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“Ga je mee?” vroeg de giraffe. 

“Waarheen?” 

“Op ontdekkingsreis.” 

“Om wat te ontdekken?” 

“Ja, als ik dat wist was er geen ontdekkingsreis meer.” 

 

Uit: Toon Tellegen, Misschien wisten zij alles   
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his chapter aims to provide a concise overview of the history, pathophysiology, clinical 

presentation, classification and treatment of mucopolysaccharidosis type  ( ). 

n 1919 the first cases of   appeared in the medical literature, when a German physician 

named Getrud urler described a boy and a girl with “multiple conditions, mainly affecting 

the skeletal system” [1]. oon after this initial report, more and more cases were described 

of what was at the time known as “polydystrophy-urler type” or “gargoylism”, a term 

derived from the typical facies of these patients [2]. n the early 1930s the term “dysostosis 

multiplex” was coined to describe the constellation of skeletal abnormalities, that are one of 

the hallmarks of  . t wasn’t until chemical studies in the 1950s revealed storage of 

sulphated mucopolysaccharides [3] that urler syndrome and the related disorders became 

known as the mucopolysaccharidoses (s, able 1). ollowing work of e uve and ers, 

the s were recognized to be lysosomal storage disorders, where the storage was a result 

of insufficient degradation of mucopolysaccharides in a specific organelle of the cell; the 

lysosome. When co-culturing fibroblasts of   and   patients, the group of Elizabeth 

eufeld observed that storage in these co-cultured cells resolved and they hypothesized this 

was the result of “cross-correction” [4]. his discovery eventually led to the identification of 

α-L-iduronidase () as the deficient enzyme in   and triggered the search for 

therapeutic options, finally leading to the current treatment options of hematopoietic stem 

cell transplantation and enzyme replacement therapy. atients with a much more 

attenuated phenotype that had thus far been classified as  V or cheie syndrome (after 

arold cheie, the ophthalmologist who first described these patients) appeared to be 

biochemically identical to   and this disorder was renamed  -cheie ( -) as 

opposed to  -urler ( -) [5]. 

 
LG 

n the s, loss of enzyme activities required for lysosomal degradation of 

mucopolysaccharides, also known as glycosaminoglycans, or GGs, leads to intra- and 

extralysosomal accumulation of incompletely degraded material. GGs are complex  



Table 1. he mucopolysaccharidoses. 

Type Eponym Enzyme deficiency Storage product 

  

urler 

urler/cheie 

cheie 

α-L-iduronidase 
ermatan sulfate 

eparan sulfate 

  unter duronate-2-sulfatase 
ermatan sulfate 

eparan sulfate 

   anfilippo  eparan--sulfatase eparan sulfate 

  B anfilippo B 
-acetyl-α-

glucosaminidase 
eparan sulfate 

   anfilippo  

cetyl-o:α-

glucosaminide -

acetyltransferase 

eparan sulfate 

   anfilippo  
-acetylglucosamine-6-

sulfatase 
eparan sulfate 

 V  orquio  Galactose-6-sulfatase 
Keratan sulfate 

hondroitin sulfate 

 V B orquio B β-galactosidase Keratan sulfate 

 V aroteaux-Lamy 
-acetylgalactosamine-

4-sulfatase 
ermatan sulfate 

 V ly β-glucuronidase 

ermatan sulfate 

eparan sulfate 

hondroitin sulfate 

 X - yaluronidase yaluronan 

 

carbohydrates that can be found in various quantities on cell surfaces and in the 

extracellular matrix in all tissues throughout the body. Virtually all organ systems may 

therefore be involved in s. n   the deficiency of  results in impaired 

degradation of the GGs heparan sulfate () and dermatan sulfate (). he key 

mechanisms contributing to the clinical pathophysiology in   are the following.   

irst, intracellular and extracellular accumulation of GGs may directly lead to enlargement 

of various organs. epatomegaly for example, is a common finding in untreated   

patients. lso, the leptomeninges may become thickened, contributing to a narrowed spinal  
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canal, with a risk of spinal cord compression, and to reduced cerebrospinal fluid 

reabsorption, which may lead to high pressure hydrocephalus [6–8]. GG depositions 

directly lead to thickened cardiac valves [9], to thickened transverse carpal 

ligaments,resulting in median nerve compression [10,11], and to corneal clouding [12].   

econd, next to the direct effects of accumulating  and , several complex and not fully 

elucidated downstream effects play a pivotal role in the pathophysiology of s.  ne of 

these downstream effects is secondary accumulation of gangliosides (G2 and G3) in 

affected neurons which is related to disease progression [13,14]. ntra-lysosomal storage of 

GGs in combination with altered p may lead to binding and partial inactivation of 

lysosomal enzymes and it is hypothesized that peroxisomal dysfunction may contribute to 

ganglioside accumulation [15–17].  

nother downstream effect that may occur in lysosomal storage diseases is impaired 

autophagy [14,18,19]. utophagy is an essential degradation pathway, through which the 

cell regulates turnover of proteins and organelles. utophagy serves as a pro-survival 

mechanism when cells are damaged and in case of nutrient deprivation autophagy can 

provide a source of macromolecules from which the cell can generate . uppressed 

autophagy leads to cell stress and death, especially in post mitotic neurons and 

chondrocytes [20–22], and may thus significantly contribute to the clinical pathology in 

patients with s. 

urthermore, extracellular GGs play a key role in many biological processes including cell-

cell signaling. his is achieved through binding of various protein partners such as 

chemokines, cytokines and growth factors.  enhances anti-coagulation properties of 

heparin cofactor , while  mediates cell adhesion, regulation of cellular growth and cell 

surface binding of proteins [23–25]. heir extracellular accumulation may thus lead to a 

disturbance of homeostasis.  for instance acts as a co-receptor of the G receptor, 

facilitating efficient binding and signaling of G2. he excess  in  leads to impaired 

proliferation and high rates of apoptosis [26].  

inally, inflammatory processes have been observed in various tissues of patients and in 

animal models of   and V and is generally regarded as an important factor in the 

pathology in the central nervous system (), bones and joints [14,27–30]. Extracellular 



GG-fragments lead to non-physiologic activation of signal transduction receptors, such as 

L4, and prompt an immune response [31].  

 
LL EE  G 

LL EE 

  is a multisystem disease and the presenting signs and symptoms are highly variable. 

atients with the severe urler syndrome may appear normal at birth, although a 

thoracolumbar kyphosis and inguinal or umbilical herniae may already be present [32,33]. 

ost of the clinical signs and symptoms arise within the first few months of life and consist 

of a combination of recurrent upper respiratory tract infections, inguinal or umbilical 

herniae, cardiomyopathy, valvular dysfunction, hydrocephalus, hepatosplenomegaly and 

skeletal abnormalities. ntreated urler patients develop course facial features in the first 

year of life, characterized by frontal bossing, a depressed nasal bridge, full lips and 

macroglossia accompanied by corneal clouding [34–36] and the median age of diagnosis of 

 - is 0.8 years [37]. atients with urler syndrome may be unusually large in infancy, 

only to be severely stunted afterwards and final heights may vary from average to minus five 

standard deviations [38–41]. he skeletal deformities are the result of defective 

endochondral and membranous growth, collectively known as dysostosis multiplex. ypical 

features are hip dysplasia, thoracolumbar kyphosis secondary to vertebral body hypoplasia, 

bullet shaped metacarpals, stunted growth of the long bones and broad oar shaped ribs 

(figure 1-) [42–44]. he presence of a thoracolumbar kyphosis and abnormally shaped 

vertebrae as well as ligamentous and dural hyperplasia contribute to a risk of developing 

compression myelopathy [40,45]. ther complications include carpal tunnel syndrome, 

trigger fingers, tendon shortening (mostly of the chilles tendon) and early arthrosis, 

secondary to dysostosis multiplex. ntreated urler patients will inevitably develop severe 

cognitive decline and death ensues in adolescence [45,46].  

atients with the intermediate urler-cheie phenotype may display many of the same signs 

and symptoms as urler patients. owever, the clinical symptoms are generally less severe  

and the disease progression is slower. edian age at diagnosis is 3.8-4 years [37,47] and 
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Figure 1. ysosotosis multiplex. 

A nterior beaking of vertebral bodies and gibbus deformity.  
B hickened clavicles and broad, oar-shaped ribs.  
C cetabular dysplasia, flattened femoral heads, osteoarthritis.  
D Bullet-shaped metacarpals and phalanges. 

survival into adulthood is common [37,46]. ymptoms at clinical presentation often consistof 

stiff joints, delayed motor milestones or recurrent ear, nose and throat (E) symptoms, 

rather than the severe cardiac and neurological complications observed in patients with  

-. he course of the disease is further dominated by the musculoskeletal manifestations, 

with progressive arthropathy reported in up to 86% of patients [47].  -/ patients may 

have  involvement with developmental delay [47]. owever, the prevalence of cognitive 

impairment in  -/ has not been studied in any large cohort. 

n the most attenuated   patients,  -, there is no  involvement, although 

cervical myelopathy due to cord compression in a narrowed cervical spinal canal may occur 

[48]. resenting symptoms are joint stiffness, corneal clouding, recurrent ear infections and 

cardiac valve disease. he diagnosis is made at a median age of 7-9.4 years, and survival is 

near normal [37,47]. 



BEL  LEL G 

Laboratory testing to confirm a diagnosis of   is usually a step-wise procedure. 

raditionally, the first step is an analysis of total excretion of GGs in the urine by a 

dimethylmethylene blue binding assay followed by two-dimensional electrophoresis [49,50]. 

fter the initial screening, and confirmation of increased GG levels, final diagnosis is made 

by analysis of enzyme activity. his is usually done in leucocytes or cultured skin fibroblasts. 

utation analysis is, if feasible, the final step in diagnosis. ver 200 mutations of the  

gene have been reported, and compound heterozygosity is a frequent finding [51–54]. 

etermining the underlying molecular defect may be used for carrier screening within 

families and phenotypic characterization of the patient.  

EWB EEG 

n alternative approach is detection through newborn screening (B) programs and several 

methods have been reported, including enzyme activity assays and enzymatic digestion of 

GGs followed by disaccharide analysis via tandem mass spectrometry [55–60]. here are 

two major advantages of B over detection on clinical signs and symptoms.  irst, early 

detection by B allows for early initiation of disease modifying treatment which is essential 

for optimal treatment efficacy [61–65]. n addition, B will significantly shorten the often 

long and burdensome diagnostic odyssey in   [37,66]. B for   has recently been 

introduced in aiwan and is considered for nationwide screening in a number of other 

countries, including the  and the etherlands [57,60,67,68]. ome drawbacks and 

challenges remain however. B almost invariably leads to the identification of individuals 

with low enzyme activity with previously unreported genetic variants of unknown 

significance and identification of more cases than expected on historical grounds. ndeed, in 

a pilot study on B for   in over 100.000 newborns 3 patients were identified [57], 

which resulted in a prevalence of   three fold greater than based on clinical diagnosis. 

he interpretation and clinical significance of some of these findings need careful evaluation. 

lso, decisions on treatment initiation can be complicated in pre-symptomatic patients and a 

robust phenotypic prediction is essential. 
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BEL  LEL G 
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EWB EEG 
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raditionally,   is classified into one of three phenotypes: the severe urler syndrome, 

intermediate urler-cheie and attenuated cheie syndrome. owever, it is now recognized 

that the disease presents with a continuous spectrum of severity.  

lthough some form of phenotypic classification is warranted in all patients, no precisely 

defined, consensus-based delineations of each phenotype are available. n clinical practice, 

classification is often based on age of onset of symptoms, signs of cognitive impairment and 

overall impression of severity.  summary of criteria reported by Venturi et al. [52] represent 

the most common classification. hey define the phenotypes as:  -urler (severe), when 

onset of symptoms are before 12 months of age, and, in the absence of disease modifying 

therapy, survival is < 10 years and mental retardation manifests before the age of 3 years; 

 -urler/cheie (intermediate), when onset of symptoms is between 1 and 6 years, 

survival is variable, and mental retardation is absent or mild but not present before 3 years 

of age and  -cheie (mild), when onset of symptoms are after 5 years of age, survival is 

normal, and mental retardation is absent.  

ne major drawback of a classification based on clinical symptoms is that it can only be 

applied after disease manifestations have occurred and this classification cannot be used in 

pre-symptomatic settings. When a diagnosis is made through newborn screening, 

assessment of disease severity is needed for prognosis and treatment allocation. lternative 

strategies to categorize disease severity in   patients have therefore been explored, 

such as classification by residual enzyme activity, by genotype or by quantification of storage 

compounds [54,69–71] . 

 
EE 

EE G EE 

wo treatment modalities are currently available for  , both aimed at correcting the 

enzyme deficiency: hematopoietic stem cell transplantation () and enzyme replacement 



therapy (E). Both approaches rely on the principle of cross-correction; cells have the 

capacity to take up extra-cellular enzyme by a mannose-6-phosphate receptor.  

he beneficial effect of  can be attributed to the enzyme released by circulating 

leukocytes as well as macrophages that infiltrate peripheral tissues [72]. n addition, the 

changes in cellular microenvironment may lead to immune modulation and the mitigation of 

inflammation [73]. he first successful bone marrow transplantation in a urler patient was 

reported by obbs et al in 1980 [74]. ince then, more than 500 patients with   have 

received a stem cell transplantation [37,75]. 

 unique benefit of  is that it may treat the  and if  is performed before the 

clinical onset of  disease, neurocognitive decline can be prevented, at least to a 

significant extent [40,45,76–79]. ther reported beneficial effects include reduction of 

hepatomegaly, improved hearing, improved cardiomyopathy, improved obstructive airway 

disease and variable attenuation of corneal clouding [40,76,80,81]. Linear growth is also 

positively affected, although final height generally remain well below minus two standard 

deviation of the normal population [39,40,76]. his is in concordance with the observation 

that other skeletal manifestations, such as hip dysplasia, kyphosis and genu valgum do not 

respond to  and contribute significantly to the residual disease burden observed in 

transplanted patients [44,76,82,83].  

 is not the first choice of treatment for all patients, as it carries considerable risks of 

morbidity and mortality and requires a highly specialized medical setting. E by weekly 

infusion of recombinant  is therefore the preferred treatment for patients who are not 

at risk for progressive mental retardation [84,85]. he first clinical trial with E was initiated 

in 1997, and over 500 patients have been treated since then, including urler patients in the 

peri-transplantation period [37,86].  

Generally, the initial response to E consists of improved forced vital capacity, improved 

apnea-hypopnea index (), a reduction of liver and spleen size, reduction of urinary GGs 

and improved joint mobility [86–88]. Long-term follow up studies report a maintained 

biochemical response, stable lung capacity, reduction of hepatosplenomegaly and stable or 

improved  for up to 3,5 years of treatment [89]. he 6 minute walk test showed an initial 

improvement in all subjects, but this was only maintained in a subset of patients [89]. re-
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existing left-ventricular hypertrophy resolved in most patients on initiation of E, but mitral 

and aortic valves remained thickened and in some patients showed disease progression [89–

91]. ysostosis multiplex generally does not respond to E, with the possible exception of 

very early treatment initiation [61,64,92].  

EL EE  VE E 

espite the treatment options available for correcting the enzyme deficiency, patients with 

  may still suffer from a significant disease burden. acilitating supportive care is 

therefore essential and a multidisciplinary approach is warranted [84]. egular follow up by 

E specialists, neurologist/neurosurgeons, ophthalmologists, orthopedic surgeons and 

cardiologists is necessary to diagnose, follow up and treat specific clinical problems. 

dditional supportive care from rehabilitation specialists, physiotherapists, occupational 

therapists and family support will be required for optimizing the health related quality of life.  

everal of the residual disease manifestations will require surgical intervention and carry 

specific peri-operative risks [93,94]. he most prominent feature of residual disease in both 

 as E treated patients is dysostosis multiplex [40,44,82,95,96]. rogressive hip 

dysplasia is seen in nearly all  - patients [44,76,82,83,97] and may lead to painful 

subluxation of the femoral head, early arthritis and limited mobility and this may require 

surgical intervention [40,82,98]. n up to 20% of   patients, progressive thoraco-lumbar 

kyphosis, or gibbus deformation, requires fusion of the spine [99,100] as untreated kyphosis 

may lead to neurological compromise [101]. ysostosis multiplex may also contribute to a 

narrowed spinal canal, which in combination with thickened meninges may lead to cord 

compression and myelopathy in both severe and attenuated patients, necessitating 

decompression surgery [48,95,102,103]. n some cases, this might be further complicated by 

atlanto-axial instability resulting from dens hypoplasia [102]. ther often reported 

orthopedic surgeries include valgus correction, tendon release for trigger fingers and carpal 

tunnel release [10,94]. mbilical and inguinal herniae may require multiple repairs and in up 

to 14% of  patients, cardiac valve replacement is indicated [94]. he most frequently 

performed procedures are E surgeries. hese mostly consist of myringotomies with 

placement of grommets and adeno-/tonsillectomies as a majority of patients suffers from 

hearing loss and airway compromise [40,94,104]. pper airway involvement may also lead 



to sleep disordered breathing, requiring positive airway treatment and/or supplemental 

oxygen. n some cases, a tracheostomy is required to secure the airway [105]. 

he observed upper airway manifestations, as well as spinal cord compression, significantly 

complicate the anesthetic management of   patients [106–108].  

 

Figure 2. esidual disease manifestations in a transplanted  - 
patient. 

 boy of 12 years old who received a successful  at the age of 2 years, with macrocephaly, 
typical facial features of  , depressed nasal bridge, macroglossia, abdominal distension, a small 
umbilical hernia, anterior pelvic tilt, short stature, dysplasia of the long bones, most prominent in the 
under arm, short broad hands and flexion contracture of the fingers (“claw hand”). he clinical 
course was further complicated by the development of obstructive sleep apnea and progressive 
cervical myelopathy. evere hip dysplasia with luxation of the right hip necessitated a girdlestone 
procedure with removal of the femoral head on that side. ervical decompression surgery was 
complicated by a high thoracic myelum infarction. 
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his thesis focusses on several aspects related to the residual disease observed in   

patients despite the currently available treatment modalities.  

any of the disease manifestations in   are irreversible, especially the skeletal 

dysplasia. onsequently, one of the key issues is prevention of irreversible tissue or organ 

damage or dysfunction. lthough the rarity of the disease and the significant intra-individual 

variation are great challenges, early diagnosis and subsequent early start of disease 

modifying treatments will very likely improve the long term outcomes. n part I of this thesis 

we focus on improving the diagnosis and classification of  , to facilitate early treatment. 

he feasibility of including   in newborn screening programs is currently investigated in 

many countries in order to identify patients as early as possible. owever, very early 

classification of disease severity and therefore treatment allocation, is complicated in pre-

symptomatic patients. n chapter 2 we present an algorithm that allows phenotypic 

classification of exactly these patients, combining molecular, biochemical and clinical 

characteristics from the first four weeks of life. espite its potential benefits, the 

implementation of newborn screening for   in the near future might not be an option in 

many countries. s the currently used diagnostic methods for diagnosing s have some 

shortcomings, new strategies are being explored. We provide an assay that can easily 

identify patients with all  subtypes and shows superior test performance in comparison 

with the conventional methods in chapter 3. his new method significantly reduces the 

number of false-negative test outcomes, and may therefore shorten the time to correct 

diagnosis. 

n addition to the prevention of disease manifestations, thorough evaluation of currently 

available therapies is needed. nsight in mechanisms contributing to suboptimal treatment 

outcomes will facilitate potential improvements and this is addressed in part II of this thesis. 

s the accumulation of GGs is the instigator of a complex pathophysiological cascade, 

suboptimal clearance may be correlated with a suboptimal clinical outcome. n chapter 4 we 

provide an extensive evaluation of metabolic correction in   patients treated with E 

and correlate the biochemical response to antibody response to the infused enzyme. 

urthermore, in chapter 5 we show that long term outcomes of sleep disordered breathing 



are correlated with substance clearance and immune response. inally, in chapter 6 a 

potential modification of E by lysosomal encapsulation is evaluated in an   mouse 

model. 

While prevention of residual disease is still under investigation, a detailed understanding of 

the residual disease manifestations and of the implications for clinical practice are much 

needed. n part III we focus on hip dysplasia, as a hallmark sign of dysostosis multiplex in 

  urler patients. We feel that understanding the natural history of this hip dysplasia 

will aid clinical decision making and, at the same time, will provide a reference for future 

therapies addressing this issue. Chapter 7 describes in detail the progression of radiological 

features of a large cohort of  - patients who received an . he best treatment 

options for patients currently suffering from this severe hip dysplasia is evaluated in an 

international elphi consensus meeting that is described in chapter 8. 

inally, all findings are discussed and future perspectives are provided in chapter 9. 
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Introduction: Mucopolysaccharidosis type I (MP I) is a progressive multisystem lysosomal 

storage disease caused by deficiency of the enzyme α-L-iduronidase (IDU). Patients present 

with a continuous spectrum of disease severity, and the most severely affected patients 

(Hurler phenotype; MP I-H) develop progressive cognitive impairment. he treatment of 

choice for MP I-H patients is haematopoietic stem cell transplantation, while patients with 

the more attenuated phenotypes benefit from enzyme replacement therapy. he potential 

of newborn screening (N) for MP I is currently studied in many countries. N for MP I, 

however, necessitates early assessment of the phenotype, in order to decide on the 

appropriate treatment. In this study, we developed an algorithm to predict phenotypic 

severity in newborn MP I patients.  

Methods: hirty patients were included in this study. Genotypes were collected from all 

patients and all patients were phenotypically categorized at an age of > 18 months based on 

the clinical course of the disease. In 18 patients, IDU activity in fibroblast cultures was 

measured using an optimized IDU assay. linical characteristics from the first month of life 

were collected from 23 patients.  

Results: Homozygosity or compound heterozygosity for specific mutations which are 

associated with MP I-H, discriminated a subset of patients with MP I-H from patients with 

more attenuated phenotypes (specificity 100%, sensitivity 82%). Next, we found that 

enzymatic analysis of IDU activity in fibroblasts allowed identification of patients affected 

by MP I-H. herefore, residual IDU activity in fibroblasts was introduced as second step in 

the algorithm. Patients with an IDU activity of <0.32 nmol x mg-1 x hr-1 invariably were MP 

I-H patients, while an IDU activity of >0.66 nmol x mg-1 x hr-1 was only observed in more 

attenuated patients. Patients with an intermediate IDU activity could be further classified 

by the presence of differentiating clinical characteristics, resulting in a model with 100% 

sensitivity and specificity for this cohort of patients. 

Conclusion: Using genetic, biochemical and clinical characteristics, all potentially available in 

the newborn period, an algorithm was developed to predict the MP I phenotype, allowing 

timely initiation of the optimal treatment strategy after introduction of N. 



INDUIN 

Mucopolysaccharidosis type I (MP I, MIM 252800) is a progressive multisystem lysosomal 

storage disease (LD) caused by a deficiency of the lysosomal hydrolase α-L-iduronidase 

(IDU, [Genbank NG_008103]), resulting in the accumulation of the glycosaminoglycans 

heparan sulfate (H) and dermatan sulfate (D) in virtually all body tissues[1]. MP I 

encompasses a wide phenotypic spectrum, with at the severe end the Hurler phenotype 

(MP I-H), which is the most prevalent phenotype, characterized by progressive central 

nervous system disease in addition to the most prominent somatic manifestations: severe 

musculoskeletal, pulmonary and cardiac disease, inguinal and umbilical hernias and corneal 

clouding, all resulting in a significantly reduced life expectancy if left untreated [2–5]. 

