmatz et al., 2008 with permission from Elsevier (83). 12 patients were transitioned from 0.2 mg/kg to 1.0 mg/kg dose at Weeks 59 
and 69 after the double‑blind analysis. SD: Standard deviation; uGAG: Urinary glycosaminoglycan
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of valve disease in these patients when started early in 
life (72,73). Additional analyses of the MPS VI clinical trial 
data and CSP also showed an impact of ERT on growth 
and on pubertal development (13). Although increases in 
height after 96 weeks of treatment were seen in all age 
categories, the mean growth rate was greater in patients 
who were pre-pubertal or in puberty than in those who 
had completed puberty, independent of uGAG level at 
baseline (8,13). Additional studies in infants suggest that 
early onset of ERT may prevent or limit deviation from 
normal growth curves (71-73,78).

In addition, exploratory analyses of the MPS VI 
clinical trials and sibling control studies have suggested 
a favorable impact of ERT on joint range of motion, 
hepatosplenomegaly, patients’ ability to perform simple 
tasks, and functional mobility (31,32,69,72,73). Sibling 
control studies and case reports suggest that ERT cannot 
improve existing skeletal disease, but may prevent or 
delay progression of skeletal dysplasia in some cases 
when started early in life (72,73). Retrospective studies 
and case reports have also shown variable effects of ERT 
on ocular manifestations (79,85). A potential issue for the 
treatment of ocular manifestations using intravenous 
ERT is that the enzyme does not cross the blood‑retina 
barrier in a sufficient amount to allow major effects (86). 
As ERT is thought not to cross the blood‑brain barrier, 
the impact on central nervous system disease is also 
considered limited. Kaplan-Meier analysis of 10-year 
Resurvey survival data of 117 of 121 patients enrolled 
in the Survey study showed a significant survival benefit 
in patients treated with ERT (N=103) over ERT‑naïve 
patients (N=14) (58).

The safety and tolerability of intravenous ERT 
with galsulfase is considered acceptable based on 

data from the clinical studies, CSP, and the BioMarin 
pharmacovigilance database. No treatment-related 
withdrawals were reported for any of the 56 patients 
included in the phase 1/2, 2 and 3 clinical studies and 
most reported adverse events were mild to moderate 
general or administration site problems (8,83). Results 
from the phase 4 study suggest that galsulfase at doses 
of 1.0 or 2.0 mg/kg is well tolerated and safe in infants 
as well (71). Seroconversion occurred in almost all 
patients included in clinical trials within 6 to 7 months 
after initiation of ERT (8,24). Although an in vitro study 
suggested that high anti-drug antibody titers may interfere 
with galsulfase uptake by cells, no correlation was found 
between antibody titers and uGAG levels in the CSP 
and increased antibody levels did not seem to affect the 
efficacy and safety of ERT in clinical trials (8,24).

8.1.2. Hematopoietic stem cell transplantation
HSCT restores the endogenous production of 

deficient enzyme through the transplantation of multipotent 
hematopoietic stem cells from a healthy donor. These 
stem cells can be derived from bone marrow, peripheral 
blood, or umbilical cord blood. HSCT is the first‑line 
treatment for patients with MPS IH (Hurler syndrome), 
where it can positively affect cognitive development, but 
has shown variable effects in MPS VI patients (87-89). 
Similar to ERT, the therapy cannot correct or completely 
prevent development of musculoskeletal complications 
or corneal clouding. Due to limited experience and the 
morbidity risks (graft failure, graft-versus-host disease, 
infection during immunosuppression, endocrine and 
gonadal failure) associated with HSCT and because 
MPS VI is not associated with cognitive impairment, this 
therapy is currently mainly reserved for patients who are 
intolerant or not responsive to ERT (90,91) or when ERT is 
not available. A retrospective study of 45 MPS VI patients 
who underwent HSCT between 1982 and 2007 showed a 
cumulative incidence of acute graft-versus-host disease 
in 36 percent of patients at 100 days and a survival of 
78 percent at 100 days and 66 percent at 1 year (92). 
Recently, a case report showed that use of stem cells 
from a haploidentical donor can be considered in patients 
with graft failure (93). In addition, good outcomes of 
combined treatment with ERT and HSCT were seen in 
a 3-year old girl with MPS VI (94). Respiratory function, 
hepatosplenomegaly and joint range of motion improved, 
but the combined treatment could not completely prevent 
progression of musculoskeletal complications and 
cardiac valve disease. ERT 10 years after a successful 
HSCT has also been reported to improve joint range of 
motion and endurance (95).