Patients with the intermediate Hurler-cheie phenotype (MP I-H/) are generally reported 

as having only mild or no cognitive impairment but relatively severe somatic symptoms that 

limit life expectancy to the 2nd or 3rd decade in the absence of treatment, while the 

attenuated cheie phenotype (MP I-) is characterized by relatively milder somatic 

manifestations and a near normal life expectancy [5,6]. 

wo disease modifying treatment options are currently available in MP I: hematopoietic 

stem cell transplantation (H) and intravenous enzyme replacement therapy (E) [7]. 

H can stabilize neurocognitive function, significantly ameliorate the course of several of 

the somatic symptoms and improve overall survival [8–11]. H is the preferred treatment 

strategy for patients with a presumed MP I-H phenotype who are diagnosed before the age 

of approximately 2.5 years of age [7]. H may also be considered in patients with MP I-

H/ who display progressive neurocognitive involvement [7]. However, although outcomes 

have improved considerably [12], H still carries a considerable risk for procedure-related 

morbidity and mortality. Weekly E with recombinant IDU (Laronidase ®) is, therefore, the 

preferred treatment for patients with the more attenuated phenotypes (MP I- and, in 

general, MP I-H/) and E was shown to improve respiratory and cardiac symptoms of 

MP I and some of the skeletal and joint manifestations, reduce hepatosplenomegaly, and 

improve the overall quality of life [13–18].  

s early initiation of the optimal treatment, either H or E, is highly likely to improve 

clinical outcomes [8,9,11,19], early diagnosis is essential. However, the variable clinical 
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expression and the nonspecific signs and symptoms, in combination with the rarity of the 

disorder, often lead to a long diagnostic delay [3]. Population newborn screening (N), 

using dried blood spots for detection of MP I [20–23], is probably the best approach to 

identify patients at a very young age, thus allowing timely initiation of treatment. he 

feasibility of inclusion of MP I in N programs is currently studied in several countries [24–

26]. Early diagnosis of MP I through N, however, requires early prediction of the 

phenotype in each MP I patient to guide decisions on the optimal treatment strategy. o 

date, assessment of the phenotype is generally based on signs and symptoms at clinical 

presentation and age of disease onset [15], as genotype is often not informative [27,28].  

recent study, initiated by our group, revealed a lack of consensus between experts on the 

assessment of phenotypic severity using a scale from 0 to 10, based solely on signs and 

symptoms at presentation [29]. his may be even more complicated within the scope of a 

N program, as patients may still lack many of the characteristic symptoms on which 

phenotyping is currently based. In addition to clinical and genetic characteristics, 

biochemical predictors have been sought to distinguish between phenotypes, but studies so 

far have been unsuccessful [30,31], except for one study by Fuller et al. [32]. The assay 

reported in this latter study, however, is rather complex and requires the availability of 

specific antibodies which renders it difficult to implement in other laboratories. 

As NBS for MPS I may be implemented in several countries within the near future, there is an 

urgent need for a tool which allows reliable prediction of the phenotype within the first 

months of life. Here we present an algorithm for early determination of phenotypic severity 

in patients with MPS I diagnosed through NBS, combining mutational analysis, determination 

of residual enzyme activity in cultured skin fibroblasts and clinical characteristics that are 

apparent within the first month of life. This algorithm may allow separation of those MPS I 

patients who will benefit from HSCT at an early age from those that will optimally benefit 

from an early start of ERT.  

 

  



METHS 

UTLINE F THE PREICTIN ALGRITHM 

We decided to design our algorithm on the separation of two distinct phenotypic categories 

based on the indications for treatment: patients with MPS I-H, who will benefit from early 

HSCT and more attenuated non-MPS I-H patients (MPS I-H/S and S), who will benefit from 

early start of ERT and for whom HSCT is, in general, not considered the optimal treatment 

strategy [7]. To this aim, we collected data that can all be assessed within the first month of 

life and might be related to the phenotypic severity: genotype, residual enzymatic activity 

and GAG storage in cultured skin fibroblasts and clinical signs and symptoms that may 

become apparent in the first month of life. 

PATIENTS 

Thirty patients with MPS I, who were diagnosed and treated in the Academic Medical 

Centre, Amsterdam, the Netherlands, were included in this study. All patients were classified 

into three categories (MPS I-H, MPS I-H/S and MPS I-S) by one of the authors (FAW), a 

clinician experienced in the diagnosis and treatment of lysosomal storage disorders including 

MPS I. Classification was based on the clinical signs and symptoms at diagnosis and the 

clinical course of the disease, and not on genotype, biochemical variables or clinical signs in 

early life. 

MUTATIN ANALYSIS 

Mutation analysis had been performed in all 30 patients by standard procedures within the 

scope of the normal diagnostic workup at our centre. Missense, nonsense, splice site 

mutations, insertions and deletions were identified. Based on literature [10,27,33–41], 

potentially discriminating genotypes were identified.  

  



35

Predicting phenotypic severity in MPS I

Ch
ap

te
r 

2



expression and the nonspecific signs and symptoms, in combination with the rarity of the 

disorder, often lead to a long diagnostic delay [3]. Population newborn screening (N), 

using dried blood spots for detection of MP I [20–23], is probably the best approach to 

identify patients at a very young age, thus allowing timely initiation of treatment. he 

feasibility of inclusion of MP I in N programs is currently studied in several countries [24–

26]. Early diagnosis of MP I through N, however, requires early prediction of the 

phenotype in each MP I patient to guide decisions on the optimal treatment strategy. o 

date, assessment of the phenotype is generally based on signs and symptoms at clinical 

presentation and age of disease onset [15], as genotype is often not informative [27,28].  

recent study, initiated by our group, revealed a lack of consensus between experts on the 

assessment of phenotypic severity using a scale from 0 to 10, based solely on signs and 

symptoms at presentation [29]. his may be even more complicated within the scope of a 

N program, as patients may still lack many of the characteristic symptoms on which 

phenotyping is currently based. In addition to clinical and genetic characteristics, 

biochemical predictors have been sought to distinguish between phenotypes, but studies so 

far have been unsuccessful [30,31], except for one study by Fuller et al. [32]. The assay 

reported in this latter study, however, is rather complex and requires the availability of 

specific antibodies which renders it difficult to implement in other laboratories. 

As NBS for MPS I may be implemented in several countries within the near future, there is an 

urgent need for a tool which allows reliable prediction of the phenotype within the first 

months of life. Here we present an algorithm for early determination of phenotypic severity 

in patients with MPS I diagnosed through NBS, combining mutational analysis, determination 

of residual enzyme activity in cultured skin fibroblasts and clinical characteristics that are 

apparent within the first month of life. This algorithm may allow separation of those MPS I 

patients who will benefit from HSCT at an early age from those that will optimally benefit 

from an early start of ERT.  

 

  



METHS 

UTLINE F THE PREICTIN ALGRITHM 

We decided to design our algorithm on the separation of two distinct phenotypic categories 

based on the indications for treatment: patients with MPS I-H, who will benefit from early 

HSCT and more attenuated non-MPS I-H patients (MPS I-H/S and S), who will benefit from 

early start of ERT and for whom HSCT is, in general, not considered the optimal treatment 

strategy [7]. To this aim, we collected data that can all be assessed within the first month of 

life and might be related to the phenotypic severity: genotype, residual enzymatic activity 

and GAG storage in cultured skin fibroblasts and clinical signs and symptoms that may 

become apparent in the first month of life. 

PATIENTS 

Thirty patients with MPS I, who were diagnosed and treated in the Academic Medical 

Centre, Amsterdam, the Netherlands, were included in this study. All patients were classified 

into three categories (MPS I-H, MPS I-H/S and MPS I-S) by one of the authors (FAW), a 

clinician experienced in the diagnosis and treatment of lysosomal storage disorders including 

MPS I. Classification was based on the clinical signs and symptoms at diagnosis and the 

clinical course of the disease, and not on genotype, biochemical variables or clinical signs in 

early life. 

MUTATIN ANALYSIS 

Mutation analysis had been performed in all 30 patients by standard procedures within the 

scope of the normal diagnostic workup at our centre. Missense, nonsense, splice site 

mutations, insertions and deletions were identified. Based on literature [10,27,33–41], 

potentially discriminating genotypes were identified.  
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RESIDUAL IDUA ACTIVITY 

Fibroblasts 

Fibroblast cultures were available from 18 of the 30 patients included in this study. Informed 

consent for the use of fibroblasts for these studies was obtained from all patients or parents. 

Cell culture 

To remove bovine IDUA activity from the Fetal Bovine Serum (FBS), FBS was inactivated by 

incubation at 56°C for 30 minutes before use. Patient and control fibroblasts were grown in 

Dulbecco’s Modified Eagle's Medium supplemented with 10% inactivated FBS and 100 U x 

ml-1 penicillin, 100 μg x ml-1 streptomycin and 250 μg x ml-1 amphotericin in a humidified 

atmosphere containing 5% CO2 at 37°C. Fresh medium was added every 2 weeks. After 

culture for 1, 2, 4, 6, 8 or 10 weeks postconfluency, the medium was removed, cell layers 

were washed with phosphate buffered saline (PBS) and harvested. Cell pellets were washed 

once with PBS, twice with 0.9% NaCl and stored at -20°C until analysis.  

IDUA activity analysis 

The generally used method to measure residual IDUA activity, using 4-methylumbelliferyl-α-

L-iduronide (Glycosynth Ltd., Warrington, Cheshire, England) as substrate [42,43], was 

optimized by varying the quantity of cell lysate, time of incubation and amount of substrate 

in order to accurately determine very low enzyme activities in MPS I patient fibroblasts. 

Cells were resuspended in PBS and disrupted by sonification using a Vibra Cell sonicator 

(Sonics & Materials Inc., Newtown, CT, USA). Protein concentration was measured in whole 

cell lysates as described by Lowry et al. [44]. 20 μl of cell lysate was added to 1 mM 4-

methylumbelliferyl-α-L-iduronide in 0.1 M sodium formiate buffer, pH 3.25 in a final volume 

of 60 μl and a final protein concentration of 0.5 mg x ml-1. After 2 hours of incubation at 

37°C, the reaction was stopped by addition of 1440 μl 0.2 M sodium carbonate/ glycine 

buffer, pH 10.5. Released 4-methylumbelliferone was measured fluorometrically with an 

excitation wavelength of 366 nm and an emission wavelength of 442 nm using a Perkin 

Elmer LS45 fluorescence spectrometer (Perkin Elmer, Waltham, MA, USA). IDUA activity in 

each sample was calculated using a calibration curve of 4-methylumbelliferone (Glycosynth 

Ltd., Warrington, Cheshire, England). All enzyme activity assays were performed in duplicate 

and repeated at least once in independent cell cultures. Earlier experiments in our 



laboratory, using control fibroblasts, showed an intra-assay variation of 1.4% and an inter-

assay variation of 18.5%. To control for this relatively large inter-assay variation, with each 

performed IDUA assay, IDUA activity was simultaneously determined in at least 4 other 

previously analyzed cell lines, to make sure that the results from different experiments could 

be reliably compared. 

GLYCOSAMINOGLYCAN (GAG) ANALYSIS IN FIBROBLASTS 

Levels of HS and DS were determined as described previously [45] with minor modifications. 

GAGs in 25 μg of fibroblast lysate (prepared as described for the IDUA activity analysis) were 

enzymatically digested into disaccharides and as a final deproteination step samples were 

loaded on an Amicon Ultra 10 kD centrifugal filter (EMD Millipore, Billerica, MA, USA) 

(instead of a 30kD filter), and centrifuged at 14.000 g for 30 minutes on 25°C. 

CLINICAL CHARACTERISTICS 

There are currently only few data published on clinical signs and symptoms in MPS I patients 

at birth or within the first month of life [46,47]. Therefore, we decided to study the absence 

or presence of 14 clinical signs and symptoms (table 1) which are reported as early 

presenting symptoms in MPS I [46–49]. As several MPS I-H-related clinical characteristics 

develop only later in life, such as developmental delay and stunted growth, these were not 

included in our study. If information on certain clinical signs was not available in the charts, 

parents of the patients were contacted by telephone and additional information was added 

to the information retrieved from the charts. All characteristics were scored as absent, 

present, or data not available (table 2). Clinical characteristics from patients born before 37 

weeks of gestational age were excluded, as symptoms related to prematurity, such as 

respiratory complications or increased occurrence of inguinal hernias may be confounding.  

Characteristics that showed a significant difference between MPS I-H and MPS I-non Hurler 

patients were considered distinguishing and considered for the prediction algorithm.  

  



37

Predicting phenotypic severity in MPS I

Ch
ap

te
r 

2



RESIDUAL IDUA ACTIVITY 

Fibroblasts 

Fibroblast cultures were available from 18 of the 30 patients included in this study. Informed 
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(Sonics & Materials Inc., Newtown, CT, USA). Protein concentration was measured in whole 
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37°C, the reaction was stopped by addition of 1440 μl 0.2 M sodium carbonate/ glycine 

buffer, pH 10.5. Released 4-methylumbelliferone was measured fluorometrically with an 

excitation wavelength of 366 nm and an emission wavelength of 442 nm using a Perkin 

Elmer LS45 fluorescence spectrometer (Perkin Elmer, Waltham, MA, USA). IDUA activity in 

each sample was calculated using a calibration curve of 4-methylumbelliferone (Glycosynth 

Ltd., Warrington, Cheshire, England). All enzyme activity assays were performed in duplicate 

and repeated at least once in independent cell cultures. Earlier experiments in our 



laboratory, using control fibroblasts, showed an intra-assay variation of 1.4% and an inter-

assay variation of 18.5%. To control for this relatively large inter-assay variation, with each 

performed IDUA assay, IDUA activity was simultaneously determined in at least 4 other 

previously analyzed cell lines, to make sure that the results from different experiments could 

be reliably compared. 

GLYCOSAMINOGLYCAN (GAG) ANALYSIS IN FIBROBLASTS 

Levels of HS and DS were determined as described previously [45] with minor modifications. 

GAGs in 25 μg of fibroblast lysate (prepared as described for the IDUA activity analysis) were 

enzymatically digested into disaccharides and as a final deproteination step samples were 

loaded on an Amicon Ultra 10 kD centrifugal filter (EMD Millipore, Billerica, MA, USA) 

(instead of a 30kD filter), and centrifuged at 14.000 g for 30 minutes on 25°C. 

CLINICAL CHARACTERISTICS 

There are currently only few data published on clinical signs and symptoms in MPS I patients 

at birth or within the first month of life [46,47]. Therefore, we decided to study the absence 

or presence of 14 clinical signs and symptoms (table 1) which are reported as early 

presenting symptoms in MPS I [46–49]. As several MPS I-H-related clinical characteristics 

develop only later in life, such as developmental delay and stunted growth, these were not 

included in our study. If information on certain clinical signs was not available in the charts, 

parents of the patients were contacted by telephone and additional information was added 

to the information retrieved from the charts. All characteristics were scored as absent, 

present, or data not available (table 2). Clinical characteristics from patients born before 37 

weeks of gestational age were excluded, as symptoms related to prematurity, such as 

respiratory complications or increased occurrence of inguinal hernias may be confounding.  

Characteristics that showed a significant difference between MPS I-H and MPS I-non Hurler 

patients were considered distinguishing and considered for the prediction algorithm.  
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Table 1. Clinical characteristics scored in the patient cohort. 

Clinical characteristics 
Number of patients in whom 
information was available 

p-value 

Respiratory manifestations   
Signs and symptoms of upper 
respiratory tract obstruction 

19 <0.01 

Herniae   
Umbilical hernia 18 0.6 
Inguinal hernia 19 <0.05 
Organomegaly   
Hepatomegaly 1 X 
Splenomegaly 1 X 

Musculoskeletal manifestations   

Stiff joints/contractures 2 X 
Kyphosis 1 X 
Scoliosis 1 X 
Hip dysplasia 1 X 
Other   
Hearing impairment 3 X 
Hydrocephalus 0 X 
Cardiomyopathy 0 X 
Macrocephaly 1 X 
Corneal clouding 0 X 

X = insufficient data available for statistical analysis.  

STATISTICS 

Statistical analysis was performed using the SPSS Statistics software version 19 (IBM Corp., 

Armonk, NY, USA). Nonparametric ranking statistics (Mann-Whitney-U tests) were used to 

analyze the relationship between the assigned MPS I phenotypes (MPS I-H versus non-MPS I-

H) and residual IDUA activity and GAG levels in fibroblasts. The most efficient cut-off values 

to discriminate between MPS I phenotypes based on IDUA activity were identified using 

receiver operating characteristic (ROC) curve analysis. True positive rates (sensitivity) were 

plotted against false positive rates (1-specificity) for all classification points, and p-values 

were calculated for the area under the curve. 



Differences between the phenotypic groups (MPS I-H versus non-MPS I-H) in the frequency 

of specific mutations or clinical characteristics were assessed either by Fisher’s exact test 

(dichotomous variables) or Mann-Whitney-U test (numeric variable).  

A three-step algorithm was designed and discrimination of the three phases in the flow chart 

was assessed separately by calculating sensitivity and specificity. This was also done for the 

algorithm as a whole, as a way to perform internal validation. 

All p-values were based on two-sided testing and differences with p-values <0.05 were 

considered statistically significant. 

 
RSUTS 

For all 30 patients with MPS I included in this study, information on at least one potentially 

predictive criterion (genetic, biochemical or clinical) was available.  

MUTATION ANAYSIS 

Based on the literature [10,27,33–41], a list of 25 mutations, which have been shown to 

reliably predict a Hurler phenotype when patients are homozygous or compound 

heterozygous for these mutations, was constructed (Table 3). In our cohort, the association 

of these mutations with MPS I-H could be confirmed for the mutations p.Q70X, p.W402X, 

p.218P and c.134del12.  

As mutations that have been associated with the more attenuated phenotypes [30,37,50] 

may be more susceptible to the effects of modifying polymorphisms in other genes [50], 

these mutations were not included in our algorithm. Using the list of predictive mutations in 

table 3 in our group of 30 patients, a specificity of 100% for prediction of the MPS I-H 

phenotype and a sensitivity of 82% was calculated. The list of predictive mutations was 

integrated as first step in the prediction algorithm. 
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was assessed separately by calculating sensitivity and specificity. This was also done for the 

algorithm as a whole, as a way to perform internal validation. 

All p-values were based on two-sided testing and differences with p-values <0.05 were 

considered statistically significant. 
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predictive criterion (genetic, biochemical or clinical) was available.  

MUTATION ANAYSIS 

Based on the literature [10,27,33–41], a list of 25 mutations, which have been shown to 
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heterozygous for these mutations, was constructed (Table 3). In our cohort, the association 

of these mutations with MPS I-H could be confirmed for the mutations p.Q70X, p.W402X, 
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these mutations were not included in our algorithm. Using the list of predictive mutations in 
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Table 2. Patient characteristics. 

General information Genetic characteristics Biochemical 

characteristics 

Clinical characteristics 

Patient 

ID 
Phenotype 

Gestational 

age (weeks 

+ days) 

Mutation 

allele 1 

Mutation 

allele 2 

IDUA activity 

(nmol xmg-1xhr-1) 

Upper 

respiratory 

tract 

involvement 

Inguinal 

hernia 

1 H 37+0 p.W402X p.W402X 0.31 - + 

2 H 38+1 p.W402X p.Q70X X - + 

3 H 40+0 p.W402X p.Q70X X X X 

4 H 39+6 p.W402X p.W402X 0.25 + - 

5 H 37+5 p.W402X c.134del12 0.26 X - 

6 H 33+6 p.Q70X p.218P 0.47 X X 

7 H 33+1 p.Q70X p.218P 0.44 X X 

8 H 38+0 p.Q70X p.218P 0.58 + X 

9 H 37+2 p.Q70X p.218P X + - 

10 H X p.W402X p.218P X + X 

11 H 33+0 p.218P p.218P X X X 

12 H 40+0 p.218P p.218P X + - 

13 H 38+3 p.W402X p.218P 0.43 + - 

14 H 41+1 p.A367 c.1650del117 X + + 

15 H 38+1 c.494-1G>A c.494-1G>A 0.23 X + 

16 H X p.H425fs p.H425fs 0.32 X X 

17 H 40+0 p.W402X p.W402X X X X 

18 H/S 40+0 p.W402X p.R505G 0.77 + - 

191 H/S 38+0 p.W402X p.N348K 0.92 - - 

201 H/S 37+1 p.W402X p.N348K 0.95 - - 

21 H/S 41+2 p.218P p.D315Y 0.35 - - 

222 H/S 37+0 p.P533R p.P533R X - - 

232 H/S 37+0 p.P533R p.P533R 2.43 - - 

24 S 40+0 p.W402X p.R383H 1.05 - - 

253 S 40+0 p.Q70X p.R383H 1.17 X X 

263 S 40+0 p.Q70X p.R383H X X X 

27 S X p.A427P p.R383H 1.70 X X 

284 S 40+5 c.474-2A>G p.R383H X - - 

294 S 40+5 c.474-2A>G p.R383H 1.61 - - 

30 S 40+0 c.474-2A>G p.R383H X - - 

H= Hurler, H/S = Hurler/Scheie, S= Scheie. 
+ = present, - = absent, X = data not available or excluded based on prematurity. 
1,3,4: siblings. 2: homozygous twins. 



BIOCHMICA ANAYSS 

Residual IDUA activity 

Figure 1 shows that IDUA enzyme activity was linear up to at least 120 minutes of incubation 

time (fig. 1A) and 0.5 mg x ml-1 final protein concentration (fig. 1B). Based on these findings, 

we selected these conditions for subsequent studies. Substrate titrations were performed 

(fig. 1C) and although maximal enzyme activity was not reached, subsequent activity 

measurements were performed using a final substrate concentration of 1 mM. This 

concentration resulted in a 45% increase in activity, as compared to the commonly used 

substrate concentration [42,43]. 

IDUA activity was determined in human skin fibroblast cell lines from the 18 MPS I patients 

(table 2 and fig. 2) of whom cell lines were available. Analyses were performed a week after 

the cells had reached confluency.  

Table 3. Mutations described as MPS I-Hurler associated in literature. 

Nonsense Reference Other Reference 

p.W41X [40] p.G51D [33, 38] 

p.Y64X [37] c.134del12 [10, 34] 

p.Q60X [27] p.G208V [27] 

p.Q70X [37, 39] p.L218P [27, 34] 

p.P201X [33, 37] p.A327P [27, 33] 

p.E274X [33] p.T366P [37] 

p.Q310X [37] c.704ins5 [37] 

p.Y343X [37] c.1190-1G>A [41] 

p.W402X [37, 39]   

p.E404X [33,37]   

p.Q561X [36]   

p.Y581X [35]   

p.Q584X [37]   

p.R619X [27]   

p.R621X [34]   

p.W626X [40]   
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Figure 1. IDUA activity analysis. 

A Time dependence, using 1 mM substrate and 0.17 mg x ml-1 protein.  
B Protein dependence, using 1 mM substrate and an incubation time of 60 minutes.  
C Substrate titration, using 0.17 mg x ml-1 protein and an incubation time of 60 min.  

Residual IDUA activity in MPS I cell lines ranged from 0.23-2.43 nmol x mg-1 x hr-1 (table 2), 

which is less than 2.5% of the activity found in control fibroblasts (control range: 101-270 

nmol x mg-1 x hr-1). MPS I-H fibroblasts could be completely discriminated from the MPS I-S 

fibroblasts (p<0.01) based on IDUA activity. Most MPS I-H/S fibroblasts had an intermediate 

IDUA activity (fig. 2). 

Figure 2. Residual IDUA activity in MPS I fibroblasts of patients with 
different phenotypes. 

IDUA activity for each patient is reported in table 1. IDUA activity was measured in duplicate in each 
sample. All experiments were at least repeated once in independent cell cultures, the results of one 
representative experiment are shown. All values are mean ±standard deviation. Control range: 101-
270 nmol x mg-1 x hr-1.  
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The diagnostic accuracy of the IDUA assay in differentiating MPS I-H from non-H MPS I 

patients showed an area under the ROC curve of 0.951 (p<0.001, fig. 3A), indicating a good 

discrimination. Two cut-off values were calculated, resulting in three categories of enzyme 

activity: an IDUA activity of <0.32 nmol x mg-1 x hr-1 identified MPS I-H fibroblasts with a 

specificity of 100% (sensitivity 56%), as shown in figure 3B. This was regarded as the lower 

threshold, as only MPS I-H patients were found below this level of activity. Furthermore, 

100% sensitivity (specificity 89%) was reached at a cut-off value of 0.66 nmol x mg-1 x hr-1 

enzymatic activity to discriminate MPS I-H fibroblasts from cell lines of non-H MPS I patients 

(fig. 3B). Subsequently, this was set as the upper threshold; no MPS I-H fibroblasts had an 

enzyme activity higher than 0.66 nmol x mg-1 x hr-1. 

The same sensitivity for discrimination of phenotypes was obtained when cells were 

cultured for 2, 4, 8 or 10 weeks postconfluency. With increasing culture time, however, 

residual enzyme activity in all fibroblast cell lines decreased, as compared to cells cultured 

for 1 week postconfluency (results not shown). 

Heparan sulfate and dermatan sulfate levels in fibroblasts 

No significant differences were seen between MPS I-H fibroblasts and non-MPS I-H cells in 

total HS and DS or in the levels of individual disaccharides (results not shown).  

CLINICAL CHARACTERISTICS 

Information on clinical signs and symptoms in the first month of life was available for 23 

patients (table 2). 3 patients, however, were excluded from the analysis because they were 

born at a gestational age <37 weeks. A significant difference between the incidence of signs 

and symptoms of upper respiratory tract obstruction (p=0.005) and inguinal hernia (p= 

0.033) was found between MPS I-H patients and non-MPS I-H patients. 

PREDICTION ALGORITHM 

Mutation analysis was integrated as the first step in the prediction algorithm (specificity 

100%, sensitivity 82%) and IDUA activity was chosen as the second step. A cut off value of 

<0.32 nmol x mg-1 x hr-1 was used to identify MPS I-H patients. An IDUA activity of >0.66 

nmol x mg-1 x hr-1 identified non-MPS I-H patients. Patients with IDUA activity between 0.32-
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Figure 1. IDUA activity analysis. 

A Time dependence, using 1 mM substrate and 0.17 mg x ml-1 protein.  
B Protein dependence, using 1 mM substrate and an incubation time of 60 minutes.  
C Substrate titration, using 0.17 mg x ml-1 protein and an incubation time of 60 min.  

Residual IDUA activity in MPS I cell lines ranged from 0.23-2.43 nmol x mg-1 x hr-1 (table 2), 

which is less than 2.5% of the activity found in control fibroblasts (control range: 101-270 

nmol x mg-1 x hr-1). MPS I-H fibroblasts could be completely discriminated from the MPS I-S 

fibroblasts (p<0.01) based on IDUA activity. Most MPS I-H/S fibroblasts had an intermediate 

IDUA activity (fig. 2). 

Figure 2. Residual IDUA activity in MPS I fibroblasts of patients with 
different phenotypes. 

IDUA activity for each patient is reported in table 1. IDUA activity was measured in duplicate in each 
sample. All experiments were at least repeated once in independent cell cultures, the results of one 
representative experiment are shown. All values are mean ±standard deviation. Control range: 101-
270 nmol x mg-1 x hr-1.  
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The diagnostic accuracy of the IDUA assay in differentiating MPS I-H from non-H MPS I 

patients showed an area under the ROC curve of 0.951 (p<0.001, fig. 3A), indicating a good 

discrimination. Two cut-off values were calculated, resulting in three categories of enzyme 

activity: an IDUA activity of <0.32 nmol x mg-1 x hr-1 identified MPS I-H fibroblasts with a 

specificity of 100% (sensitivity 56%), as shown in figure 3B. This was regarded as the lower 

threshold, as only MPS I-H patients were found below this level of activity. Furthermore, 

100% sensitivity (specificity 89%) was reached at a cut-off value of 0.66 nmol x mg-1 x hr-1 

enzymatic activity to discriminate MPS I-H fibroblasts from cell lines of non-H MPS I patients 

(fig. 3B). Subsequently, this was set as the upper threshold; no MPS I-H fibroblasts had an 

enzyme activity higher than 0.66 nmol x mg-1 x hr-1. 

The same sensitivity for discrimination of phenotypes was obtained when cells were 

cultured for 2, 4, 8 or 10 weeks postconfluency. With increasing culture time, however, 

residual enzyme activity in all fibroblast cell lines decreased, as compared to cells cultured 

for 1 week postconfluency (results not shown). 

Heparan sulfate and dermatan sulfate levels in fibroblasts 

No significant differences were seen between MPS I-H fibroblasts and non-MPS I-H cells in 

total HS and DS or in the levels of individual disaccharides (results not shown).  

CLINICAL CHARACTERISTICS 

Information on clinical signs and symptoms in the first month of life was available for 23 

patients (table 2). 3 patients, however, were excluded from the analysis because they were 

born at a gestational age <37 weeks. A significant difference between the incidence of signs 

and symptoms of upper respiratory tract obstruction (p=0.005) and inguinal hernia (p= 

0.033) was found between MPS I-H patients and non-MPS I-H patients. 

PREDICTION ALGORITHM 

Mutation analysis was integrated as the first step in the prediction algorithm (specificity 

100%, sensitivity 82%) and IDUA activity was chosen as the second step. A cut off value of 

<0.32 nmol x mg-1 x hr-1 was used to identify MPS I-H patients. An IDUA activity of >0.66 

nmol x mg-1 x hr-1 identified non-MPS I-H patients. Patients with IDUA activity between 0.32-
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0.66 nmol x mg-1 x hr-1 were further classified by the presence of either one of the associated 

clinical characteristics (sensitivity 100%, specificity 100%). This resulted in a sensitivity and 

specificity of 100% for the complete prediction algorithm. The flow chart for the prediction 

algorithm is shown in figure 4. 

 

Figure 3. ROC curve analysis. 

A ROC curve of IDUA activity for discrimination between MPS I-H and non-MPS I-H. 
B Sensitivity and specificity for IDUA activity cut-off levels to discriminate between MPS I-H and non-
MPS I-H. Dashed lines represent chosen cut-off levels of 0.32 and 0.66 nmol x mg-1 x hr-1. 
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Figure 4. Algorithm for assessment of phenotypic severity in MPS I 

patients. 

Mutation analysis, residual IDUA activity and clinical characteristics present before the age of 1 

month are combined.  
1Measured as described in this article. 
2Upper airway obstruction included the following symptoms: excessive snoring during sleep, 

continuously runny nose, obstructive sleep apneas, feeding difficulties due to obstructed nasal 

breathing. 

DISUSSI 

Here we present an algorithm, based on the combination of mutation analysis, residual IDUA 

activity and clinical signs and symptoms during the first month of life, which may allow early, 
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0.66 nmol x mg-1 x hr-1 were further classified by the presence of either one of the associated 

clinical characteristics (sensitivity 100%, specificity 100%). This resulted in a sensitivity and 

specificity of 100% for the complete prediction algorithm. The flow chart for the prediction 

algorithm is shown in figure 4. 

 

Figure 3. ROC curve analysis. 

A ROC curve of IDUA activity for discrimination between MPS I-H and non-MPS I-H. 
B Sensitivity and specificity for IDUA activity cut-off levels to discriminate between MPS I-H and non-
MPS I-H. Dashed lines represent chosen cut-off levels of 0.32 and 0.66 nmol x mg-1 x hr-1. 
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Figure 4. Algorithm for assessment of phenotypic severity in MPS I 

patients. 

Mutation analysis, residual IDUA activity and clinical characteristics present before the age of 1 

month are combined.  
1Measured as described in this article. 
2Upper airway obstruction included the following symptoms: excessive snoring during sleep, 

continuously runny nose, obstructive sleep apneas, feeding difficulties due to obstructed nasal 

breathing. 

DISUSSI 

Here we present an algorithm, based on the combination of mutation analysis, residual IDUA 

activity and clinical signs and symptoms during the first month of life, which may allow early, 
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sensitive and specific prediction of the phenotype in MPS I patients diagnosed through BS. 

Such an algorithm can be essential as the decision to implement BS for MPS I will depend, 

at least in a number of countries, on the feasibility to decide on the optimal treatment 

strategy at an early age. BS for MPS I is of high interest as early initiation of treatment, i.e. 

either HST for patients who will develop a MPS I-H phenotype and ERT for the non-MPS I-H 

patients, likely improves the disease outcome [8,9,12,19,51], and early diagnosis on clinical 

recognition can be very difficult. 

To date, more than 200 different mutations in the IDUA gene have been reported [52], and 

this genetic heterogeneity partially explains the phenotypic variability in MPS I. For most of 

the mutations no clear genotype-phenotype correlation is known. However, some mutations 

have been found to reliably predict a severe disease phenotype [10,27,33–41]. This was 

confirmed in our cohort for the mutations p.Q70X, p.W402X, p.L218P and c.134del12. 

Therefore, mutation analysis was included as the first step in the algorithm to predict MPS I 

phenotype. Several missense mutations, such as the p.R383H and p.R89Q mutations, are 

generally reported in association with more attenuated disease [30,37,50]. We did not 

include these latter mutations in our algorithm, however, because the effect of attenuated 

mutations might vary due to novel combinations of mutations, polymorphisms in other 

genes or environmental factors [50]. ther mutations present in our cohort were also not 

incorporated in the algorithm because of functional heterogeneity (e.g. the same mutations 

seem to have a different effect on phenotypic severity) in earlier studies, such as the 

mutations p.P533R and c.474-2A>G [27,33,37]. Studies on genotype-phenotype correlations 

in large cohorts, focusing on allelic combinations of rarer mutations, could further improve 

the predictive power of this first step in our algorithm. urrently, rapid mutation analysis of 

the IDUA gene may not be available to all centers diagnosing MPS I. However, the fast 

technological advancements for gene sequencing will result in more universal access to 

mutation analysis, allowing reliable results within 4 weeks after diagnosis for most patients 

and applicability of the algorithm presented in this study. 

It is highly likely that the introduction of NBS for MPS I will result in the identification of 

many novel mutations with unknown phenotypes. Therefore, a tool for prediction of 

phenotypic severity within the scope of NBS needs to include other variables. We found that 

the concentrations of HS and DS and of the individual disaccharides in cultured fibroblasts 



did not correlate with the phenotype. In contrast, Fuller et al. demonstrated that the levels 

of specific HS and DS derived trisaccharides in patient fibroblasts could discriminate between 

MPS I patients with and without neurological involvement [32]. In that study, only levels of 

short chain HS and DS oligosaccharides were measured, while the HS and DS derived 

disaccharides detected in our study originate predominantly from relatively larger HS and DS 

chains [45]. Possibly, fibroblasts from patients with neurological involvement store more 

short GAGs chains, as compared to patients without neurological symptoms, but similar 

levels of larger HS and DS oligosaccharides, which hinders discrimination between these 

phenotypes using our GAG analysis. 

Analysis of IDUA activity in fibroblasts or leukocytes is generally used as the confirmatory 

step in MPS I diagnosis. However, the most commonly used method, though sensitive for 

diagnostics [42,43], is not sensitive enough to reliably discriminate between the different 

MPS I phenotypes. A study in a cohort of 13 MPS I patients [32], where the IDUA protein was 

first captured using antibodies followed by enzymatic studies, showed clear discrimination 

between patients with and without neurological involvement. This method, however, makes 

use of specific anti-IDUA antibodies which are not commercially available, making this assay 

difficult to implement in other laboratories. In addition, specific putative mutations might 

result in a loss of epitopes, obstructing capture of the protein and thus interfering with the 

analysis. For this reason, we optimized the 4-methylumbelliferyl-α-L-iduronide IDUA activity 

assay to provide a method that may be more generally applicable. A higher concentration of 

substrate, independently reported by others to improve the accuracy of the IDUA assay in a 

recent study [53], combined with a longer incubation time and increased amount of protein, 

resulted in accurate measurement of very low enzyme activities, as seen in MPS I patients 

[43]. As these are minor changes to the commonly used IDUA activity analysis protocol, but 

very important to accurately determine very low IDUA activities, we feel that most 

laboratories will be able to implement this protocol after the necessary validation steps. 

Interestingly, a very narrow range of low IDUA activities is responsible for a broad range of 

clinical presentations in MPS I patients, as IDUA activity in all MPS I fibroblasts was less than 

2.5% of the activity measured in healthy control fibroblasts. Despite this small range of IDUA 

activities, cut-off values could be calculated using ROC curve analysis to differentiate 

between MPS I Hurler and non-Hurler fibroblasts.  
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sensitive and specific prediction of the phenotype in MPS I patients diagnosed through BS. 

Such an algorithm can be essential as the decision to implement BS for MPS I will depend, 

at least in a number of countries, on the feasibility to decide on the optimal treatment 

strategy at an early age. BS for MPS I is of high interest as early initiation of treatment, i.e. 

either HST for patients who will develop a MPS I-H phenotype and ERT for the non-MPS I-H 

patients, likely improves the disease outcome [8,9,12,19,51], and early diagnosis on clinical 

recognition can be very difficult. 

To date, more than 200 different mutations in the IDUA gene have been reported [52], and 

this genetic heterogeneity partially explains the phenotypic variability in MPS I. For most of 

the mutations no clear genotype-phenotype correlation is known. However, some mutations 

have been found to reliably predict a severe disease phenotype [10,27,33–41]. This was 

confirmed in our cohort for the mutations p.Q70X, p.W402X, p.L218P and c.134del12. 

Therefore, mutation analysis was included as the first step in the algorithm to predict MPS I 

phenotype. Several missense mutations, such as the p.R383H and p.R89Q mutations, are 

generally reported in association with more attenuated disease [30,37,50]. We did not 

include these latter mutations in our algorithm, however, because the effect of attenuated 

mutations might vary due to novel combinations of mutations, polymorphisms in other 

genes or environmental factors [50]. ther mutations present in our cohort were also not 

incorporated in the algorithm because of functional heterogeneity (e.g. the same mutations 

seem to have a different effect on phenotypic severity) in earlier studies, such as the 

mutations p.P533R and c.474-2A>G [27,33,37]. Studies on genotype-phenotype correlations 

in large cohorts, focusing on allelic combinations of rarer mutations, could further improve 

the predictive power of this first step in our algorithm. urrently, rapid mutation analysis of 

the IDUA gene may not be available to all centers diagnosing MPS I. However, the fast 

technological advancements for gene sequencing will result in more universal access to 

mutation analysis, allowing reliable results within 4 weeks after diagnosis for most patients 

and applicability of the algorithm presented in this study. 

It is highly likely that the introduction of NBS for MPS I will result in the identification of 

many novel mutations with unknown phenotypes. Therefore, a tool for prediction of 

phenotypic severity within the scope of NBS needs to include other variables. We found that 

the concentrations of HS and DS and of the individual disaccharides in cultured fibroblasts 



did not correlate with the phenotype. In contrast, Fuller et al. demonstrated that the levels 

of specific HS and DS derived trisaccharides in patient fibroblasts could discriminate between 

MPS I patients with and without neurological involvement [32]. In that study, only levels of 

short chain HS and DS oligosaccharides were measured, while the HS and DS derived 

disaccharides detected in our study originate predominantly from relatively larger HS and DS 

chains [45]. Possibly, fibroblasts from patients with neurological involvement store more 

short GAGs chains, as compared to patients without neurological symptoms, but similar 

levels of larger HS and DS oligosaccharides, which hinders discrimination between these 

phenotypes using our GAG analysis. 

Analysis of IDUA activity in fibroblasts or leukocytes is generally used as the confirmatory 

step in MPS I diagnosis. However, the most commonly used method, though sensitive for 

diagnostics [42,43], is not sensitive enough to reliably discriminate between the different 

MPS I phenotypes. A study in a cohort of 13 MPS I patients [32], where the IDUA protein was 

first captured using antibodies followed by enzymatic studies, showed clear discrimination 

between patients with and without neurological involvement. This method, however, makes 

use of specific anti-IDUA antibodies which are not commercially available, making this assay 

difficult to implement in other laboratories. In addition, specific putative mutations might 

result in a loss of epitopes, obstructing capture of the protein and thus interfering with the 

analysis. For this reason, we optimized the 4-methylumbelliferyl-α-L-iduronide IDUA activity 

assay to provide a method that may be more generally applicable. A higher concentration of 

substrate, independently reported by others to improve the accuracy of the IDUA assay in a 

recent study [53], combined with a longer incubation time and increased amount of protein, 

resulted in accurate measurement of very low enzyme activities, as seen in MPS I patients 

[43]. As these are minor changes to the commonly used IDUA activity analysis protocol, but 

very important to accurately determine very low IDUA activities, we feel that most 

laboratories will be able to implement this protocol after the necessary validation steps. 

Interestingly, a very narrow range of low IDUA activities is responsible for a broad range of 

clinical presentations in MPS I patients, as IDUA activity in all MPS I fibroblasts was less than 

2.5% of the activity measured in healthy control fibroblasts. Despite this small range of IDUA 

activities, cut-off values could be calculated using ROC curve analysis to differentiate 

between MPS I Hurler and non-Hurler fibroblasts.  
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Measurement of residual IDUA activity could not fully differentiate between phenotypes of 

patients with an activity in the range of 0.32-0.66 nmol x mg-1 x hr-1, as one MPS I-H/S cell 

line had an IDUA activity in this range. Although HSCT may be considered in some MPS I-H/S 

patients with neurocognitive involvement [7], this is not common practice. Therefore, the 

algorithm was improved by inclusion of potentially discriminating clinical characteristics 

early in life. 

Of the 14 clinical characteristics studied, the presence of two were found to differ 

significantly between MPS I-H and non-MPS I-H MPS I patients: presence of inguinal hernia 

and the presence of signs and symptoms of upper airway obstruction. Including clinical 

characteristics in the algorithm resulted in complete differentiation between MPS I-H 

patients and patients with more attenuated phenotypes. Another clinical characteristic that 

may differentiate between MPS I-H patients and more attenuated patients is probably the 

severity of dysostosis multiplex, a collection of radiographic abnormalities resulting from 

defective endochondral and membranous growth throughout the body seen in 

mucopolysaccharidoses. Especially thoraco-lumbar kyphosis before the age of one month, 

might be a very sensitive and specific symptom for MPS I-H [54,55]. However, early kyphosis 

is often initially not recognized by parents and caregivers and could therefore not be 

included in this model, which is based on retrospective analysis of clinical data.  

Our study has some limitations. Firstly, due to the ultra-orphan nature of the disease, the 

proposed algorithm is validated in only a relatively small number of patients (n=30). 

Validation in other cohorts of patients’ needs to be performed to further determine its 

value. Secondly, our study includes a retrospective analysis of signs and symptoms during 

the first month of life. This may result in a recall bias, as both parents and investigators knew 

the phenotype of the patients. To address this, only characteristics that could be clearly 

distinguished and are often well documented in the newborn period were used for this 

algorithm. Thirdly, the prevalence of mutations firmly associated with certain phenotypes 

differs between regions around the world [37]. Therefore, positive and negative predicting 

values of the proposed algorithm may differ between countries and this needs to be further 

investigated. Also, as new mutations will be detected once NBS for MPS I has been 

introduced, a prediction algorithm including mutation analysis needs to be continuously 

adjusted and improved. Likewise, NBS will allow for further investigation on the predictive 



value of certain clinical signs such as early kyphosis, which could not be included in this 

study.  

As a result of future studies, the algorithm might be adapted to also differentiate between 

MPS I-H/S patients with and without neurocognitive involvement. The improved outcome of 

HSCT, in combination with increasing knowledge on the risk for neurocognitive decline in a 

subset of MPS I-H/S patients, may result in a shift in treatment protocols, with HSCT as 

treatment of choice for this group of patients [7].  

With the phenotypic prediction algorithm presented here, we hope to provide the basis for a 

tool to reliably predict phenotype in the majority of MPS I patients diagnosed through NBS. 

Prospective studies could result in inclusion of additional predictive factors and 

improvement of the prediction algorithm. 

 
CONCLUSION 

Using genetic, biochemical and clinical characteristics, which can all be studied within the 

first month of life, an algorithm was developed for accurate prediction of the phenotype at 

an early age in MPS I patients. Such an algorithm allows timely initiation of the optimal 

treatment strategy, thus improving disease outcome. With the future launch of NBS 

programs for MPS I, patients will not have developed all characteristic signs and symptoms 

currently used for assessment of the phenotype, making a prediction algorithm for early 

assessment of phenotypic severity indispensable. 
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Measurement of residual IDUA activity could not fully differentiate between phenotypes of 

patients with an activity in the range of 0.32-0.66 nmol x mg-1 x hr-1, as one MPS I-H/S cell 

line had an IDUA activity in this range. Although HSCT may be considered in some MPS I-H/S 

patients with neurocognitive involvement [7], this is not common practice. Therefore, the 

algorithm was improved by inclusion of potentially discriminating clinical characteristics 

early in life. 

Of the 14 clinical characteristics studied, the presence of two were found to differ 

significantly between MPS I-H and non-MPS I-H MPS I patients: presence of inguinal hernia 

and the presence of signs and symptoms of upper airway obstruction. Including clinical 

characteristics in the algorithm resulted in complete differentiation between MPS I-H 

patients and patients with more attenuated phenotypes. Another clinical characteristic that 

may differentiate between MPS I-H patients and more attenuated patients is probably the 

severity of dysostosis multiplex, a collection of radiographic abnormalities resulting from 

defective endochondral and membranous growth throughout the body seen in 

mucopolysaccharidoses. Especially thoraco-lumbar kyphosis before the age of one month, 

might be a very sensitive and specific symptom for MPS I-H [54,55]. However, early kyphosis 

is often initially not recognized by parents and caregivers and could therefore not be 

included in this model, which is based on retrospective analysis of clinical data.  

Our study has some limitations. Firstly, due to the ultra-orphan nature of the disease, the 

proposed algorithm is validated in only a relatively small number of patients (n=30). 