8.1.3. Future directions
As both HSCT and ERT fail to correct 

abnormalities in bones, cartilage, cardiac valves and 
corneas, probably due to the avascular nature of these 
tissues, and to circumvent the low accessibility of 
intravenous ERT to the central nervous system, several 

Figure 6. Impact of enzyme replacement therapy with galsulfase versus 
placebo on distance walked in a 12-minute walk test (12-MWT) in the 
phase 3 double-blind, 24-week clinical trial and 24-week open-label 
extension. Reprinted from Harmatz et al., 2006 with permission from 
Elsevier (69).
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other administration routes and treatment approaches are 
currently being tested to be used alone or in combination 
with the available therapies.

A few studies assessed the impact of intrathecal 
ERT on spinal cord compression, showing reduced GAG 
storage in the dura in MPS VI cats, and a favorable 
impact on spinal cord compression in humans with MPS 
I and VI who refused decompression surgery (96-98). 
Intra‑articular ERT, i.e. injection of enzyme directly into 
the joints, has shown a favorable impact on joint mobility 
in MPS VI cats (99,100). A small-scale pilot study in two 
patients showed improvements in walking endurance 
and reduced joint pain (101).

Gene therapy using adeno-associated viral 
(AVV) 2/8-mediated liver gene transfer has been tried in 
MPS VI cats, resulting in ARSB expression for at least 
1 year (102). In MPS VI cats showing high serum ASB 
levels, the investigators observed clearance of GAG 
storage and improvements in long bone length, cardiac 
valve thickness, and spontaneous mobility, regardless of 
age at gene therapy. However, pre‑existing neutralizing 
antibodies for AVV8 negatively affected the outcomes of 
this therapy (103). In a study in MPS VI mice, the efficacy 
of a single administration of AVV-mediated gene therapy 
targeting the liver was compared to weekly ERT (104). Both 
therapies had a similar impact on GAG levels in urine and 
tissues and animal motor performance, while improvements 
in skeletal skull abnormalities were slightly better with gene 
therapy. Neonatal gene therapy with a gamma retroviral 
vector (RV) has also been tested in MPS VI cats, resulting 
in increased ASB activity for up to 8 years (105). RV-treated 

cats showed reduced GAG accumulation in several tissues 
and improvements in body weight, appendicular skeleton 
length, articular cartilage erosion, aortic valve thickening 
and aortic dilatation compared with untreated MPS VI cats. 
However, the cats still had short cervical vertebrae, cervical 
vertebral fusion, and intervertebral disc degeneration. 
A gene therapy approach using a lentiviral vector to provide 
ASB in joints has been tested in MPS VI rats. Injection of 
the vector into the rat knee caused widespread expression 
of the enzyme across the synovial membrane and the 
fascia covering the cruciate ligaments and meniscus for 
at least 8 weeks (106). The investigators did not observe 
transduction of chondrocytes or ligament cells. The long-
term efficacy and risks of these and other gene therapies, 
such as tumor formation, need to be assessed in future 
studies.