Validation in other cohorts of patients’ needs to be performed to further determine its 

value. Secondly, our study includes a retrospective analysis of signs and symptoms during 

the first month of life. This may result in a recall bias, as both parents and investigators knew 

the phenotype of the patients. To address this, only characteristics that could be clearly 

distinguished and are often well documented in the newborn period were used for this 

algorithm. Thirdly, the prevalence of mutations firmly associated with certain phenotypes 

differs between regions around the world [37]. Therefore, positive and negative predicting 

values of the proposed algorithm may differ between countries and this needs to be further 

investigated. Also, as new mutations will be detected once NBS for MPS I has been 

introduced, a prediction algorithm including mutation analysis needs to be continuously 

adjusted and improved. Likewise, NBS will allow for further investigation on the predictive 



value of certain clinical signs such as early kyphosis, which could not be included in this 

study.  

As a result of future studies, the algorithm might be adapted to also differentiate between 

MPS I-H/S patients with and without neurocognitive involvement. The improved outcome of 

HSCT, in combination with increasing knowledge on the risk for neurocognitive decline in a 

subset of MPS I-H/S patients, may result in a shift in treatment protocols, with HSCT as 

treatment of choice for this group of patients [7].  

With the phenotypic prediction algorithm presented here, we hope to provide the basis for a 

tool to reliably predict phenotype in the majority of MPS I patients diagnosed through NBS. 

Prospective studies could result in inclusion of additional predictive factors and 

improvement of the prediction algorithm. 

 
CONCLUSION 

Using genetic, biochemical and clinical characteristics, which can all be studied within the 

first month of life, an algorithm was developed for accurate prediction of the phenotype at 

an early age in MPS I patients. Such an algorithm allows timely initiation of the optimal 

treatment strategy, thus improving disease outcome. With the future launch of NBS 

programs for MPS I, patients will not have developed all characteristic signs and symptoms 

currently used for assessment of the phenotype, making a prediction algorithm for early 

assessment of phenotypic severity indispensable. 
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ABSTRACT 

Introduction: Diagnosis of the mucopolysaccharidoses (MPSs) generally relies on an initial 

analysis of total glycosaminoglycan (GAG) excretion in urine. Often the dimethylmethylene 

blue dye-binding (DMB) assay is used, although false-negative results have been reported. 

We report a multiplexed diagnostic test with a high sensitivity for all MPSs and with the 

potential to identify patients with I-cell disease (ML II) and mucolipidosis III (ML III). 

Methods: Urine samples of 100 treatment naive MPS patients were collected and analyzed 

by the conventional DMB assay and a multiplex assay based on enzymatic digestion of 

heparan sulfate (HS), dermatan sulfate (DS) and keratan sulfate (KS) followed by 

quantification by LC-MS/MS. Specificity was calculated by analyzing urine samples from a 

cohort of 39 patients suspected for an inborn errors of metabolism, including MPSs. 

Results: The MPS cohort consisted of 18 MPS I, 16 MPS II, 34 MPS III, 10 MPS IVA, 3 MPS IVB, 

17 MPS VI and 2 MPS VII patients. All 100 patients were identified by the LC-MS/MS assay 

with typical patterns of elevation of HS, DS and KS respectively (sensitivity 100%). DMB 

analysis of the urine was found to be in the normal range in 10 of the 100 patients 

(sensitivity 90%). Three out of the 39 patients were identified as false-positive, resulting in a 

specificity of the LS-MS/MS assay of 92%. For the DMB this was 97%. All three patients with 

MLII/MLIII had elevated GAGs in the LC-MS/MS assay while the DMB test was normal in 2 of 

them. 

Conclusion: The multiplex LC-MS/MS assay provides a robust and very sensitive assay for the 

diagnosis of the complete spectrum of MPSs and has the potential to identify MPS related 

disorders such as MLII/MLIII. Its performance is superior to that of the conventional DMB 

assay.  

  

 

INTRODUCTION 

The mucopolysaccharidoses (MPSs) comprise a group of lysosomal storage disorders caused 

by a deficiency in one of the lysosomal enzymes involved in the degradation of 

glycosaminoglycans (GAGs) (Table 1) [1]. Through complex pathophysiological cascades, the 

accumulation of non-degraded GAGs results in a wide range of progressive somatic and 

neurological manifestations, including skeletal dysplasia, cardiorespiratory compromise, and, 

in some of the more severe phenotypes, cognitive decline. Mucolipidosis II and III (I-cell 

disease and ML III) show clinical resemblance to the MPSs and are caused by inadequate 

post-translational modification of lysosomal enzymes, leading to an effective deficiency of 

multiple enzymes (Table 1) [2]. 

When a diagnosis of MPS is considered, biochemical screening is generally performed by 

quantification of urinary GAGs by a dimethylmethylene blue dye binding assay (DMB) [3,4], 

followed by two-dimensional electrophoresis for qualification of the type of excreted GAGs. 

Positive screening is followed by analysis of the relevant enzyme activity in leucocytes or 

cultured skin fibroblasts. However, the DMB assay may lead to false-negative results, 

especially in MPS IV [5], and GAG electrophoresis is relatively time-consuming and 

dependent on subjective interpretation. 

Recent studies show that quantification of specific GAG derived disaccharides by liquid 

chromatography tandem-mass spectrometry (LC-MS/MS) may provide a much more 

sensitive method for both quantification and qualification of GAGs in urine and blood as well 

as in other tissues [6–9]. Preparation of the samples involves either enzymatic digestion or 

methanolysis in order to degrade the large GAG molecules into poly- or disaccharides, 

followed by LC-MS/MS quantification. LC-MS/MS assays combining quantification of urinary 

dermatan sulfate (DS) and heparan sulfate (HS), and in some cases chondroitin sulfate (CS), 

have been reported [7–9] as well as separate analysis of urinary keratan sulfate (KS) [10,11]. 

However, none of these reported methods covers the complete spectrum of MPSs.  

Especially the diagnosis of MPS IV is hampered in previously reported multiplexed assays, as 

these fail to detect KS accumulation. MPS IVA may be diagnosed through CS accumulation in 

some patients [8]. This is, however, not suitable for the diagnosis of MPS IVB, where, based 
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Introduction: Diagnosis of the mucopolysaccharidoses (MPSs) generally relies on an initial 

analysis of total glycosaminoglycan (GAG) excretion in urine. Often the dimethylmethylene 

blue dye-binding (DMB) assay is used, although false-negative results have been reported. 

We report a multiplexed diagnostic test with a high sensitivity for all MPSs and with the 

potential to identify patients with I-cell disease (ML II) and mucolipidosis III (ML III). 

Methods: Urine samples of 100 treatment naive MPS patients were collected and analyzed 

by the conventional DMB assay and a multiplex assay based on enzymatic digestion of 

heparan sulfate (HS), dermatan sulfate (DS) and keratan sulfate (KS) followed by 

quantification by LC-MS/MS. Specificity was calculated by analyzing urine samples from a 

cohort of 39 patients suspected for an inborn errors of metabolism, including MPSs. 

Results: The MPS cohort consisted of 18 MPS I, 16 MPS II, 34 MPS III, 10 MPS IVA, 3 MPS IVB, 

17 MPS VI and 2 MPS VII patients. All 100 patients were identified by the LC-MS/MS assay 

with typical patterns of elevation of HS, DS and KS respectively (sensitivity 100%). DMB 

analysis of the urine was found to be in the normal range in 10 of the 100 patients 

(sensitivity 90%). Three out of the 39 patients were identified as false-positive, resulting in a 

specificity of the LS-MS/MS assay of 92%. For the DMB this was 97%. All three patients with 

MLII/MLIII had elevated GAGs in the LC-MS/MS assay while the DMB test was normal in 2 of 

them. 

Conclusion: The multiplex LC-MS/MS assay provides a robust and very sensitive assay for the 

diagnosis of the complete spectrum of MPSs and has the potential to identify MPS related 

disorders such as MLII/MLIII. Its performance is superior to that of the conventional DMB 

assay.  

  

 

INTRODUCTION 

The mucopolysaccharidoses (MPSs) comprise a group of lysosomal storage disorders caused 

by a deficiency in one of the lysosomal enzymes involved in the degradation of 

glycosaminoglycans (GAGs) (Table 1) [1]. Through complex pathophysiological cascades, the 

accumulation of non-degraded GAGs results in a wide range of progressive somatic and 

neurological manifestations, including skeletal dysplasia, cardiorespiratory compromise, and, 

in some of the more severe phenotypes, cognitive decline. Mucolipidosis II and III (I-cell 

disease and ML III) show clinical resemblance to the MPSs and are caused by inadequate 

post-translational modification of lysosomal enzymes, leading to an effective deficiency of 

multiple enzymes (Table 1) [2]. 

When a diagnosis of MPS is considered, biochemical screening is generally performed by 

quantification of urinary GAGs by a dimethylmethylene blue dye binding assay (DMB) [3,4], 

followed by two-dimensional electrophoresis for qualification of the type of excreted GAGs. 

Positive screening is followed by analysis of the relevant enzyme activity in leucocytes or 

cultured skin fibroblasts. However, the DMB assay may lead to false-negative results, 

especially in MPS IV [5], and GAG electrophoresis is relatively time-consuming and 

dependent on subjective interpretation. 

Recent studies show that quantification of specific GAG derived disaccharides by liquid 

chromatography tandem-mass spectrometry (LC-MS/MS) may provide a much more 

sensitive method for both quantification and qualification of GAGs in urine and blood as well 

as in other tissues [6–9]. Preparation of the samples involves either enzymatic digestion or 

methanolysis in order to degrade the large GAG molecules into poly- or disaccharides, 

followed by LC-MS/MS quantification. LC-MS/MS assays combining quantification of urinary 

dermatan sulfate (DS) and heparan sulfate (HS), and in some cases chondroitin sulfate (CS), 

have been reported [7–9] as well as separate analysis of urinary keratan sulfate (KS) [10,11]. 

However, none of these reported methods covers the complete spectrum of MPSs.  

Especially the diagnosis of MPS IV is hampered in previously reported multiplexed assays, as 

these fail to detect KS accumulation. MPS IVA may be diagnosed through CS accumulation in 

some patients [8]. This is, however, not suitable for the diagnosis of MPS IVB, where, based 
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on the enzyme deficiency, KS is the only primary storage material [12]. Also, the diagnostic 

potential for MPS VII has not been reported.  

Here we report details on a multiplexed assay for the detection of HS, DS and KS and we 

extensively evaluate its diagnostic accuracy in the complete MPS spectrum in comparison to 

the conventional DMB method.  

 
METHODS 

PATIENTS AND CONTROLS 

Positive controls were obtained by the collection of urinary samples of treatment naive 

patients with enzymatically confirmed diagnosis of MPS I, MPS II, MPS III, MPS IVA, MPSIVB, 

MPS VI and MPS VII, ML II and ML III (Table 2), known at one of the three participating 

centers (Academic Medical Center, Amsterdam; Erasmus Medical Center, Rotterdam; and 

Radboud University Medical Center, Nijmegen, The Netherlands). All samples were collected 

in routine clinical practice and remainders were stored in accordance with regulations of the 

medical ethical committee of the Academic Medical Center, Amsterdam, The Netherlands. 

Samples were either completely anonymized or encoded, and written informed consent was 

obtained for the use of encoded samples. Care was taken to include patients across the 

complete phenotypic spectrum of the disease where possible. Thirty-nine urine samples of 

patients with a suspected inborn error of metabolism (IEM), where DMB was performed as 

part of the metabolic work up, were used to assess the rate of false-positive findings for 

both assays. Additional data was gathered for these patients, including age, gender, 

presenting symptoms and eventual diagnosis if available. Sixty-one urine samples from 

healthy controls were analyzed to determine reference values for the LC-MS/MS assay.  

BIOCHEMICAL ANALYSES 

Total urinary GAGs were measured with the dimethylmethylene blue-binding assay, as first 

described by De Jong et al [3,4]. 

GAG-derived disaccharides in urine were analyzed in a multiplex assay. HS and DS were 

analyzed as previously described after enzymatic digestions by Heparanase I, II and III and 

 

Table 1. The mucopolysaccharidoses and mucolipidosis II and III. 

Type Eponym Enzyme deficiency Storage product 

MPS I 

Hurler 

Hurler/Scheie 

Scheie 

α-L-iduronidase 
Dermatan sulfate 

Heparan sulfate 

MPS II Hunter Iduronate-2-sulfatase 
Dermatan sulfate 

Heparan sulfate 

MPS III A Sanfilippo A Heparan-N-sulfatase Heparan sulfate 

MPS III B Sanfilippo B 
N-acetyl-α-

glucosaminidase 
Heparan sulfate 

MPS III C Sanfilippo C 

Acetyl-CoA:α-

glucosaminide N-

acetyltransferase 

Heparan sulfate 

MPS III D Sanfilippo D 
N-acetylglucosamine-6-

sulfatase 
Heparan sulfate 

MPS IV A Morquio A Galactose-6-sulfatase 
Keratan sulfate 

Chondroitin sulfate 

MPS IV B Morquio B β-galactosidase Keratan sulfate 

MPS VI Maroteaux-Lamy 
N-acetylgalactosamine-

4-sulfatase 
Dermatan sulfate 

MPS VII Sly β-glucuronidase 

Dermatan sulfate 

Heparan sulfate 

Chondroitin sulfate 

MPS IX - Hyaluronidase Hyaluronan 

ML II I-cell disease 
N-acetylglucosaminyl-

1-phosphotransferase 

Glycosaminoglycans, 

sphingolipids 

 

Chonroitinase B respectively [13]. To incorporate the analysis of KS the assay was adjusted as 

follows. The cDNA coding for keratanase II from Bacillus circulans (KerII, GenScript) was 

synthesized and cloned into the pET22b(+) vector. The protein was expressed in E. coli (BL21 

AI, Invitrogen) as a His-tagged fusion proteins and purified as described for Heparinase I [13]. 

Activity of KerII was determined by analyzing recovery of spiked keratan sulfate substrate in 
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on the enzyme deficiency, KS is the only primary storage material [12]. Also, the diagnostic 

potential for MPS VII has not been reported.  

Here we report details on a multiplexed assay for the detection of HS, DS and KS and we 

extensively evaluate its diagnostic accuracy in the complete MPS spectrum in comparison to 

the conventional DMB method.  

 
METHODS 

PATIENTS AND CONTROLS 

Positive controls were obtained by the collection of urinary samples of treatment naive 

patients with enzymatically confirmed diagnosis of MPS I, MPS II, MPS III, MPS IVA, MPSIVB, 

MPS VI and MPS VII, ML II and ML III (Table 2), known at one of the three participating 

centers (Academic Medical Center, Amsterdam; Erasmus Medical Center, Rotterdam; and 

Radboud University Medical Center, Nijmegen, The Netherlands). All samples were collected 

in routine clinical practice and remainders were stored in accordance with regulations of the 

medical ethical committee of the Academic Medical Center, Amsterdam, The Netherlands. 

Samples were either completely anonymized or encoded, and written informed consent was 

obtained for the use of encoded samples. Care was taken to include patients across the 

complete phenotypic spectrum of the disease where possible. Thirty-nine urine samples of 

patients with a suspected inborn error of metabolism (IEM), where DMB was performed as 

part of the metabolic work up, were used to assess the rate of false-positive findings for 

both assays. Additional data was gathered for these patients, including age, gender, 

presenting symptoms and eventual diagnosis if available. Sixty-one urine samples from 

healthy controls were analyzed to determine reference values for the LC-MS/MS assay.  

BIOCHEMICAL ANALYSES 

Total urinary GAGs were measured with the dimethylmethylene blue-binding assay, as first 

described by De Jong et al [3,4]. 

GAG-derived disaccharides in urine were analyzed in a multiplex assay. HS and DS were 

analyzed as previously described after enzymatic digestions by Heparanase I, II and III and 

 

Table 1. The mucopolysaccharidoses and mucolipidosis II and III. 

Type Eponym Enzyme deficiency Storage product 

MPS I 

Hurler 

Hurler/Scheie 

Scheie 

α-L-iduronidase 
Dermatan sulfate 

Heparan sulfate 

MPS II Hunter Iduronate-2-sulfatase 
Dermatan sulfate 

Heparan sulfate 

MPS III A Sanfilippo A Heparan-N-sulfatase Heparan sulfate 

MPS III B Sanfilippo B 
N-acetyl-α-

glucosaminidase 
Heparan sulfate 

MPS III C Sanfilippo C 

Acetyl-CoA:α-

glucosaminide N-

acetyltransferase 

Heparan sulfate 

MPS III D Sanfilippo D 
N-acetylglucosamine-6-

sulfatase 
Heparan sulfate 

MPS IV A Morquio A Galactose-6-sulfatase 
Keratan sulfate 

Chondroitin sulfate 

MPS IV B Morquio B β-galactosidase Keratan sulfate 

MPS VI Maroteaux-Lamy 
N-acetylgalactosamine-

4-sulfatase 
Dermatan sulfate 

MPS VII Sly β-glucuronidase 

Dermatan sulfate 

Heparan sulfate 

Chondroitin sulfate 

MPS IX - Hyaluronidase Hyaluronan 

ML II I-cell disease 
N-acetylglucosaminyl-

1-phosphotransferase 

Glycosaminoglycans, 

sphingolipids 

 

Chonroitinase B respectively [13]. To incorporate the analysis of KS the assay was adjusted as 

follows. The cDNA coding for keratanase II from Bacillus circulans (KerII, GenScript) was 

synthesized and cloned into the pET22b(+) vector. The protein was expressed in E. coli (BL21 

AI, Invitrogen) as a His-tagged fusion proteins and purified as described for Heparinase I [13]. 

Activity of KerII was determined by analyzing recovery of spiked keratan sulfate substrate in 
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the LC-MS/MS assay using 0.5, 1, 5, 10 and 15 uL of the KerII suspension for digestion. At 5uL 

and above, the recovery was 100% and therefore 10 uL was used in the final assay. 

Two KS disaccharides were identified. The transition m/z 462.1>361 was used for g0A6 and 

g6A6 (following the nomenclature for disaccharides as proposed by Lawrence et al [14]) and 

g0A6 and G6a6 showed a retention time of 4.7 and 5.2, respectively. The identity of the 

peaks for these disaccharides was confirmed by analysis of samples spiked with 13C-labelled 

g0A6 and g6A6. The concentration of the disaccharides was calculated using a calibration 

curve of each disaccharide with 4UA-2S-GlcNCOEt-6S (HD009, Iduron) as an internal 

standard. All samples with a creatinine > 2mmol/L were diluted to a creatinine of 2 mmol/L. 

Samples were digested with KerII, ChonB and HepI, Hep II and Hep III and analyzed in 

triplicate, as described previously by De Ru et al [13]. The following disaccharides were 

analyzed and used to calculate GAG concentrations: D0A0, D0S0, D0A6, D2A0, D0S6 and 

D2S0 (HS), D0a4 and D0a10 (DS), g0A6 and G6A6 (KS). 

Recovery of the analytes was determined in each experiment by spiking a control sample 

with heparan, dermatan and keratan sulfate (10 ug/mL each). Intra assay variation 

(coefficient of variation; CV) was determined for each GAG by repeated analysis (n=10) of 

spiked and unspiked control samples and ranged from 9 to 18% for the individual GAGs. 

Inter-day CV was determined by replicate analysis of spiked high and low control samples on 

10 separate days and was between 4-18%. The concentration of each GAG was linear at least 

up to 2 mg/mmol creat, which is twice the concentration observed in the most elevated 

patient samples. 

STATISTICAL ANALYSIS 

Statistical analysis was performed using SPSS Statistics software version 22 (IBM Corp., 

Armonk, NY, USA). Non-parametric ranking statistics (Mann-Whitney-U tests and Wilcoxon-

rank test for unpaired and paired data respectively) were used to analyze the difference in 

GAG levels between groups. 

Reference values were based on concentrations measured in healthy control samples. For 

HS, DS and KS, trends over age were fitted using restricted cubic splines. The upper limits of 

the 95% prediction interval for each one-year interval were considered the upper limit of 

 

normal (ULN). The ULN was calculated for HS, DS and KS separately, as well as the total of 

HS, DS and KS as analyzed by the LC-MS/MS method (Figure 1 and supplementary Table 1).  

For the DMB, cut-off values as used in diagnostic daily practice were used as ULN (Table 3). 

For each measurement, the fold-ULN was calculated as follows: 

Fold-ULN =
Observed GAG level

Age-specific ULN
 

Table 2. Patient, age range and fold-ULN for HS, DS, KS, the cumulative 
levels of HS, DS and KS and DMB per diagnosis. 

MPS 

subtype 

No 

patients 

Age 

range 

(yrs) 

Median fold ULN (range)   

HS DS KS HS, DS & KS DMB 

MPS I 18 
0.8 – 

32.6 

12.1  

(3.4 – 42.9) 

101.8  

(26 – 303.4) 

0.6  

(0.2 – 1.7) 

10.8 

(2.6 – 50.3) 

4.4  

(1.1 – 10.3) 

MPS II 16 
0.2 – 

46.3 

17.2  

(10.0 – 23.6) 

69.2  

(35 – 139.4) 

0.5  

(0.4 – 1.6) 

9.4  

(5.3 – 23.6) 

4.5  

(1.7 – 8.5) 

MPS III 34 
3.3 – 

66.9 

28.3  

(17.8 – 66.9) 

1.3  

(0.4 – 5.0) 

0.5  

(0.3 – 1.6) 

9.4  

(5.3 – 23.6) 

4.5  

(1.7 – 8.5) 

MPS IVA 10 
1.1 – 

56.6 

0.9  

(0.4 – 1.4) 

3.0  

(1.0 – 4.6) 

5.2  

(2.4 – 14.6) 

3.3  

(1.6 – 8.2) 

1.2  

(0.6 – 2.4) 

MPS IVB 3 
21.5 – 

51.3 

1.2  

(1.1 – 1.3) 

1.3  

(0.7 – 2.2) 

6.8  

(5.7 – 10.0) 

3.9  

(2.9 – 5.0) 

0.7  

(0.4 – 0.8) 

MPS VI 17 
0.1 – 

57.8 

0.6  

(0.3 – 2.6) 

31.3  

(7.3 – 243.2) 

0.6  

(0.2 – 1.7) 

3.0  

(0.6 – 15.6) 

1.9  

(0.6 – 9.8) 

MPS VII 2 
21.0 – 

21.3 
1.0 – 5.4 1.5 – 2.6 0.1 – 0.9 0.7 – 3.5 0.5 – 0.7 

ML II 2 0.2 – 0.3 0.8 – 2.8 1.6 – 5.3 1.0 – 1.7 0.9 – 2.1 0.8 – 1.4 

ML III 1 12.0 1.1 2.4 1.3 1.2 0.8 
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the LC-MS/MS assay using 0.5, 1, 5, 10 and 15 uL of the KerII suspension for digestion. At 5uL 

and above, the recovery was 100% and therefore 10 uL was used in the final assay. 