Because of the important role of TLR-4 signaling 
in bone and joint disease in MPS, it was postulated that 
TNF-alpha antagonists may have positive therapeutic 
effects on bone and joint disease (107). A study in MPS 
VI rats treated with a combination of ERT and anti‑
TNF-alpha therapy for 8 months showed a reduction 
of TNF-alpha in the articular cartilage and improved 
motor activity and mobility versus ERT alone (108). The 
investigators also reported improvements in tracheal 
deformities and modest improvements in bone length. 
Recently, pentosan polysulfate, an FDA-approved 
oral anti-inflammatory drug for patients with interstitial 
cystitis, was shown to reduce inflammatory markers in 
serum and tissue of MPS VI rats (109,110). The therapy 
also improved motility and grooming behavior, eye and 
nasal secretions, tracheal deformities, and skull and 

Figure 7. Mean percent change in height and pulmonary function (forced vital capacity (FVC) and forced expiratory volume in one second (FEV1)) after 
onset of enzyme replacement therapy (ERT) by age group in the phase 1/2, 2 and 3 studies. Reprinted from Harmatz et al., 2010 with permission from 
Springer (84).
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teeth abnormalities. Improvements in spinal stability 
were suggested as well. There were no improvements in 
cortical bone or femur length.

A potential therapeutic approach that has been 
proposed for MPS VI patients with nonsense mutations 
is pharmacological enhancement of ribosomal read-
through of nonsense mutations to restore production of 
the full-length ASB protein. Bartolomeo et al. showed 
that PTC124 could increase the level of ASB activity in 
fibroblast cell lines to less than 2.5 percent of normal 
activity and reduce lysosomal size (111). The clinical 
significance of these findings needs to be established.

8.2. Management of disease manifestations
In addition to the above-described systemic 

therapies, patients with MPS VI need continuous 
management of disease manifestations, including use of 
adaptive or supportive devices, physiotherapy, occupational 
therapy, symptom-based medications, and surgical 
interventions. Because most patients show impairments in 
multiple organ systems, a multi-disciplinary management 
approach is required. General guidelines for the diagnosis 
and management of MPS VI have been developed by 
an international team of experts and were published in 
2007 (39). These guidelines include a recommended multi-
disciplinary schedule of assessments to detect and monitor 
disease manifestations. Since the publication of these 
general guidelines, several guidelines for the management 
of specific disease manifestations, including orthopedic 
problems, respiratory disease, spinal cord compression, 
cardiac disease, carpal tunnel syndrome, and anesthesia 
risk, in patients with MPS VI or patients with MPS in general 
have been published (40,41,43,50,51,53,86,112-114).

Even with ERT or HSCT, patients with MPS 
VI often require orthopedic surgery for correction of 
deformities of the spine, hips and extremities or carpal 
tunnel release to optimize long-term function and quality 
of life (51,112,113). Orthopedic surgery in these patients 
can be difficult due to abnormally shaped bones and the 
patients’ small stature (112). Moreover, the effectiveness 
of these interventions can be limited by the progressive 
nature of the disease. Physical therapy and anti-
inflammatory drugs can also help to alleviate joint pain in 
patients with skeletal dysplasia.

Patients with upper airway obstruction may 
benefit from the use of nasal decongestants to control 
excessive mucus production or nasal steroids to reduce 
inflammation and swelling (40). In severe cases, 
tonsillectomy and/or adenoidectomy may be required (40). 
These procedures can be difficult due to the patients’ small 
airways and often thick and hard oropharyngeal tissues. 
Patients with sleep disordered breathing can considerably 
benefit from application of continuous positive airways 
pressure (for obstructive sleep apnea) or non-invasive 
ventilator support such as bilevel positive airway 
pressure (for nocturnal hypoventilation). Tracheostomy 

may be required when assisted ventilation is ineffective 
or when airway obstruction is present at daytime (40). 
Other supportive therapies that can help maintain 
optimal functional status include regular pneumococcus 
and influenza vaccinations, aggressive treatment of 
respiratory tract infections, inhaled bronchodilators and 
manual or mechanic airway clearance techniques to 
improve secretion clearance.