Two KS disaccharides were identified. The transition m/z 462.1>361 was used for g0A6 and 

g6A6 (following the nomenclature for disaccharides as proposed by Lawrence et al [14]) and 

g0A6 and G6a6 showed a retention time of 4.7 and 5.2, respectively. The identity of the 

peaks for these disaccharides was confirmed by analysis of samples spiked with 13C-labelled 

g0A6 and g6A6. The concentration of the disaccharides was calculated using a calibration 

curve of each disaccharide with 4UA-2S-GlcNCOEt-6S (HD009, Iduron) as an internal 

standard. All samples with a creatinine > 2mmol/L were diluted to a creatinine of 2 mmol/L. 

Samples were digested with KerII, ChonB and HepI, Hep II and Hep III and analyzed in 

triplicate, as described previously by De Ru et al [13]. The following disaccharides were 

analyzed and used to calculate GAG concentrations: D0A0, D0S0, D0A6, D2A0, D0S6 and 

D2S0 (HS), D0a4 and D0a10 (DS), g0A6 and G6A6 (KS). 

Recovery of the analytes was determined in each experiment by spiking a control sample 

with heparan, dermatan and keratan sulfate (10 ug/mL each). Intra assay variation 

(coefficient of variation; CV) was determined for each GAG by repeated analysis (n=10) of 

spiked and unspiked control samples and ranged from 9 to 18% for the individual GAGs. 

Inter-day CV was determined by replicate analysis of spiked high and low control samples on 

10 separate days and was between 4-18%. The concentration of each GAG was linear at least 

up to 2 mg/mmol creat, which is twice the concentration observed in the most elevated 

patient samples. 

STATISTICAL ANALYSIS 

Statistical analysis was performed using SPSS Statistics software version 22 (IBM Corp., 

Armonk, NY, USA). Non-parametric ranking statistics (Mann-Whitney-U tests and Wilcoxon-

rank test for unpaired and paired data respectively) were used to analyze the difference in 

GAG levels between groups. 

Reference values were based on concentrations measured in healthy control samples. For 

HS, DS and KS, trends over age were fitted using restricted cubic splines. The upper limits of 

the 95% prediction interval for each one-year interval were considered the upper limit of 

 

normal (ULN). The ULN was calculated for HS, DS and KS separately, as well as the total of 

HS, DS and KS as analyzed by the LC-MS/MS method (Figure 1 and supplementary Table 1).  

For the DMB, cut-off values as used in diagnostic daily practice were used as ULN (Table 3). 

For each measurement, the fold-ULN was calculated as follows: 

Fold-ULN =
Observed GAG level

Age-specific ULN
 

Table 2. Patient, age range and fold-ULN for HS, DS, KS, the cumulative 
levels of HS, DS and KS and DMB per diagnosis. 
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No 
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ML III 1 12.0 1.1 2.4 1.3 1.2 0.8 
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The overall sensitivity and specificity were calculated for the LC-MS/MS assay and the DMB 

method for identification of MPS. The test was considered positive when one of the GAGs 

(LC-MS/MS) or the total GAG level (LC-MS/MS and DMB) was above the ULN. 

A p-value of <0.05 was considered statistically significant. 

 
RESULTS 

GAG CONCENTRATIONS IN MPS PATIENTS 

Urine samples of 100 patients with a confirmed diagnosis of an MPS were analyzed by the 

LC-MS/MS assay and the DMB. The distribution of the patients, the age ranges per diagnosis 

and the median and range of the fold-ULN are presented in Table 2. Individual data points 

are depicted in Figure 2. 

In all MPS I, MPS II, MPS III, MPS IVA, MPS IVB and MPS VI patients, an elevation of GAGs in a 

pattern that was in accordance with the underlying enzyme deficiency (Table 1) was 

detected by the multiplexed LC-MS/MS assay (Fig. 2). In one MPS VII patient the DS 

concentration was only mildly elevated while the HS level was identical to the ULN. In the 

other MPS VII patient in this study an elevation of both HS and DS was detected.  

HS and DS levels were elevated to similar levels in MPS I and MPS II patients (fold-ULN MPS I  

Figure 1. Modeled reference ranges for HS, DS, KS in urine.  

Individual data points of healthy controls are presented for HS, DS and KS as determined by the LC-
MS/MS. Dashed lines indicate the boundaries of the 95% prediction interval. The upper limit of the 
95% prediction interval is considered the upper limit of normal in this study.  

0 20 40 60
0

500

1000

1500

2000

2500

Median

Upper/lower
boundaries
95% PI

HS

Age (years)

HS
 (  

g/
m

m
ol

 cr
ea

t)

0 20 40 60
0

100

200

300

400

500

Median

Upper/lower
boundaries
95% PI

DS

Age (years)

DS
 (  

g/
m

m
ol

 cr
ea

t)

0 20 40 60
0

1000

2000

3000

4000

Median

Upper/lower
boundaries
95% PI

KS

Age (years)

KS
 (  

g/
m

m
ol

 cr
ea

t)

 

vs MPS II HS p=0.11, DS p=0.06). However, the ratio of absolute DS and HS levels differed 

significantly between the two diagnoses (DS:HS MPS I vs MPS II p<0.001). Although no 

absolute separation was observed, a ratio of <1.0 was only observed in MPS II patients (Fig. 

3).  

Within each subtype, elevated levels of GAGs that are not a primary substrate of the 

deficient enzyme (Table 1) were detected in several patients. This secondary accumulation 

was low compared to the concentrations of the primary storage products, with a maximum 

fold-ULN of 4.9 seen in DS levels in one MPS III patient. Therefore, this secondary 

accumulation does not interfere with the discrimination of MPS subtypes based on the 

detected pattern of urinary GAG excretion.  

Of the 100 urine samples analyzed by DMB, 10 sampled hadd urinary GAG levels within the 

normal range. In all these patients elevated GAGs could be detected by the LC-MS/MS 

method (Fig. 4). 

Table 3. Upper limit of normal for DMB per age category. 

Age category 
Upper limit of normal 

(mg/mmol creat) 

0 – 6 months 50 

6 – 24 months 20 

2 – 10 years 15 

10 – 100 years 8 

GAG CONCENTRATIONS IN ML PATIENTS 

Both MLII patients studied had an abnormal GAG profile in urine. One had elevation of HS, 

DS and KS, while in the other only an elevation of DS was detected. In the MLIII patient 

studied mildly elevated levels of all three GAGs were observed. GAGs analyzed by DMB were 

within the normal range in one of the ML II patients and in the ML III patient. 
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The overall sensitivity and specificity were calculated for the LC-MS/MS assay and the DMB 

method for identification of MPS. The test was considered positive when one of the GAGs 

(LC-MS/MS) or the total GAG level (LC-MS/MS and DMB) was above the ULN. 

A p-value of <0.05 was considered statistically significant. 

 
RESULTS 

GAG CONCENTRATIONS IN MPS PATIENTS 

Urine samples of 100 patients with a confirmed diagnosis of an MPS were analyzed by the 

LC-MS/MS assay and the DMB. The distribution of the patients, the age ranges per diagnosis 

and the median and range of the fold-ULN are presented in Table 2. Individual data points 

are depicted in Figure 2. 

In all MPS I, MPS II, MPS III, MPS IVA, MPS IVB and MPS VI patients, an elevation of GAGs in a 

pattern that was in accordance with the underlying enzyme deficiency (Table 1) was 

detected by the multiplexed LC-MS/MS assay (Fig. 2). In one MPS VII patient the DS 

concentration was only mildly elevated while the HS level was identical to the ULN. In the 

other MPS VII patient in this study an elevation of both HS and DS was detected.  

HS and DS levels were elevated to similar levels in MPS I and MPS II patients (fold-ULN MPS I  

Figure 1. Modeled reference ranges for HS, DS, KS in urine.  

Individual data points of healthy controls are presented for HS, DS and KS as determined by the LC-
MS/MS. Dashed lines indicate the boundaries of the 95% prediction interval. The upper limit of the 
95% prediction interval is considered the upper limit of normal in this study.  

0 20 40 60
0

500

1000

1500

2000

2500

Median

Upper/lower
boundaries
95% PI

HS

Age (years)

HS
 (  

g/
m

m
ol

 cr
ea

t)

0 20 40 60
0

100

200

300

400

500

Median

Upper/lower
boundaries
95% PI

DS

Age (years)

DS
 (  

g/
m

m
ol

 cr
ea

t)

0 20 40 60
0

1000

2000

3000

4000

Median

Upper/lower
boundaries
95% PI

KS

Age (years)

KS
 (  

g/
m

m
ol

 cr
ea

t)

 

vs MPS II HS p=0.11, DS p=0.06). However, the ratio of absolute DS and HS levels differed 

significantly between the two diagnoses (DS:HS MPS I vs MPS II p<0.001). Although no 

absolute separation was observed, a ratio of <1.0 was only observed in MPS II patients (Fig. 

3).  

Within each subtype, elevated levels of GAGs that are not a primary substrate of the 

deficient enzyme (Table 1) were detected in several patients. This secondary accumulation 

was low compared to the concentrations of the primary storage products, with a maximum 

fold-ULN of 4.9 seen in DS levels in one MPS III patient. Therefore, this secondary 

accumulation does not interfere with the discrimination of MPS subtypes based on the 

detected pattern of urinary GAG excretion.  

Of the 100 urine samples analyzed by DMB, 10 sampled hadd urinary GAG levels within the 

normal range. In all these patients elevated GAGs could be detected by the LC-MS/MS 

method (Fig. 4). 

Table 3. Upper limit of normal for DMB per age category. 

Age category 
Upper limit of normal 

(mg/mmol creat) 

0 – 6 months 50 

6 – 24 months 20 

2 – 10 years 15 

10 – 100 years 8 

GAG CONCENTRATIONS IN ML PATIENTS 

Both MLII patients studied had an abnormal GAG profile in urine. One had elevation of HS, 

DS and KS, while in the other only an elevation of DS was detected. In the MLIII patient 

studied mildly elevated levels of all three GAGs were observed. GAGs analyzed by DMB were 

within the normal range in one of the ML II patients and in the ML III patient. 
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Figure 2. Concentrations of HS, DS and KS measured by multiplexed LC-
MS/MS in confirmed MPS and ML patients.  

Values represent the fold-ULN.  
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GAG CONCENTRATIONS IN VALIDATION COHORT 

Urine of thirty-nine patients suspected of an IEM, including MPSs, was analyzed by both the 

DMB and the multiplexed LC-MS/MS assay. The median age of these patients was 3.4 years 

(1 day – 62.5 years). Clinical characteristics included mental retardation (N=20), motor 

development delay (N=9), psychiatric symptoms (N=8) and convulsions (N=7), as well as 

dysmorphism, skeletal dysplasia and macrocephaly. In three of these 39 patients, an 

elevation of one or more GAGs was detected by the LC-MS/MS assay (fig 5). Patient 1 had 

elevated HS, but not DS or KS. HS levels were well below the range observed in MPS III 

patients (2.9 fold-ULN versus 17.8-66.9 in MPS III patients). This sample was collected at the 

age of 9 months when the patient was on the ICU during a period of critical illness, including 

a resuscitation on the day of sample collection. The patient was previously diagnosed with a 

22q11 deletion syndrome, complicated by an immunodeficiency and cardiac anomalies. In 

the urine sample of patient 2 elevated HS was detected as well, again well outside the range 

observed in MPS III patients (1.03 fold-ULN). This patient was a 5 days old neonate with  

Figure 3. Ratio of the concentrations of DS and HS in MPS I and MPS II 
patients.  

In all MPS I patients a relatively high DS concentration (ratio >1) was observed, opposed to relatively 
higher HS levels (ratio <1) in MPS II patients.  
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Values represent the fold-ULN.  
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age of 9 months when the patient was on the ICU during a period of critical illness, including 

a resuscitation on the day of sample collection. The patient was previously diagnosed with a 

22q11 deletion syndrome, complicated by an immunodeficiency and cardiac anomalies. In 

the urine sample of patient 2 elevated HS was detected as well, again well outside the range 

observed in MPS III patients (1.03 fold-ULN). This patient was a 5 days old neonate with  
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cardiopulmonary insufficiency of unknown origin. He died one day after sample collection 

due to multi-organ failure. A causative diagnosis could not be made. In patient 3 marginally 

elevated HS (fold-ULN 1.02) and DS levels (fold-ULN 1.13) were observed at the age of 2 

months. These GAG concentrations did not resemble the levels observed in any of the 

MPS/ML patients. This patient was a preterm infant in whom the post-natal period was 

complicated by necrotizing enterocolitis, unexplained cholestasis and a patent ductus 

arteriosus (PDA). By the age of six months the PDA and cholestasis were resolved. Based on 

the clinical characteristics, these patients are considered highly unlikely to have an MPS or 

ML, and are therefore considered false-positive. DMB GAG levels were within the normal 

range in 38 patients (fig 5). In one patient (patient 1) GAG levels were elevated. 

Electrophoresis was performed as part of the standard work up and the observed GAG 

pattern was normal. 

OVERALL TEST PERFORMANCE 

GAGs were found to be elevated in all 100 MPS patients when analyzed by the LC-MS/MS 

assay. The true positive rate, or sensitivity, of the LC-MS/MS assay is therefore considered 

100%. As 3 out of 39 patients suspected of an IEM had levels of >1 fold-ULN (false-positive), 

specificity of this test is calculated as 36/39=92%.  

For the DMB assay, 10 out of the 100 MPS patients (1 MPS III, 3 MPS IVA, 3 MPS IVB, 1 MPS 

VI, 2 MPS VII,) had a value within the normal range. Sensitivity in this cohort was therefore 

90/100=90%. For the cohort of patients suspected of an IEM one individual tested false-

positive (patient 1) and a specificity of 38/39 = 97% was calculated. 

No test performance was calculated for the ML patients due to the small sample size. 

Positive and negative predictive values could not be calculated, as the total of tested 

patients does not reflect the true incidence of MPS/ML in the population. 

 
DISCUSSION 

We show that the multiplexed LC-MS/MS assay reported here has excellent test 

characteristics for application as a first diagnostic test for all MPS subtypes. In a direct  

 

 

Figure 4. Concentrations of HS, DS and KS measured by multiplexed LC-
MS/MS in confirmed MPS and ML patients with a DMB test within the 
normal range.  

Values represent the fold-ULN.  
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range in 38 patients (fig 5). In one patient (patient 1) GAG levels were elevated. 

Electrophoresis was performed as part of the standard work up and the observed GAG 

pattern was normal. 
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assay. The true positive rate, or sensitivity, of the LC-MS/MS assay is therefore considered 

100%. As 3 out of 39 patients suspected of an IEM had levels of >1 fold-ULN (false-positive), 

specificity of this test is calculated as 36/39=92%.  

For the DMB assay, 10 out of the 100 MPS patients (1 MPS III, 3 MPS IVA, 3 MPS IVB, 1 MPS 

VI, 2 MPS VII,) had a value within the normal range. Sensitivity in this cohort was therefore 

90/100=90%. For the cohort of patients suspected of an IEM one individual tested false-

positive (patient 1) and a specificity of 38/39 = 97% was calculated. 

No test performance was calculated for the ML patients due to the small sample size. 

Positive and negative predictive values could not be calculated, as the total of tested 

patients does not reflect the true incidence of MPS/ML in the population. 

 
DISCUSSION 

We show that the multiplexed LC-MS/MS assay reported here has excellent test 

characteristics for application as a first diagnostic test for all MPS subtypes. In a direct  
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comparison with the currently widely used DMB test, the multiplexed LC-MS/MS method 

provides an important improvement in sensitivity (100% for the LC-MS/MS test vs 90% for 

the DMB). 

Previous studies reported on the risk for false-negative DMB results in patients with MPS IVA 

[5]. Indeed, 3 out of the 10 MPS IVA patients in our study had a normal DMB value. 

Moreover, all three patients with MPS IVB had DMB levels within the normal range.  

While false-negative results are reported for MPS III patients for other dye binding assays, 

such as the Alcian blue based assay and the berry spot test [15,16], to our knowledge no 

false-negative DMB results have been reported in these patients. Our study reveals one MPS 

III patient with a normal DMB but a significantly increased HS level in urine. This patient has 

a very mild MPS IIIB phenotype with an IQ of 68 at the time of collection of the urine sample 

(at the age of 27 years). The diagnosis of attenuated MPS III is often complex, as initial 

presenting symptoms may be unspecific and somatic manifestations might be absent [17].  

 

Figure 5. Concentrations of HS, DS, KS measured by multiplexed LC-
MS/MS and total urinary GAGs by DMB in patients suspected of an IEM.  

Urine samples of 39 patients with a suspected IEM and MPS in the differential diagnosis are included. 

Values represent fold-ULN. Patients that are considered false-positive are indicated by 1, 2 and 3. 
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False-negative biochemical test-results in these patients may lead to a delayed diagnosis and 

missed opportunities for initiation of emerging treatments. 

We are not aware of any reports on patients with MPS VI with normal GAG excretion by 

DMB. However, 1 of the 17 patients with MPS VI in this study had a normal DMB test.  

In current practice, quantification of GAGs by DMB is often followed by a time-consuming 

and semi-quantitative analysis of the GAG pattern by electrophoresis or thin layer 

chromatography. The LC-MS/MS assay, however, makes this second step redundant. Based 

on the observed pattern of GAG excretion, a direct identification of the MPS subtypes 

MPSIII, IV and VI is feasible. As expected, patients with MPS I and MPS II displayed a similar 

pattern of both HS and DS excretion and were indistinguishable based on the observed fold-

ULN for these GAGs. However, the ratio of DS:HS was significantly different between MPS I 

and II, and similar observations can be extrapolated from data from other studies [7–9]. The 

relatively lower DS storage in MPS II might be due to the fact that iduronate-2-sulfatase (I2S) 

is only involved in the degradation of 2-sulfated iduronic acid. Although highly variable, the 

sulfated fraction of iduronic acid in DS is in general lower than in HS [18]. Consequently, in 

MPS II, DS degradation will be affected relatively less than HS degradation. In MPS I, 

however, α-L-iduronidase deficiency affects the degradation of all iduronic residues, rather 

than only the sulfated fraction, which may explain the different DS:HS ratio when compared 

to MPS II.  

For MPS VII, an elevation of both HS and DS is expected, as β-glucuronidase is involved in the 

degradation of both GAGs. This was indeed observed in the urine of one of the two studied 

patients, while in the urine of the other patient an elevated DS was found but a HS 

concentration identical to the ULN. Relatively low levels of HS in MP VII have been reported 

previously [19]. Furthermore, both patients had DMB levels in the normal range.  

Although GAG storage is observed in ML patients [20], DMB is often negative. This was 

confirmed in the three patients included in this study, as two had DMB levels within the 

normal range. However, all three ML II and ML III patients were identified by the LC-MS/MS 

assay. The fold-ULN in these patients was not as discriminatory as in MPS patients and 

further validation will be needed to establish the diagnostic value of the LC-MS/MS assay in 

mucolipidosis. However, our results underpin its potential as diagnostic tool for MPS related 



69

A multiplex assay for the diagnosis of MPSs

Ch
ap

te
r 

3

 
 

comparison with the currently widely used DMB test, the multiplexed LC-MS/MS method 

provides an important improvement in sensitivity (100% for the LC-MS/MS test vs 90% for 

the DMB). 

Previous studies reported on the risk for false-negative DMB results in patients with MPS IVA 

[5]. Indeed, 3 out of the 10 MPS IVA patients in our study had a normal DMB value. 

Moreover, all three patients with MPS IVB had DMB levels within the normal range.  

While false-negative results are reported for MPS III patients for other dye binding assays, 

such as the Alcian blue based assay and the berry spot test [15,16], to our knowledge no 

false-negative DMB results have been reported in these patients. Our study reveals one MPS 

III patient with a normal DMB but a significantly increased HS level in urine. This patient has 

a very mild MPS IIIB phenotype with an IQ of 68 at the time of collection of the urine sample 

(at the age of 27 years). The diagnosis of attenuated MPS III is often complex, as initial 

presenting symptoms may be unspecific and somatic manifestations might be absent [17].  

 

Figure 5. Concentrations of HS, DS, KS measured by multiplexed LC-
MS/MS and total urinary GAGs by DMB in patients suspected of an IEM.  

Urine samples of 39 patients with a suspected IEM and MPS in the differential diagnosis are included. 

Values represent fold-ULN. Patients that are considered false-positive are indicated by 1, 2 and 3. 

HS DS KS
DMBu

0.1

1
1

10

100

1000

 Normal
range

HS
DS
KS
DMBu

1

1
1

2
2 2

3 3
3

1Fo
ld

 u
pp

er
 le

ve
l o

f n
or

m
al

 

False-negative biochemical test-results in these patients may lead to a delayed diagnosis and 

missed opportunities for initiation of emerging treatments. 

We are not aware of any reports on patients with MPS VI with normal GAG excretion by 

DMB. However, 1 of the 17 patients with MPS VI in this study had a normal DMB test.  

In current practice, quantification of GAGs by DMB is often followed by a time-consuming 

and semi-quantitative analysis of the GAG pattern by electrophoresis or thin layer 

chromatography. The LC-MS/MS assay, however, makes this second step redundant. Based 

on the observed pattern of GAG excretion, a direct identification of the MPS subtypes 

MPSIII, IV and VI is feasible. As expected, patients with MPS I and MPS II displayed a similar 

pattern of both HS and DS excretion and were indistinguishable based on the observed fold-

ULN for these GAGs. However, the ratio of DS:HS was significantly different between MPS I 

and II, and similar observations can be extrapolated from data from other studies [7–9]. The 

relatively lower DS storage in MPS II might be due to the fact that iduronate-2-sulfatase (I2S) 

is only involved in the degradation of 2-sulfated iduronic acid. Although highly variable, the 

sulfated fraction of iduronic acid in DS is in general lower than in HS [18]. Consequently, in 

MPS II, DS degradation will be affected relatively less than HS degradation. In MPS I, 

however, α-L-iduronidase deficiency affects the degradation of all iduronic residues, rather 

than only the sulfated fraction, which may explain the different DS:HS ratio when compared 

to MPS II.  

For MPS VII, an elevation of both HS and DS is expected, as β-glucuronidase is involved in the 

degradation of both GAGs. This was indeed observed in the urine of one of the two studied 

patients, while in the urine of the other patient an elevated DS was found but a HS 

concentration identical to the ULN. Relatively low levels of HS in MP VII have been reported 

previously [19]. Furthermore, both patients had DMB levels in the normal range.  

Although GAG storage is observed in ML patients [20], DMB is often negative. This was 

confirmed in the three patients included in this study, as two had DMB levels within the 

normal range. However, all three ML II and ML III patients were identified by the LC-MS/MS 

assay. The fold-ULN in these patients was not as discriminatory as in MPS patients and 

further validation will be needed to establish the diagnostic value of the LC-MS/MS assay in 

mucolipidosis. However, our results underpin its potential as diagnostic tool for MPS related 
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disorders that currently lack a practical diagnostic assay, which might also include multiple 

sulfatase deficiency and Sandhoff disease in addition to the mucolipidosis.  

Our study has several limitations. First, the samples used for this study do not represent the 

distribution of MPS in the Dutch population [21], and the relative over-representation of 

MPS IVA and IVB patients may have led to the relatively low sensitivity observed for the 

DMB assay in this cohort. Second although sample selection was primarily based on 

availability of the material, a potential selection bias exists, where urine of MPS patients 

with borderline or normal DMB values in the primary diagnostic assay is more likely to be 

stored for future analysis by novel methods. This was indeed confirmed for two samples of 

patients with MPS VI in this study. Finally, only a small number of patients with MPS related 

disorders is included. The full diagnostic potential of the LC-MS/MS assay for these patients 

can therefore not be assessed.  

In a number of patients, elevation of GAGs that are not a primary substrate of the deficient 

enzyme was detected. This phenomenon is known as secondary storage, and has previously 

been observed in MPS patients [22–24]. The secondary storage did, however, not interfere 

with the diagnostic potential of the assay.  

This study focuses on the validation of the LC-MS/MS assay as a diagnostic test. In previous 

studies we showed that LC-MS/MS analysis of HS and DS in plasma and urine can be used for 

the evaluation of biochemical efficacy of enzyme replacement therapy in MPS I patients, also 

with characteristics superior to the use of DMB [13,25]. The multiplexed assay also includes 

KS analysis, and may therefore be applied in future studies as a sensitive tool for monitoring 

biochemical response to treatment in patients with various MPSs.  

Three patients suspected of an IEM had an elevation of at least one GAG in the LC-MS/MS 

assay and these samples were collected during periods of critical illness. An increase in GAGs 

during an intercurrent illness in MPS patients has been observed by our group (unpublished 

data) and elevated GAG levels are also described in non-MPS diseases, such as rheumathoid 

arthritis (RA) and septic shock [26,27]. With the ULN based on the 95% prediction interval, a 

false-positive rate of 2.5% can be expected (type I error), but we show here that testing 

critically ill patients might lead to more false-positive results. Further studies will assess 

 

whether the ULN for the LC-MS/MS assay reported here can be optimized in order to 

increase the specificity for the diagnosis of MPSs and related disorders. 

In summary, we provide evaluation of diagnostic accuracy of a straightforward assay that 

can be used for the diagnosis of the complete spectrum of MPS disorders and has the 

potential to identify patients with mucolipidosis II and III as well. The most prominent 

advantages of this multiplexed LC-MS/MS method are the superior sensitivity compared to 

the conventional DMB method, and the use of KS for the identification of MPS IVA and MPS 

IVB patients. In addition, the observed pattern of GAG elevation can accurately identify MPS 

subtypes, so there is no need for additional electrophoresis. 
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can be used for the diagnosis of the complete spectrum of MPS disorders and has the 
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Supplementary table 1. Upper limit of normal references for heparan 
sulfate, dermatan sulfate, keratan sulfate and total HS, DS and KS in 
urine measured by multiplexed LC-MS/MS. 

Age (years) 

Upper limit of normal (ULN)  

Heparan sulfate 
(μg/mmol creat) 

Dermatan sulfate 
(μg/mmol creat) 

Keratan sulfate 
(μg/mmol creat) 

Total HS, DS & KS 
(μg/mmol creat)  

0 2138 389 3707 6971 

1 1693 303 3093 5607 

2 1356 239 2600 4554 

3 1103 192 2201 3744 

4 914 156 1874 3117 

5 773 131 1601 2630 

6 670 112 1369 2248 

7 592 98 1170 1943 

8 533 88 1001 1695 

9 488 80 858 1492 

10 452 74 737 1325 

11 425 69 635 1187 

12 403 65 551 1071 

13 386 62 481 975 

14 372 60 423 894 

15 360 58 376 825 

16 350 56 336 766 

 

Age (years) 

Upper limit of normal (ULN) 

Heparan sulfate 
(μg/mmol creat) 

Dermatan sulfate 
(μg/mmol creat) 

Keratan sulfate 
(μg/mmol creat) 

Total HS, DS & KS 
(μg/mmol creat)  

17 341 54 304 715 

18 333 53 277 671 

19 326 51 254 632 

20 319 50 235 599 

21 313 49 218 570 

22 308 48 204 544 

23 303 467 193 522 

24 299 46 183 502 

25 295 45 174 485 

26 292 44 167 470 

27 289 43 161 457 

28 286 43 156 445 

29 283 42 151 435 

30 281 41 148 427 

31 279 41 145 420 

32 278 40 143 414 

33 276 40 142 409 

34 275 39 141 405 

35 274 39 141 402 

36 274 39 141 400 
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Supplementary table 1. Upper limit of normal references for heparan 
sulfate, dermatan sulfate, keratan sulfate and total HS, DS and KS in 
urine measured by multiplexed LC-MS/MS. 
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Age (years) 

Upper limit of normal (ULN) 

Heparan sulfate 
(μg/mmol creat) 

Dermatan sulfate 
(μg/mmol creat) 

Keratan sulfate 
(μg/mmol creat) 

Total HS, DS & KS 
(μg/mmol creat)  

17 341 54 304 715 

18 333 53 277 671 

19 326 51 254 632 

20 319 50 235 599 

21 313 49 218 570 

22 308 48 204 544 

23 303 467 193 522 
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25 295 45 174 485 
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33 276 40 142 409 

34 275 39 141 405 
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36 274 39 141 400 
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Age (years) 

Upper limit of normal (ULN) 

Heparan sulfate 
(μg/mmol creat) 

Dermatan sulfate 
(μg/mmol creat) 

Keratan sulfate 
(μg/mmol creat) 

Total HS, DS & KS 
(μg/mmol creat)  

37 273 38 142 399 

38 273 38 143 399 

39 274 38 145 399 

40 274 37 148 401 

41 275 37 151 403 

42 276 37 154 405 

43 277 37 158 409 

44 278 37 163 413 

45 280 37 168 418 

46 282 36 173 423 

47 284 36 179 429 

48 286 36 186 436 

49 289 36 193 442 

50 291 36 201 450 

50+ 294 36 209 458 
ULN was based on the upper limit of the 95% prediction interval of a smooth curve, fitted on the data 

of 61 healthy controls.
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Age (years) 

Upper limit of normal (ULN) 

Heparan sulfate 
(μg/mmol creat) 

Dermatan sulfate 
(μg/mmol creat) 

Keratan sulfate 
(μg/mmol creat) 

Total HS, DS & KS 
(μg/mmol creat)  

37 273 38 142 399 

38 273 38 143 399 

39 274 38 145 399 

40 274 37 148 401 

41 275 37 151 403 

42 276 37 154 405 

43 277 37 158 409 

44 278 37 163 413 

45 280 37 168 418 

46 282 36 173 423 

47 284 36 179 429 

48 286 36 186 436 

49 289 36 193 442 

50 291 36 201 450 

50+ 294 36 209 458 
ULN was based on the upper limit of the 95% prediction interval of a smooth curve, fitted on the data 

of 61 healthy controls.
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Abstract 

Background: Antibody formation can interfere with effects of enzyme replacement therapy 

(ERT) in lysosomal storage diseases. Biomarkers are used as surrogate marker for disease 

burden in MPS I, but large systematic studies evaluating the response of biomarkers to ERT 

are lacking. We, for the first time, investigated the response of a large panel of biomarkers 

to long term ERT in MPS I patients and correlate these responses with antibody formation 

and antibody mediated cellular uptake inhibition. 

Methods: A total of 428 blood and urine samples were collected during long-term ERT in 24 

MPS I patients and an extensive set of biomarkers was analyzed, including heparan sulfate 

(HS) and dermatan sulfate (DS) derived disaccharides; total urinary GAGs (DMBu); urinary 

DS:CS ratio and serum heparin co-factor II thrombin levels (HCII-T). IgG antibody titers and 

the effect of antibodies on cellular uptake of the enzyme were determined for 23 patients.  

Results: Median follow up was 2.3 yrs. In blood, HS reached normal levels more frequently 

than DS (50% vs 12.5%, p=0.001), though normalization could take several years. DMBu 

normalized more rapidly than disaccharide levels in urine (p = 0.02). Nineteen patients (83%) 

developed high antibody titers. Significant antibody-mediated inhibition of enzyme uptake 

was observed in 8 patients (35%), and this correlated strongly with a poorer biomarker 

response for HS and DS in blood and urine as well as for DMBu, DS:CS-ratio and HCII-T (all p 

< 0.006). 

Conclusions: This study shows that, despite a response of all studied biomarkers to initiation 

of ERT, some biomarkers were less responsive than others, suggesting residual disease 

activity. In addition, the correlation of cellular uptake inhibitory antibodies with a decreased 

biomarker response demonstrates a functional role of these antibodies which may have 

important clinical consequences.  

  

 
 

INTRODUCTION 

Mucopolysaccharidosis type I (MPS I, OMIM 252800) is a progressive lysosomal storage 

disease in which insufficient activity of the lysosomal hydrolase alpha-L-iduronidase (IDUA, 

EC 3.2.1.76) leads to accumulation of the glycosaminoglycans (GAGs) heparan sulfate (HS) 

and dermatan sulfate (DS) in virtually all tissues. MPS I is a heterogeneous disease 

encompassing a variety of progressive clinical signs and symptoms, including skeletal 

abnormalities, hepatosplenomegaly, cardiopulmonary disease and sleep apnea and, at the 

severe end of the phenotypic spectrum, central nervous system disease. Patients are 

commonly classified into three categories representing the spectrum of disease severity, 

ranging from the severe Hurler syndrome to the attenuated Scheie syndrome with the 

Hurler-Scheie syndrome representing the intermediate phenotype [1].  

 

Intravenous enzyme replacement therapy (ERT) with the recombinant enzyme laronidase 

(Aldurazyme) is the treatment of choice for patients with more attenuated disease [2]. 

Weekly ERT ameliorates several of the symptoms in MPS I, including restricted mobility, 

poor endurance and decreased quality of life [3,4]. However,  skeletal and cardiac valve 

disease are generally poorly responsive to ERT  [3–7]. Almost all patients initially show a 

significant clinical response to introduction of ERT, with increased forced vital capacity and 

improvement of endurance as measured by a 6-minute walk test, generally followed by a 

plateau phase [3,4,8]. Some patients, however, show a significantly less favorable response 

with only moderate initial improvement or with a gradual loss of treatment efficacy after the 

plateau phase [3,6,9,10]. 

 

Antibody formation against the infused enzyme is commonly reported in MPS I [3,4,11,12]. 

Correlation of antibody formation and unfavorable clinical and histopathological outcomes 

were demonstrated in animal studies [13,14], but the effect in patients remains unclear. 

Cross sectional data from two prospective open-label studies showed that sustained 

antibody response may be related to poorer biomarker response [3,11]. Further functional 

characterization of antibodies against laronidase showed that they may either inhibit 

catalytic activity of the enzyme, inhibit uptake in fibroblasts or both [15].   
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developed high antibody titers. Significant antibody-mediated inhibition of enzyme uptake 

was observed in 8 patients (35%), and this correlated strongly with a poorer biomarker 

response for HS and DS in blood and urine as well as for DMBu, DS:CS-ratio and HCII-T (all p 

< 0.006). 

Conclusions: This study shows that, despite a response of all studied biomarkers to initiation 

of ERT, some biomarkers were less responsive than others, suggesting residual disease 

activity. In addition, the correlation of cellular uptake inhibitory antibodies with a decreased 

biomarker response demonstrates a functional role of these antibodies which may have 

important clinical consequences.  
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disease in which insufficient activity of the lysosomal hydrolase alpha-L-iduronidase (IDUA, 

EC 3.2.1.76) leads to accumulation of the glycosaminoglycans (GAGs) heparan sulfate (HS) 
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commonly classified into three categories representing the spectrum of disease severity, 

ranging from the severe Hurler syndrome to the attenuated Scheie syndrome with the 

Hurler-Scheie syndrome representing the intermediate phenotype [1].  

 

Intravenous enzyme replacement therapy (ERT) with the recombinant enzyme laronidase 

(Aldurazyme) is the treatment of choice for patients with more attenuated disease [2]. 

Weekly ERT ameliorates several of the symptoms in MPS I, including restricted mobility, 

poor endurance and decreased quality of life [3,4]. However,  skeletal and cardiac valve 

disease are generally poorly responsive to ERT  [3–7]. Almost all patients initially show a 

significant clinical response to introduction of ERT, with increased forced vital capacity and 

improvement of endurance as measured by a 6-minute walk test, generally followed by a 

plateau phase [3,4,8]. Some patients, however, show a significantly less favorable response 

with only moderate initial improvement or with a gradual loss of treatment efficacy after the 

plateau phase [3,6,9,10]. 

 

Antibody formation against the infused enzyme is commonly reported in MPS I [3,4,11,12]. 
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A potential negative effect of antibodies on clinical signs and symptoms is difficult to 

ascertain, given the variability in clinical disease, burden of irreversible disease and timing of 

treatment. Several biomarkers, potentially reflecting disease severity and/or efficacy of 

treatment, have therefore been examined. The total concentration of GAGs in urine, 

measured by the dimethylmethylene blue based spectrophotometric method (DMBu), is 

used as biomarker in the pivotal trials on efficacy of ERT in MPS I, as well as in the phase IV 

extension study and the study on safety and tolerability in patients aged < 5 years 

[4,8,11,16]. Other potential biomarkers include GAG-derived oligosaccharides [17] , GAG-

derived disaccharides [18,19], non-reducing ends of GAGs [20], the ratio of DS over 

chondroitin sulfate in urine (DS/CS-ratio) [21] and heparan cofactor II-thrombin complex 

(HCII-T) [22], which is a more indirect marker of mainly DS storage [23]. 

Robust surrogate biomarkers are essential for treatment optimization and appraisal of the 

role of antibody formation. However, there are only a few studies reporting on the effect of 

ERT on biomarkers other than DMBu over an extended period of time [19,24–26].  

In this study, we evaluate the time course of several biomarkers in a relatively large cohort 

of MPS I patients and describe the effects of antibodies against laronidase on biochemical 

efficacy of long term ERT. 

 
METHODS 

PATIENTS 

All patients with an enzymatically confirmed diagnosis of MPS I and under the care of the 

Royal Manchester Children’s Hospital in Manchester, UK, or the Academic Medical Centre in 

Amsterdam, the Netherlands, were considered for inclusion. Only patients who were 

treatment naïve and who received ERT for at least 2 months at the labelled dose of 0.58 

mg/kg/week were included. 

SAMPLES 

Samples were collected within the scope of care and stored following the institute’s ethical 

guidelines. UK patient samples were collected with informed consent under ethics 

 
 

08H101063. Serum and EDTA plasma samples and the majority of the urine samples were 

collected just prior to weekly enzyme infusions. Aliquots were stored at -80° Celsius until 

analysis.  

We measured biomarkers values in baseline samples from before initiation of ERT and in all 

available samples from the first year on ERT. After 12 months of treatment, samples 

collected at an interval of approximately 3 months were used. Antibody titres were analysed 

in all available samples from the first 3 months on ERT and at an interval of approximately 3 

months for subsequent samples. Uptake inhibition was analysed in two to five samples per 

patient, depending on follow up duration.  

BIOMARKERS 

Total GAG levels in urine were measured by the DMB-binding assay, as first described by De 

Jong et al [16]. 

Levels of HS and DS derived disaccharides were determined in EDTA plasma or serum and in 

urine, as described previously [19]. To correct for any heparin contamination from samples 

drawn from central venous catheters, the level of endogenous non-sulfated D0A0 

disaccharide (nomenclature as described by Lawrence et al [27]) was calculated as described 

in De Ru et al [19] and -after analysis of correlation with total heparan sulfate derived 

disaccharides- used to represent heparan sulfate. For dermatan sulfate, the most abundant 

disaccharide D0a4 as obtained after digestion with chondroitinase B was used. Total HS and 

DS (HSDS) consisted of cumulative levels of D0A0 and D0a4. 

 

DS/CS ratio was determined in urine by two-dimensional electrophoresis [21] and/or LC-

MS/MS [19]. A subset of samples was analysed by both methods. Chondroitinase ABC1 from 

Proteus vulgaris was expressed in E. coli (BL21 AI, Invitrogen) as a His-tagged fusion proteins 

and purified as described for Chondroitinase B in De Ru et al [19]. The plasmid containing 

Chondroitinase ABC1 was a generous gift from prof. Cygler, university of Saskatchewan. 

Before each experiment, the activity of the enzyme was tested spectrophotometrically using 

DS as substrate as described before [19].  Urine CS was enzymatically digested into 

disaccharides with 100 mIU Chondroitinase ABC1 and quantified  as previously described for 

HS and DS [19]. The transition m/z 458>97 was used for D0a6. All samples were digested and 
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collected just prior to weekly enzyme infusions. Aliquots were stored at -80° Celsius until 
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collected at an interval of approximately 3 months were used. Antibody titres were analysed 
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months for subsequent samples. Uptake inhibition was analysed in two to five samples per 

patient, depending on follow up duration.  

BIOMARKERS 

Total GAG levels in urine were measured by the DMB-binding assay, as first described by De 
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Levels of HS and DS derived disaccharides were determined in EDTA plasma or serum and in 

urine, as described previously [19]. To correct for any heparin contamination from samples 

drawn from central venous catheters, the level of endogenous non-sulfated D0A0 

disaccharide (nomenclature as described by Lawrence et al [27]) was calculated as described 

in De Ru et al [19] and -after analysis of correlation with total heparan sulfate derived 

disaccharides- used to represent heparan sulfate. For dermatan sulfate, the most abundant 

disaccharide D0a4 as obtained after digestion with chondroitinase B was used. Total HS and 

DS (HSDS) consisted of cumulative levels of D0A0 and D0a4. 

 

DS/CS ratio was determined in urine by two-dimensional electrophoresis [21] and/or LC-

MS/MS [19]. A subset of samples was analysed by both methods. Chondroitinase ABC1 from 

Proteus vulgaris was expressed in E. coli (BL21 AI, Invitrogen) as a His-tagged fusion proteins 

and purified as described for Chondroitinase B in De Ru et al [19]. The plasmid containing 

Chondroitinase ABC1 was a generous gift from prof. Cygler, university of Saskatchewan. 

Before each experiment, the activity of the enzyme was tested spectrophotometrically using 

DS as substrate as described before [19].  Urine CS was enzymatically digested into 

disaccharides with 100 mIU Chondroitinase ABC1 and quantified  as previously described for 

HS and DS [19]. The transition m/z 458>97 was used for D0a6. All samples were digested and 
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analysed in triplicate and the mean was calculated. The concentration of D0a6 was 

calculated using a calibration curve of this disaccharide with 4UA-2S-GlcNCOEt-6S (HD009, 

Iduron) as an internal standard.  

Chondroitinase ABC1 digests both CS and DS whilst Chondroitinase B specifically digests DS. 

D0a6 was only detected after digestion with Chondroitinase ABC1 and was therefore used as 

a unique marker of CS. The DS:CS ratio was subsequently based on D0a4 as derived after 

digestion with Chondroitinase B and D0a6 as derived after digestion with Chondroitinase 

ABC1.  

 

Data was collected on heparin co-factor II thrombin complex levels (HCII-T complex), 

quantified by sandwich ELISA, with an upper limit of normal of 18.8nM [24,25,28].  

ANTIBODIES 

Antibody titres were determined by IgG ELISA and the percentage of antibody mediated 

cellular uptake inhibition in IDUA deficient fibroblasts was assessed as described by Saif et al. 

[15]  with a minor modification using serum from healthy subjects to define a baseline. 

CLINICAL RESPONSE 

The clinical condition was scored for all patients who received ERT for over 12 months. 

Summaries of the patients’ clinical file were made by two members of the clinical teams (EJL 

and JM). These included all available data on cardiac and pulmonary function, 6 minute walk 

test, surgical interventions, growth, infections, cognitive development, obstructive sleep 

apnea and hearing problems. These case reports were presented to the principal clinicians 

(CEMH, SAJ and FAW) who scored the patients’ overall clinical condition during every 

consecutive year on ERT treatment as either stable, improved or worsened as compared to 

the previous year. Clinicians were blinded for the biochemical data at the time of scoring. 

STATISTICAL ANALYSIS 

Thirty-five control plasma samples and 63 control urine samples were used to construct 

reference values for GAG derived disaccharides and DMBu as a function of age. Trends over 

 
 

age were fitted using restricted cubic splines. The upper level of the 95% prediction interval 

was used as upper limit of normal.  

Correlation coefficients were calculated with Spearman’s rho for values that were not 

normally distributed and small data sets. 

For GAG derived disaccharides and DMBu normalization was defined as two consecutive 

samples below the upper limit of the reference range, with none of the consecutive samples 

reaching levels above the reference range. The time to reach normal levels was calculated 

from start of ERT to the interpolated intersection of patient biomarker levels with upper 

limit of normal levels.  Individuals that did not reach normal levels were censored at the 

penultimate measurement. Kaplan-Meier curves were calculated and subgroup differences 

were investigated via log-rank tests in unpaired data. For paired data, we tested for 

differences using a Cox model with the biomarker as only covariable. We used a random 

effect to correct for the fact that the both marker values were from the same individual. The 

coxme package in R was used. 

For the analysis of the relation between antibodies with biomarkers several analyses were 

performed. Dichotomous data was analysed by chi-square or Fisher’s exact test. The 

association between time-updated antibody titres and the cumulative area under the curve 

for antibody titres and normalization of biomarkers were analysed by Cox regression 

analysis.  

To describe the longitudinal changes in GAG derived disaccharides and DMBu over time, the 

biomarker levels were corrected for the age-dependent reference value, by subtraction of 

the upper limit of the 95% prediction interval. We plotted individual trajectories and fitted 

average trends using mixed effects models. We allowed for smoothly varying average trends 

over time since start ERT via restricted cubic splines. We allowed for inter-individual 

variation via random intercepts and slopes. This was done simultaneously for HS and DS in 

blood for the three phenotypes and for all biomarkers separately for patients with or 

without antibody uptake inhibition. 68% uptake inhibition was identified as the lower limit of 

inhibition as this correlated with clinical outcomes (Pal, in submission). For each outcome we 

first tested for difference in trends. If the interaction was not significant, we also tested for 

difference in average level. For the analyses IBM SPSS statistics version 20.0 and R version 

3.0.2 were used.  
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analysed in triplicate and the mean was calculated. The concentration of D0a6 was 

calculated using a calibration curve of this disaccharide with 4UA-2S-GlcNCOEt-6S (HD009, 

Iduron) as an internal standard.  

Chondroitinase ABC1 digests both CS and DS whilst Chondroitinase B specifically digests DS. 

D0a6 was only detected after digestion with Chondroitinase ABC1 and was therefore used as 

a unique marker of CS. The DS:CS ratio was subsequently based on D0a4 as derived after 

digestion with Chondroitinase B and D0a6 as derived after digestion with Chondroitinase 

ABC1.  

 

Data was collected on heparin co-factor II thrombin complex levels (HCII-T complex), 

quantified by sandwich ELISA, with an upper limit of normal of 18.8nM [24,25,28].  

ANTIBODIES 

Antibody titres were determined by IgG ELISA and the percentage of antibody mediated 

cellular uptake inhibition in IDUA deficient fibroblasts was assessed as described by Saif et al. 

[15]  with a minor modification using serum from healthy subjects to define a baseline. 

CLINICAL RESPONSE 

The clinical condition was scored for all patients who received ERT for over 12 months. 