Patients who develop cardiac valve stenosis 
or regurgitation may benefit from medical therapy 
(e.g., diuretics, aldosterone antagonists, ACE inhibitors, 
beta blockers, anticoagulants), or may require cardiac 
valve replacement in severe cases (43,114). There is 
currently very limited literature on the impact of medical 
treatments, implantable cardiac devices or surgical 
interventions in MPS VI patients with heart failure, 
pulmonary hypertension, coronary artery disease or 
other cardiac issues. Recommendations from general 
guidelines should be considered to manage these 
manifestations (114). Clinicians should be aware 
that cardiac insufficiency may be masked by limited 
maximal exercise levels due to joint stiffness, skeletal 
malformations or respiratory dysfunction (42).

Increased intracranial pressure or 
hydrocephalus can be decompressed using 
ventriculoperitoneal shunts (39). Detailed guidelines for 
the diagnosis, monitoring and management of spinal 
cord compression in patients with MPS VI have been 
published in 2012 (50). Early signs of myelopathy can 
be detected by functional assessments and clinical 
neurological examinations. Magnetic resonance imaging 
(MRI) is the gold standard for detecting cervical cord 
compression. Spinal cord compression can be treated 
surgically by cervical decompression with or without 
stabilization.

In patients with corneal clouding, corneal 
transplantation can be used to restore vision (53,86). 
However, the effectiveness of corneal transplantation can 
be limited by the concomitant presence of retinopathy, 
glaucoma or optic atrophy or by the recurrence of GAG 
deposits in the transplanted cornea (53). Glaucoma can 
be very difficult to diagnose due to corneal clouding, 
hampering the observation of chamber angles or 
optic disc cupping, or falsely high intraocular pressure 
measurements. The outcome of medical or surgical 
glaucoma therapy in MPS patients is uncertain (53,86).

Interventions requiring general anesthesia 
can be very dangerous in patients with MPS VI who 
are at high risk of perioperative morbidity and mortality. 
Problems that may arise include airway obstruction after 
induction or extubation, intubation difficulties or failure 
(sometimes requiring emergency tracheostomy), and 
cardiovascular and cervical spine issues (41). Because of 
the high anesthetic risk, the advantages of surgery should 
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always be balanced against the associated risks for each 
individual patient and the procedures should be performed 
by experienced personnel (41). Neurophysiological 
monitoring is recommended during spine or head and 
neck surgery but may also be considered for other 
procedures requiring general anesthesia (50).

8.3. Glycosaminoglycans as biomarker of 
therapeutic efficacy

More than a decade ago, studies in MPS 
VI cats showed that reductions in uGAG levels after 
initiation of ERT are associated with reductions in GAG 
levels in a variety of well-vascularized tissues (68,115). 
As ERT demonstrates a clear impact on uGAG levels, 
these findings suggested that uGAG may be useful as a 
biomarker of therapeutic efficacy. Total uGAG determined 
with dimethylmethylene blue (DMB) staining and 
normalized with creatinine has been used as a surrogate 
for the extent of GAG clearance from lysosomal storage 
in all MPS VI clinical trials (31,32,69). The phase 1/2 
clinical study showed a greater percentage reduction in 
uGAG with the higher dose of galsulfase (1 mg/kg) than 
with the lower dose (0.2 mg/kg).

In 2004, Crawley et al. evaluated GAG-derived 
oligosaccharides by tandem mass spectrometry in the 
urine of MPS VI cats receiving high and low doses of 
ERT and demonstrated a clear dose response during 
the first 4 weeks of ERT (115). Both doses also removed 
or prevented accumulation of GAGs in lysosomes of 
several soft tissue, with the highest dose showing a 
greater effect. The study also showed an advantage of 
tandem mass spectrometry determination of GAG-derived 
oligosaccharides for monitoring therapeutic efficacy over 
total uGAG determination by DMB staining (115). Several 
other methods for screening and monitoring of GAGs 
have been developed for MPS VI and other types of MPS, 
including antibody-based assays, ligand-binding assays 
and total GAG analysis by mass spectrometry (116). 
More recently, assays using LC-MS/MS to measure GAG-
derived disaccharides in blood or urine have emerged as 
valuable methods, not only for diagnosis and screening, 
but also for prognosis of clinical severity and assessment 
of therapeutic efficacy in MPS patients (57,65, 66,117,118).
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