Summaries of the patients’ clinical file were made by two members of the clinical teams (EJL 

and JM). These included all available data on cardiac and pulmonary function, 6 minute walk 

test, surgical interventions, growth, infections, cognitive development, obstructive sleep 

apnea and hearing problems. These case reports were presented to the principal clinicians 

(CEMH, SAJ and FAW) who scored the patients’ overall clinical condition during every 

consecutive year on ERT treatment as either stable, improved or worsened as compared to 

the previous year. Clinicians were blinded for the biochemical data at the time of scoring. 

STATISTICAL ANALYSIS 

Thirty-five control plasma samples and 63 control urine samples were used to construct 

reference values for GAG derived disaccharides and DMBu as a function of age. Trends over 

 
 

age were fitted using restricted cubic splines. The upper level of the 95% prediction interval 

was used as upper limit of normal.  

Correlation coefficients were calculated with Spearman’s rho for values that were not 

normally distributed and small data sets. 

For GAG derived disaccharides and DMBu normalization was defined as two consecutive 

samples below the upper limit of the reference range, with none of the consecutive samples 

reaching levels above the reference range. The time to reach normal levels was calculated 

from start of ERT to the interpolated intersection of patient biomarker levels with upper 

limit of normal levels.  Individuals that did not reach normal levels were censored at the 

penultimate measurement. Kaplan-Meier curves were calculated and subgroup differences 

were investigated via log-rank tests in unpaired data. For paired data, we tested for 

differences using a Cox model with the biomarker as only covariable. We used a random 

effect to correct for the fact that the both marker values were from the same individual. The 

coxme package in R was used. 

For the analysis of the relation between antibodies with biomarkers several analyses were 

performed. Dichotomous data was analysed by chi-square or Fisher’s exact test. The 

association between time-updated antibody titres and the cumulative area under the curve 

for antibody titres and normalization of biomarkers were analysed by Cox regression 

analysis.  

To describe the longitudinal changes in GAG derived disaccharides and DMBu over time, the 

biomarker levels were corrected for the age-dependent reference value, by subtraction of 

the upper limit of the 95% prediction interval. We plotted individual trajectories and fitted 

average trends using mixed effects models. We allowed for smoothly varying average trends 

over time since start ERT via restricted cubic splines. We allowed for inter-individual 

variation via random intercepts and slopes. This was done simultaneously for HS and DS in 

blood for the three phenotypes and for all biomarkers separately for patients with or 

without antibody uptake inhibition. 68% uptake inhibition was identified as the lower limit of 

inhibition as this correlated with clinical outcomes (Pal, in submission). For each outcome we 

first tested for difference in trends. If the interaction was not significant, we also tested for 

difference in average level. For the analyses IBM SPSS statistics version 20.0 and R version 

3.0.2 were used.  

 



88

Ch
ap

te
r 

4
 
 

RESULTS 

COHORT 

Twenty-five patients fulfilled the inclusion criteria. Twenty-four were included in this study 

(table 1) and one patient was excluded because ERT was initiated 6 years after a previous 

successful HSCT. The median duration of follow up during ERT was 27 months (range: 2 - 92 

months).  

Table 1. Patients and follow-up duration. 

 Hurler Hurler-Scheie Scheie Total 

No of patients 
 

12 6 6 24 

Median age at start ERT 

1.2 years (1 
month – 10 
years) 
 

4.0 years (1 
month – 4.5 
years) 

21 years (9 – 35 
years) 

4.1 years (1 
month – 35 
years) 

Median duration of 
follow-up 

4 months (2 – 
87 months) 

35 months (4 – 
56 months) 

84 months (33 – 
92 months) 

27 months (2 – 
92 months) 

 
No. of patients 
receiving ERT > 1 year 

 
4 

 
4 

 
6 

 
14 

 

GAG DERIVED DISACCHARIDES 

D0A0 levels in samples drawn from clear venepuncture and in urine highly correlated with 

total heparan sulfate disaccharide levels (fig. 1A+B) and D0a4 correlated highly with total 

dermatan sulfate disaccharide levels (fig 1C+D). 

Heparan sulfate and dermatan sulfate derived disaccharide levels were analysed in 251 EDTA 

plasma and 53 serum samples of 24 patients and in 124 urine samples of 15 patients. All 

patients showed a rapid decline in HS and DS levels after the initiation of therapy in both 

blood and urine (fig 2A-D). After this initial decline, levels slowly decreased further in most 

patients. In 12 out of the 24 patients levels of HS in blood reached normal values with a 

median time to normalization of 22 months on ERT. For DS in blood this was 3/24, at a 

 
 

median of 5 years and 3 months on treatment (HS vs. DS p < 0.001, fig 3). None of the 

patients reached control levels in urine for HS, DS or total HSDS disaccharide levels (total 

HSDS disaccharides urine vs. blood: p = 0.002). After correction for the age-dependent 

reference value, the trend over time was different for HS and DS in blood, and for the three 

phenotype categories (both p <0.001) (fig 4).  

 

 

Figure 1. Correlation of disaccharide levels with total of heparan sulfate 
and dermatan sulfate derived disaccharides in plasma or urine of healthy 
subjects. 

A: D0A0 and total heparan sulfate in plasma. 
B: D0A0 and total heparan sulfate in urine. 
C: D0a4 and total dermatan sulfate in plasma. 
D: D0a4 and total dermatan sulfate in urine. 

TOTAL URINARY GAGS 

Total urinary GAGs by DMBu was analysed in 181 available samples of 15 patients and 

showed a decline in all patients after initiation of ERT (figure 2E). Levels within the reference  
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RESULTS 

COHORT 

Twenty-five patients fulfilled the inclusion criteria. Twenty-four were included in this study 

(table 1) and one patient was excluded because ERT was initiated 6 years after a previous 

successful HSCT. The median duration of follow up during ERT was 27 months (range: 2 - 92 
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GAG DERIVED DISACCHARIDES 

D0A0 levels in samples drawn from clear venepuncture and in urine highly correlated with 

total heparan sulfate disaccharide levels (fig. 1A+B) and D0a4 correlated highly with total 

dermatan sulfate disaccharide levels (fig 1C+D). 

Heparan sulfate and dermatan sulfate derived disaccharide levels were analysed in 251 EDTA 

plasma and 53 serum samples of 24 patients and in 124 urine samples of 15 patients. All 

patients showed a rapid decline in HS and DS levels after the initiation of therapy in both 

blood and urine (fig 2A-D). After this initial decline, levels slowly decreased further in most 

patients. In 12 out of the 24 patients levels of HS in blood reached normal values with a 

median time to normalization of 22 months on ERT. For DS in blood this was 3/24, at a 

 
 

median of 5 years and 3 months on treatment (HS vs. DS p < 0.001, fig 3). None of the 

patients reached control levels in urine for HS, DS or total HSDS disaccharide levels (total 

HSDS disaccharides urine vs. blood: p = 0.002). After correction for the age-dependent 

reference value, the trend over time was different for HS and DS in blood, and for the three 

phenotype categories (both p <0.001) (fig 4).  

 

 

Figure 1. Correlation of disaccharide levels with total of heparan sulfate 
and dermatan sulfate derived disaccharides in plasma or urine of healthy 
subjects. 

A: D0A0 and total heparan sulfate in plasma. 
B: D0A0 and total heparan sulfate in urine. 
C: D0a4 and total dermatan sulfate in plasma. 
D: D0a4 and total dermatan sulfate in urine. 
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Total urinary GAGs by DMBu was analysed in 181 available samples of 15 patients and 
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Figure 2. Biomarker levels during ERT treatment minus the upper limit of 
the age-dependent reference value. 

A: Heparan sulfate in blood. B: Dermatan sulfate in blood. C: Heparan sulfate in urine. 
D: Dermatan sulfate in urine. E: Total urinary GAGs by DMBu. F: DS:CS ratio (disaccharides), reference 
value: 0.20. 
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range were eventually reached in 30% of patients (first quartile normalized at 1y9m, total  

urinary HSDS disaccharides vs total urinary GAGs by DMBu: p = 0.009). 

DS:CS-RATIO IN URINE 

The ratio of DS- and CS-derived disaccharides was analysed in 123 urine samples in 15 

patients. DS:CS-ratio by electrophoresis was analysed in 34 urine samples in 15 patients. In a 

subset of 10 samples, DS:CS ratio was analysed by both methods. The two methods showed 

a significant linear correlation (Spearman’s rho 0.80, p = 0.006). 

CS disaccharide levels at baseline were elevated in all patients when compared to age 

matched references. A rapid decrease to normal values after start of treatment was seen in 

some patients, but in others this response was delayed and CS levels remain elevated after 

years of ERT. 

Over time, the DS:CS disaccharide ratio decreased in most patients, although in the majority 

of patients the response was more slow than that of HS and DS (figure 2F). Also, DS:CS 

showed more variability after the initial decline. None of the patients reached a normal 

DS:CS disaccharide ratio of 0.20. 

 

 

Figure 3. Kaplan-Meier curve of normalization of heparan sulfate and 
dermatan sulfate in blood. 
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range were eventually reached in 30% of patients (first quartile normalized at 1y9m, total  

urinary HSDS disaccharides vs total urinary GAGs by DMBu: p = 0.009). 

DS:CS-RATIO IN URINE 

The ratio of DS- and CS-derived disaccharides was analysed in 123 urine samples in 15 

patients. DS:CS-ratio by electrophoresis was analysed in 34 urine samples in 15 patients. In a 

subset of 10 samples, DS:CS ratio was analysed by both methods. The two methods showed 

a significant linear correlation (Spearman’s rho 0.80, p = 0.006). 

CS disaccharide levels at baseline were elevated in all patients when compared to age 

matched references. A rapid decrease to normal values after start of treatment was seen in 

some patients, but in others this response was delayed and CS levels remain elevated after 

years of ERT. 

Over time, the DS:CS disaccharide ratio decreased in most patients, although in the majority 

of patients the response was more slow than that of HS and DS (figure 2F). Also, DS:CS 

showed more variability after the initial decline. None of the patients reached a normal 

DS:CS disaccharide ratio of 0.20. 

 

 

Figure 3. Kaplan-Meier curve of normalization of heparan sulfate and 
dermatan sulfate in blood. 
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HCII-T 

Sixty-nine samples of 23 patients were available to be used for HCII-T analysis. A baseline 

sample was available only in one patient. In 35% of patients, HCII-T was normal in the last 

available sample. Forty-four percent of patients did not reach normal levels and in 22% of 

patients normalization was followed by elevation of levels of HCII-T. The mean follow up 

time in these groups was not different (normal 3y10m; elevated 1y10m; relapse 2y2m, one-

way ANOVA p=0.28). 

 

Figure 4. Fitted curves per phenotype with 95% prediction interval for 
heparan sulfate and dermatan sulfate. 

ANTIBODIES 

Titres of antibodies against laronidase were analysed in 207 samples of 23 patients. In 83% 

(N=19) of the patients a significant antibody response (titres > 1:1024) was observed. Of the 

14 patients with more than one year of follow-up, 43% (N=6) showed a sustained significant 

antibody response after one year of treatment. The majority of patients had samples 

collected at baseline with the next sample at 2-3 months of treatment initiation, but for a 

subset of 6 patients, samples were available for baseline as well as after two and four weeks 

of ERT. In 5 of them, elevated titres were seen for the first time after four weeks of ERT, with 

 
 

titres up to 1:262144.The sixth patient had no detectable antibodies at day 28, but 

developed an antibody response one week later and reached only moderately elevated 

levels.  

Uptake inhibition was analysed in 66 samples of 23 patients. Eight patients (35%) formed 

antibodies with a significant uptake inhibition (>68%, see statistical analysis). 
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and time to normalisation of HS in blood (p=0.31 and p=0.21 respectively), DS in 

blood(p=0.91, p=0.96) , HSDS in blood(p=0.16, p=0.47) or DMBu (p=0.86, p=0.51). However, 

HS levels in blood normalized less frequently in patients with a sustained antibody response 

compared to patients with low or non-sustained antibody response (Fisher’s exact test, p = 

0.015). An antibody mediated uptake inhibition of >68% was strongly associated with a 

higher biomarker level, both in the survival analysis of time to normalisation (figure 5) as 

well as in the mixed model analyses (figure 6). This was observed in HS and DS disaccharide 

markers in blood and urine, as well as total urinary GAGs and (disaccharide based) DS:CS 

ratio (all p<0.001). In addition to absolute levels, the trend over time between patients with 

or without uptake inhibition was significantly different for HS, DS and HSDS in blood (p 

<0.0001), but not for any of the markers in urine (p = 0.14 to 0.88). Too few data were 

available to perform repeated measurements analysis on HCII-T and antibody response. 

However, less normalization of HCII-T was observed in patients with significant uptake 

inhibition (chi-square p = 0.006). 

SUMMARIZED CLINICAL RESPONSE 

The overall clinical response was evaluated in 14 patients who received ERT for over 1 year. 

In six patients (5 Scheie, 1 Hurler-Scheie phenotype) the clinical response after initiation of 

ERT was scored as improved in the first year, followed by a period of clinical stability 

(phenotype vs. clinical improvement chi-square: p = 0.023). One of these patients (Scheie  
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Figure 5. Survival analysis of normalization of heparan sulfate in blood, 
in pateints with/without significant uptake inhibition. 

 

phenotype) subsequently showed some deterioration in the 6th year of ERT. Six of the eight 

patients that did not show obvious improvement in the first year were considered stable 

throughout the follow up (mean follow up 4y3m). Finally, in two patients the clinical 

condition was considered to have deteriorated during the second year of ERT in one (Hurler 

phentoype) and after 4 years of ERT in the other patient (Hurler-Scheie phenotype). 

CORRELATION BETWEEN BIOMARKERS, ANTIBODIES AND SUMMARIZED CLINICAL RESPONSE 

In patients that were considered to show clinical improvement during the first year of ERT (6 

patients, 43%), the frequency of plasma HS normalisation was similar to patients that 

appeared less clinically responsive (improved vs. stable, log rank, p=0.9). The same was 

observed for HSDS in blood (p=0.37) and for total urinary GAGs (p=0.19).  

In addition, clinical improvement or eventual clinical deterioration was not observed more 

often in patients with significant antibody mediated uptake inhibition (both p=1.0).  

  

0 12 24 36 48 60 72 84 96

0

20

40

60

80

100

Significant uptake
inhibition
No significant uptake
inhibition

p = 0.003

Months on ERT

Pe
rc

en
t n

or
m

al
iz

ed

 
 

 

Figure 6. Fitted curves for patients with/without significant uptake 
inhbition with 95% prediction interval.  

The mentioned p-values indicate difference in trends over time. Difference in average level over time 
was significant in all tested biomarkers  with p<0.001. A: Heparan sulfate in blood. B: Dermatan 
sulfate in blood. C: Heparan sulfate and dermatan sulfate in blood. D: Heparan sulfate in urine. E: 
Dermatan sulfate in urine. F: Heparan sulfate and dermatan sulfate in urine. G: Total urinary GAGs by 
DMBu. H: DS:CS ratio (disaccharides). 
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DISCUSSION 

In this paper we report for the first time on the response of a large panel of biomarkers to 

long-term treatment with ERT in patients with MPS I and correlate biomarker responses with 

antibody status and clinical response. 

The different biomarkers varied in normalization and stability of the response, but observed 

general trends for individual patients were similar. 

HS in blood showed the most extensive normalization which allows for statistical analysis of 

correlation of biomarker normalization with different variables.   

However, as other biomarkers remained elevated, normalization of HS does not necessarily 

equal complete biochemical correction.  In addition, even for this most responsive 

biomarker, full normalization occurred only in 50% of the patients and frequently after a 

relatively long period of ERT.  

Secondly, DS in blood showed a similar response to ERT, but normalization appears to be 

even rarer, with full normalization in only 12.5% of the patients after a median time of ERT 

of 5 years and 2 months. This slower response of DS to ERT might be due to differences in 

tissue distribution of DS and HS.  A relatively large share of DS is found in cartilaginous 

tissue, bone and cardiac valves [29,30], all tissues that are notoriously hard-to-treat by ERT 

[31]. The delayed response of DS may thus reflect the insusceptibility of these tissues to the 

infused enzyme [32–34]. 

Thirdly, while a certain number of patients normalize in HS and DS levels in blood, in urine 

neither HS nor DS reached normal values during long-term ERT. As circulating HS and DS are 

rapidly excreted in urine [35], the elevated disaccharide levels  probably reflect  incomplete 

correction of stored GAGs by ERT, even after several years of treatment.  

Fourthly, in contrast to the slow and often incomplete response of HS and DS, total urinary 

GAG excretion in urine as measured by the DMBu test, showed full normalization in 30% of 

patients after a median period of treatment of 1 year and 5 months. The DMBu is currently 

the most widely used biomarker in MPS I [6,8,11,36,37] and is reported to either approach 

normal levels [6], or displays great variability [25,38] during long term ERT. The discrepancy 

in observations in these different biomarkers underlines that the DMBu may overestimate 

the biochemical correction in MPS I patients treated with ERT [19]. 

 

 
 

The two methods used to analyze DS:CS ratio in urine show a significant linear correlation 

and therefore outcomes of studies using either method are likely to be comparable. Relative 

to disaccharide markers, DS:CS showed a similar initial decrease, but levels were significantly 

more variable during long term follow up. The qualitative nature of the disaccharide analysis 

revealed elevated levels of chondroitin sulfate in urine in patients with MPS I which, to our 

knowledge, has not been reported previously.  Urinary CS excretion has been studied semi-

quantitatively in studies on the ratio of DS:CS ratio as potential biomarkers , but no absolute 

levels have been reported [21]. Secondary accumulation of metabolites other than the 

primary storage material has been reported in several lysosomal storage disorders, and 

include GAGs and complex lipids [39,40]. In these studies general lysosomal dysfunction and 

direct effect of storage material on activity of some other lysosomal enzymes have been 

proposed as underlying mechanism. Accumulation of CS in MPS I might also be caused by 

impaired degradation of the iduronic acid at the non-reducing end of a GAG chain. As DS and 

CS are copolymers in which the iduronic acid content may vary [41], this may lead to 

accumulation of very heterogeneous polysaccharides, some of which may contain a 

relatively large fraction of CS disaccharides.  

 

Our study does not show a significant correlation between IgG antibody titres and the 

response of the panel of biomarkers. This may be due to a lack of statistical power which is a 

result of a limited number of patients with a follow up duration of more than one year. This 

is supported by the observed suboptimal reduction of HS in blood of patients with a 

sustained antibody response and  the previously reported tendency to slower normalization 

of biomarkers in patients with high antibody titers  [3,11]. In addition, animal studies show 

that immune tolerance to iduronidase improved the efficacy of enzyme replacement therapy 

(14). Moreover, our study reveals a striking difference between patients with and without 

significant antibody mediated uptake inhibition (>68%) on the levels of all studied 

biomarkers. This effect was observed even in biomarkers for which only a small sample size 

was available, such as HCII-T. These results strongly suggest that the functional nature of 

anti-IDUA antibodies rather than serum titers determines the biochemical consequences.  

The persistently elevated levels of HS and DS in blood and urine, reflecting the lack of 

depletion of tissues from these molecules, may well be of clinical significance.  Research on 

the role of glycosaminoglycans in health and disease indeed provides increasing evidence of 
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the important bioactivity of these molecules [42–44]. Elevated tissue concentrations of GAGs 

and GAG derived polysaccharides are therefore likely to correlate with clinical symptoms and 

disease progression. 

Our study failed to detect a correlation between levels of biomarkers and/or antibody 

mediated uptake inhibition and clinical outcomes. As the course and progression of 

symptoms in MPS I patients is both slow and highly variable with age and phenotypic 

severity, long term studies in larger patients groups will be needed to demonstrate clinical 

relevance of these biochemical observations. Continued collection of samples, preferably 

within the setting of international multi-center collaborations, will be essential to achieve 

this. In addition, there is a need for the development of reliable, quantitative and clinically 

relevant outcome parameters which are potentially susceptible to ERT to allow such studies. 

Previous prospective studies in MPS I patients on ERT report on antibodies in the light of 

safety and infusion associated reactions rather than treatment efficacy [3,4,8,11]. However, 

cellular uptake inhibition was not assessed in any of these studies and this assay is generally 

not incorporated in the evaluation of the response to ERT in MPS I. The impact of antibody 

formation on efficacy of ERT has been clearly recognized in other LSDs, in particular in 

Pompe disease. High levels of antibodies against alglucosidase alfa (Myozyme) in infantile 

Pompe patients may lead to treatment failure and early demise due to cardiorespiratory 

failure [45,46]. This was shown to be related to the cross-reactive immunogenic material 

(CRIM) status of the patients, with the highest antibody response in CRIM negative patients 

[46]. Pretreatment with immunomodulating drugs prior to the initiation of ERT may 

effectively prevent the generation of antibodies and improve treatment outcome [14,47]. If 

future studies show that an antibody response in MPS I correlates with a significant 

quenching of the clinical response to ERT, immunomodulation prior to initiation of ERT 

should also be considered for MPS I. 
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ABSTRACT 

Background: The lysosomal storage disorder mucopolysaccharidosis I (MPS I), commonly 

manifests with upper airway obstruction and sleep disordered breathing (SDB). The success 

of current therapies, including haematopoietic stem cell transplantation (HSCT) and enzyme 

replacement therapy (ERT), may be influenced by a number of factors and monitored using 

biomarkers of metabolic correction. We describe the pattern of SDB seen in the largest MPS 

I cohort described to date and determine therapies and biomarkers influencing the severity 

of long-term airway disease. 

Methods: Therapeutic, clinical and biomarker data, including longitudinal outcome 

parameters from 150 sleep oximetry studies were collected in 61 MPS I (44 Hurler, 17 

attenuated) patients between 6 months pre to 16 years post-treatment (median follow-up 

22 months). The presence and functional nature of an immune response to ERT was 

determined using ELISA and a cellular uptake inhibition assay. Multivariate analysis was 

performed to determine significant correlators of airway disease. 

Results: The incidence of SDB in our cohort is 68%, while 16% require therapeutic 

intervention for airway obstruction. A greater rate of progression (73%) and requirement for 

intervention is seen amongst ERT patients in contrast to HSCT treated individuals (24%). 

Multivariate analysis identifies poorer metabolic clearance, as measured by a rise in the 

biomarker urinary dermatan sulphate: chondroitin sulphate (DS:CS) ratio, as a significant 

correlator of increased presence and severity of SDB in MPS I patients (p = 0.0017, 0.008). 

Amongst transplanted Hurler patients, delivered enzyme (leukocyte iduronidase) at one year 

is significantly raised in those without SDB (p = 0.004). Cellular uptake inhibitory antibodies 

in ERT treated patients correlate with reduced substrate clearance and occurrence of severe 

SDB (p = 0.001). 

Conclusion: We have identified biochemical and therapeutic factors modifying airway 

disease across the phenotypic spectrum in MPS I. Interventions maximising substrate 

reduction correlate with improved long-term SDB, while inhibitory antibodies impact on 

biochemical and clinical outcomes. Monitoring and tolerisation strategies should be re-

evaluated to improve detection and minimise the inhibitory antibody response to ERT in 

MPS I and other lysosomal storage diseases. Future studies should consider the use of sleep 

disordered breathing as an objective parameter of clinical and metabolic improvement. 

 
 

BACKGROUND 

Mucopolysaccharidosis I (MPS I) is a rare multisystem lysosomal storage disorder inherited in 

an autosomal recessive manner with an incidence between 1.07 and 3.8 per 100,000 [1,2]. A 

deficiency in the enzyme α1- L- iduronidase (IDUA) results in pathological accumulation of 

the glycosaminoglycans (GAGs) dermatan sulfate (DS) and heparan sulfate (HS) [3]. A 

spectrum of severity in clinical presentation has been recognized with 50% to 80% of 

patients classified into a severe phenotype (MPS I Hurler) with the remainder distributed 

into attenuated groups (MPS I Hurler-Scheie and Scheie). Current therapeutic strategies 

include haematopoietic stem cell transplantation (HSCT) for the Hurler phenotype and 

enzyme replacement therapy (ERT) in attenuated cases [4,5]. Life threatening involvement 

of the respiratory system is a well-recognised feature of MPS. A common manifestation of 

upper airway disease in MPS I is with sleep disordered breathing (SDB) and obstructive sleep 

apnoea syndrome (OSAS) [6,7]. Sleep disordered breathing describes a spectrum of 

symptoms and signs characterized by an abnormal respiratory and ventilatory pattern during 

sleep, encompassing snoring, upper airways resistance syndrome and OSAS. These occur as a 

consequence of increased upper airway resistance due to the multilevel skeletal, oral, 

adenotonsillar, laryngeal and tracheal involvement seen in MPS I [8–10]. OSAS is 

characterized by recurrent episodes of partial or complete airway obstruction during sleep 

with oxygen desaturations [11]. Multichannel polysomnography is able to measure the 

severity of these episodes based on an apnoea-hypopnoea index, while resultant 

desaturations may be measured by overnight transcutaneous oximetry. Failure to recognise, 

and treat, moderate to severe SDB has behavioural and physiological consequences, 

including failure to thrive, neurocognitive and developmental delay and, in severe cases, 

cardiorespiratory sequellae [12,13]. The existing literature describing the incidence of OSAS 

in MPS is based on cross sectional analysis of small cohorts, primarily performed prior to 

initiation of treatment [6,7,14,15]. Short-term longitudinal data is available from the early 

Phase III ERT trials, assessing the role of a single therapeutic intervention on OSAS [16–18]. 

We describe sleep oximetry data in the largest MPS I cohort to date identifying demographic 

and biochemical factors, including the impact of inhibitory antibodies, that affect the 

presence and severity of sleep disordered breathing following treatment with either ERT or 

HSCT.  
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ABSTRACT 

Background: The lysosomal storage disorder mucopolysaccharidosis I (MPS I), commonly 

manifests with upper airway obstruction and sleep disordered breathing (SDB). The success 

of current therapies, including haematopoietic stem cell transplantation (HSCT) and enzyme 

replacement therapy (ERT), may be influenced by a number of factors and monitored using 

biomarkers of metabolic correction. We describe the pattern of SDB seen in the largest MPS 

I cohort described to date and determine therapies and biomarkers influencing the severity 

of long-term airway disease. 

Methods: Therapeutic, clinical and biomarker data, including longitudinal outcome 

parameters from 150 sleep oximetry studies were collected in 61 MPS I (44 Hurler, 17 

attenuated) patients between 6 months pre to 16 years post-treatment (median follow-up 

22 months). The presence and functional nature of an immune response to ERT was 

determined using ELISA and a cellular uptake inhibition assay. Multivariate analysis was 

performed to determine significant correlators of airway disease. 

Results: The incidence of SDB in our cohort is 68%, while 16% require therapeutic 

intervention for airway obstruction. A greater rate of progression (73%) and requirement for 

intervention is seen amongst ERT patients in contrast to HSCT treated individuals (24%). 

Multivariate analysis identifies poorer metabolic clearance, as measured by a rise in the 

biomarker urinary dermatan sulphate: chondroitin sulphate (DS:CS) ratio, as a significant 

correlator of increased presence and severity of SDB in MPS I patients (p = 0.0017, 0.008). 

Amongst transplanted Hurler patients, delivered enzyme (leukocyte iduronidase) at one year 

is significantly raised in those without SDB (p = 0.004). Cellular uptake inhibitory antibodies 

in ERT treated patients correlate with reduced substrate clearance and occurrence of severe 

SDB (p = 0.001). 

Conclusion: We have identified biochemical and therapeutic factors modifying airway 

disease across the phenotypic spectrum in MPS I. Interventions maximising substrate 

reduction correlate with improved long-term SDB, while inhibitory antibodies impact on 

biochemical and clinical outcomes. Monitoring and tolerisation strategies should be re-

evaluated to improve detection and minimise the inhibitory antibody response to ERT in 

MPS I and other lysosomal storage diseases. Future studies should consider the use of sleep 

disordered breathing as an objective parameter of clinical and metabolic improvement. 

 
 

BACKGROUND 

Mucopolysaccharidosis I (MPS I) is a rare multisystem lysosomal storage disorder inherited in 

an autosomal recessive manner with an incidence between 1.07 and 3.8 per 100,000 [1,2]. A 

deficiency in the enzyme α1- L- iduronidase (IDUA) results in pathological accumulation of 

the glycosaminoglycans (GAGs) dermatan sulfate (DS) and heparan sulfate (HS) [3]. A 

spectrum of severity in clinical presentation has been recognized with 50% to 80% of 

patients classified into a severe phenotype (MPS I Hurler) with the remainder distributed 

into attenuated groups (MPS I Hurler-Scheie and Scheie). Current therapeutic strategies 

include haematopoietic stem cell transplantation (HSCT) for the Hurler phenotype and 

enzyme replacement therapy (ERT) in attenuated cases [4,5]. Life threatening involvement 

of the respiratory system is a well-recognised feature of MPS. A common manifestation of 

upper airway disease in MPS I is with sleep disordered breathing (SDB) and obstructive sleep 

apnoea syndrome (OSAS) [6,7]. Sleep disordered breathing describes a spectrum of 

symptoms and signs characterized by an abnormal respiratory and ventilatory pattern during 

sleep, encompassing snoring, upper airways resistance syndrome and OSAS. These occur as a 

consequence of increased upper airway resistance due to the multilevel skeletal, oral, 

adenotonsillar, laryngeal and tracheal involvement seen in MPS I [8–10]. OSAS is 

characterized by recurrent episodes of partial or complete airway obstruction during sleep 

with oxygen desaturations [11]. Multichannel polysomnography is able to measure the 

severity of these episodes based on an apnoea-hypopnoea index, while resultant 

desaturations may be measured by overnight transcutaneous oximetry. Failure to recognise, 

and treat, moderate to severe SDB has behavioural and physiological consequences, 

including failure to thrive, neurocognitive and developmental delay and, in severe cases, 

cardiorespiratory sequellae [12,13]. The existing literature describing the incidence of OSAS 

in MPS is based on cross sectional analysis of small cohorts, primarily performed prior to 

initiation of treatment [6,7,14,15]. Short-term longitudinal data is available from the early 

Phase III ERT trials, assessing the role of a single therapeutic intervention on OSAS [16–18]. 

We describe sleep oximetry data in the largest MPS I cohort to date identifying demographic 

and biochemical factors, including the impact of inhibitory antibodies, that affect the 

presence and severity of sleep disordered breathing following treatment with either ERT or 

HSCT.  
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METHODS 

MPS I patients, treated at the Royal Manchester Children’s Hospital, Manchester, UK and the 

Academic Medical Centre, Amsterdam, The Netherlands between 2003–2013, were 

identified from existing patient databases. A study group of 61 patients in whom long-term 

follow-up was available at the two centres were included in the study. Patients were 

recruited following consent to donate blood, which is routinely sought from all MPS patients 

in Manchester with appropriate ethical approval (REC No. 08/H1010/63, North West 

Research Ethics Committee; Central Manchester University Hospital NHS Foundation Trust 

Research & Development Committee). The clinical notes of patients were retrospectively 

reviewed for overnight sleep oximetry studies, therapeutic and biochemical data. 

CLINICAL INVESTIGATIONS AND BIOMARKER ENDPOINTS 

The primary endpoint measured was the presence, progression and severity of sleep 

disordered breathing (SDB), based on overnight sleep oximetry data. Secondary endpoints 

included leukocyte IDUA enzyme activity one year post HSCT, the urine dermatan sulphate: 

chondroitin sulphate (DS:CS) ratio biomarker and requirement for therapeutic airway 

intervention following commencement of treatment for MPS. 

Sleep disordered breathing endpoints based on overnight sleep oximetry 

Studies were performed during un-sedated natural sleep, using sleep oximetry equipment 

(Pulsox 300i, Konica Minolta) measuring transcutaneous oxygen saturation and pulse rate 

with a finger monitor. Sleep studies were performed routinely as part of annual assessment 

guidelines, prior to general anaesthesia or if clinically indicated by symptoms [4,19]. The 

presence and severity of significant SDB was determined by oxygen desaturation index 4% 

(ODI4%), percentage of time spent below 90% oxygen saturation (SpO2) and the median 

SpO2. Based on guidelines from the Working Party on Sleep Physiology and Respiratory 

Control Disorders in Childhood, Royal College of Paediatrics and Child Health (2009) [20] the 

criteria of abnormality in nocturnal oximetry recordings are falls of more than 4% below 

baseline oxygen saturation and transient desaturations below 90%. Based on normative 

data, a normal oximetry recording should have a median SpO2 level greater than 95% and no 

more than 4 desaturations of 4% or greater per hour (ODI4%: 5–10 moderate, >10 severe 

 
 

SDB) [21,22]. Binary endpoints were determined for the presence of significant SDB (ODI 4% 

> 5 events per hour and median saturation <95%) and for progression (deterioration in 

ODI4% of greater than 1 event/hour, and 1% or greater drop in median SpO2 in studies more 

than 1 year apart). Studies performed in patients following a therapeutic surgical airway 

intervention, such as adenotonsillectomy, laryngeal microsurgery or continuous positive 

airways pressure (CPAP), while on treatment for MPS were excluded from the analysis and 

are indicated in Figure 1.  

Urinary  glycosaminoglycan and enzyme assay for α-L-iduronidase activity  

Measurement of DS:CS ratio biomarker was performed by the Willink Biochemical Genetics 

Laboratory, St. Mary’s Hospital, Manchester, UK as part of routine clinical monitoring of 

disease progression from urine, by twodimensional electrophoresis on cellulose-acetate 

sheets [23]. GAGs were separated into discrete spots and located after staining with Alcian 

blue and washing with 5% Acetic Acid. Semi-quantitative measurement of the area of two-

dimensional electrophoresis spots of extracted GAG were made under white light using the 

UVP Gel Photography system and LabWorks software (Anachem, Luton, UK) [24,25]. This 

biomarker provides a measure of the degree of pathological GAG substrate accumulation in 

comparison to non-pathologically stored chondroitin sulphate. The activity of α-L-

iduronidase (IDUA) was measured on leucocytes isolated from peripheral blood based on 

catabolism of the artificial fluorescent substrate 4-methylumbelliferyl-α-L-iduronide 

(Glycosynth, Warrington, UK) as described previously [26]. Enzyme activity was expressed as 

μmol/g total protein/hour (normal reference range 10–50, heterozygote range 5–25). 

Antibody detection and cellular uptake inhibition assay 

Patient serum antibody titres towards ERT and cellular uptake inhibition were measured 

using two assays as described previously [27]. Briefly, the antibody detection assay used an 

immunoglobulin G enzyme linked immunosorbent assay (ELISA) to detect and quantify 

patient serum antibodies against recombinant IDUA enzyme (Aldurazyme, Genzyme, 

Framingham, USA, 10 μg/ml). Antibody titre for each patient sample was based on twofold 

serial dilutions of serum starting from a 1:8 to a 1:262,144 dilution. Control serum, from 

patients without MPS, was used to define a baseline. The cut off values for antibody titre for 

the ELISA were determined using the following formula for each dilution. Cut off value ¼ 

½Mean absorbance of patient sample – 1SD# – ½Mean absorbance of normal serum þ 2SD# 
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A value above zero indicates a positive result. The titre above the last negative value (last 

positive dilution) is reported as the positive titre for that patient sample. The cellular uptake 

inhibition assay quantifies the level of catalytically active recombinant enzyme taken up into 

cultured enzyme naive MPS I patient fibroblasts. The ability of enzyme to catalyse a 

fluorescent artificial substrate (4MU-α-L-iduronide) is measured. Cellular uptake of enzyme 

proceeds via the Mannose-6-Phosphate (M-6-P) ligand receptor uptake pathway. Rather 

than testing only for inhibition of catalytic activity, neutralization of enzyme uptake via the 

M-6-P pathway is also assessed. Cultured cells are incubated with enzyme and antibodies 

from patient sera. Prior to assessing fluorescence, extracellular enzyme that has not been 

successfully internalised is washed. Therefore, following cell lysis the substrate assay only 

quantified intracellular enzyme. The protein content of each assay well was corrected for 

using the Pierce Bicinchoninic acid (BCA) assay (Thermoscientific) according to the 

manufacturer’s instructions. The % inhibition of the catalytic activity was measured as 

follows: 

% Inhibition = 100 − 100 x 
Enzyme activity of lysate incubated with patient serum

Enzyme activity of lysate incubated with normal serum control
 

STATISTICAL ANALYSIS 

Descriptive statistics were calculated for demographics, sleep oximetry and biochemical 

data. Significant associations between patient, biomarker and treatment-related variables 

and primary endpoints for all patients, HSCT treated Hurler and ERT treated attenuated 

subgroups were identified using multivariate stepwise regression modelling using the 

minimum corrected Akaike information criterion (AICc), followed by logistic regression for 

binomial outcomes and standard least squares for continuous outcomes. The relationship 

between these variables is individually presented. For continuous outcomes, to ensure equal 

weighting, the mean value for sleep oximetry data and timepoints were calculated. 

Significance was assumed where 95% confidence intervals did not include 1 (p-values <0.05). 

Possible confounding variables including age at start of treatment and duration of follow-up 

were included in the model. JMP v11.0 software (SAS) was used for this analysis. For  

  

 
 

Table 1. Baseline patient and treatment characteristics. 

Patient characeristics N % Median Range 

All MPS I 61    
  Gender (male/female) 38/23 62/38   
  Phenotype (Hurler/Attenuated) 44/17 69/31   
  Age @ start of treatment (mths)   18 3 – 364  
  Age @ final assessment (mths)   82 0.3 – 420  
HSCT treated Hurler patient 
characteristics 

    

  Gender (male/female) 30/14    
  Age @ start of treatment (mths)   14 3 – 30  
  Age @ final assessment (mths)   66 11 – 203  
  Interventions     
  Therapeutic airway intervention 
post-  HSCT 

3 7% 
Adenotonsillar surgery: 2pts (1 had 
revision). Longterm O2: 1 

  Treatment and metabolic 
characteristics 

    

  No HSCT (1/2/3) 32/8/1 78/20/2   
  Source (CB/BM/PBSC/Unknown) 17/15/7/2 41/37/17/5   
  Donor (Related/MUD) 15/26 37/63   
  IDUA @ 1 year post-HSCT 36  30.0 6.3 – 87.0 
  Heterozygote donors 12  19.7 6.7 – 49.4 
  Matched unrelated donors 24  34.6 17.7 – 87.0 
  Pre-HSCT DS:CS ratio 20  1.6 0.7 – 3.4 
  DS:CS ratio @ 1 year 32  0.5 0.2 – 0.8 
ERT treated Hurler patients     
  Gender (male/female) 2/1    
  Age @ start of treatment (mths)   85 74 – 144 
  Age @ final assessment (mths)   123 98 – 148 
ERT treated attenuated patients     
  Gender (male/female) 9/8    
  Age @ start of treatment (mths)   60 24 – 364 
  Age @ final assessment (mths)   131 72 – 420 
  Interventions     

  Therapeutic airway intervention 
on ERT 

7 41% 
CPAP: 5 pts 
Adenotonsillar surgery: 2 pts (1 had 
revision) 

  Metabolic characteristics     
  Pre-ERT DS:CS ratio 5  1.9 1.1 – 2.7 
  DS:CS ratio @ 1 year 13  0.8 0.4 – 2.2 
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Figure 1. Longitudinal trends in sleep disordered breathing (SDB) 
following treatment in MPS I patients treated with A. heamatopoietic 
stem cell transplant (HSCT) or B. enzyme replacement therapy (ERT).  

Oxygen desaturation index 4% (ODI4%) data from sleep studies for each individual patient is plotted 
against duration since initiation of treatment, with solid lines connecting trends per patient. The 
shaded area represents an ODI4% of less than 10, representing the cut-off for severe SDB. Red 
legend identifies patients who require therapeutic intervention to the airway following the identified 
sleep study. 
A: Data for 41 patients is presented. Hurler patients (circles) treated with HSCT show improvement in 
the severity of SDB compared to pre-treatment. Over the duration of follow-up the majority of 
patients (76%) improve or remain stable. A reducing proportion of patients suffer severe SDB, with 

 
 

only one patient demonstrating severe SDB in the period after 3 years post-HSCT. 3 patients require 
therapeutic intervention post-HSCT. 
B: Data in 17 ERT treated attenuated patients (triangles) and 3 Hurler patients (circles) is presented. 
Amongst attenuated patients with longitudinal data, 73% are seen to progress, but rarely to severe 
SDB. However, a cohort of attenuated patients developing inhibitory antibodies (open triangles) 
continue to suffer with severe SDB. 7 patients require therapeutic intervention (surgery or CPAP) 
while on ERT. 

 

correlation plots, linear regression lines of best fit were drawn and correlation coefficients 

were calculated with Pearson’s r and Spearman’s rho for normally and non-normally 

distributed data sets respectively. T-test and Mann–Whitney tests were used to identify 

differences between the baseline characteristics of subgroups. 

 
RESULTS 

STUDY DEMOGRAPHICS 

Clinical data for 61 patients, with a median age of 6.8 years at the time of final assessment, 

were collected (median duration of follow-up 22 months, range 1–60 months). Forty-four 

patients were classified as severe Hurler based on genotype and enzyme studies at diagnosis 

(median age at follow-up 4.7 years, range 10 months – 16 years, median follow-up duration 

637 days), while 17 were diagnosed as the attenuated phenotype (median 9.7 years, range 

5.2-35 years, median follow-up duration 595 days). Forty-one of 44 Hurler were treated with 

HSCT with a median age at transplantation of 14 months old, while 3 Hurler patients were 

treated with ERT alone due to delayed diagnosis and advanced disease at initiation of 

treatment (mean 8.4 years, range 6.2-12 years). All 17 attenuated patients were treated with 

ERT, with a median age at start of treatment of 60 months. Subject demographic and 

treatment characteristics are presented in Table 1. 
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were calculated with Pearson’s r and Spearman’s rho for normally and non-normally 

distributed data sets respectively. T-test and Mann–Whitney tests were used to identify 
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were collected (median duration of follow-up 22 months, range 1–60 months). Forty-four 

patients were classified as severe Hurler based on genotype and enzyme studies at diagnosis 

(median age at follow-up 4.7 years, range 10 months – 16 years, median follow-up duration 

637 days), while 17 were diagnosed as the attenuated phenotype (median 9.7 years, range 

5.2-35 years, median follow-up duration 595 days). Forty-one of 44 Hurler were treated with 

HSCT with a median age at transplantation of 14 months old, while 3 Hurler patients were 

treated with ERT alone due to delayed diagnosis and advanced disease at initiation of 

treatment (mean 8.4 years, range 6.2-12 years). All 17 attenuated patients were treated with 

ERT, with a median age at start of treatment of 60 months. Subject demographic and 

treatment characteristics are presented in Table 1. 
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Table 2. Sleep oximetry characteristics. 

 N % Missing Median Range 

All patients      

  No of studies 150   2 per pt 1.0 – 9.0 

  Duration since treatment start (yrs)    3.3 0.1 – 15.7 

  Duration of final assessment since       

treatment start (years) 

8 pts pre-treatment studies 

only 
4.4 0.1 – 15.7 

  Patients with SDB (present/absent) 36/17 68/32 
8 (SDB present in 6/8 with only pre-

treatment studies) 

  Progression of SDB (yes/no) 15/22 41/59 24   

  ODI4% post treatment    6.1 0.1 – 46.0 

  Median oxygen saturation post 

treatment 
   95.4 83.9 – 98.1 

  % time < 90% oxygen saturation post 

treatment 
   2.2 0.0 – 30.8 

HSCT treated Hurler patients      

  No of studies 106    

  Time post treatment start (years)    3.1 0.1 – 14.9 

  SDB post HSCT present/absent 24/11 69/31 6   

  Progression of SDB in patients with 

multiple studies (yes/no) 
6/19 24/76 16   

  No of pre-treatment studies 19   In 14 patients  

  Pre-treatment ODI4%    9.5 1.3 – 39.9 

  Pre-treatment median oxygen 

saturation 
   96.2 81.6 – 98.5 

  Pre-treatment % time <90% oxygen 

saturation 
   4.1 0 – 14.2 

  No of post treatment studies 87   In 35 patients  

  ODI4% post treatment    5.8 1.2 – 19.8 

  Median oxygen saturation post 

treatment 
   95.4  87.4 – 99.6 

  % time <90% oxygen saturation post 

treatment 
   1.75 0 – 30.8 

      

 
 

ERT treated attenuated patients 

  No of studies 44     

  Time post treatment start (years)    3.5 0.7 – 8.0 

  SDB present/absent 11/6 65/35    

  Progression of SDB yes/no 8/3 73/27 7   

  No of pre-treatment studies 4   In 3 patients  

  Pre-treatment ODI4%    5.7 0.2 – 14.8 

  No of post treatment studies 40   In 17 patients 

  ODI4% post treatment    6.9 0.1 – 46 

  Median oxygen saturation post 

treatment 
   95.1 83.9 – 98.1 

  % time <90% oxygen saturation post 

treatment 
   3.2 0 – 17.25 

 

PRIMARY ENDPOINT: SLEEP DISORDERED BREATHING 

Based on analysis of parameters from 127 post-treatment sleep oximetry studies, significant 

SDB was present in 68% (36/53, ODI4% > 5/hr) of our cohort. Table 2 summarises the 

descriptive statistics for sleep oximetry results including for phenotype and therapy  

subgroups. Amongst post-transplant Hurler patients, SDB was present (ODI > 5%) in 69% but 

seen to progress in only 24%. In those with both pre and post HSCT studies (n = 8) a 

significant improvement in the severity of SDB was seen after treatment (median ODI4%; pre 

HSCT: 9.5/hr vs. post HSCT 4.1/hr; p = 0.02). Longitudinal analysis of HSCT treated Hurler 

patients demonstrate that 13% (4/30) patients had evidence of severe OSA (ODI4% > 10) 

after assessment at 1 and 2 years post HSCT respectively. Only one individual (5%, 1/21)  

exhibited severe SDB at follow-up of greater than 3 years post HSCT (Figure 1A). Following 

ERT initiation in attenuated patients, SDB was deemed to be present in 65% (ODI > 5%), but 

seen to progress in 73% (Figure 1B; ERT vs. HSCT, p = 0.013). Thirty-six percent (5/14) of 

those with follow up over 1 year have severe SDB and this increased to 45% (5/11) with 

studies after 3 years of ERT. 
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HSCT: 9.5/hr vs. post HSCT 4.1/hr; p = 0.02). Longitudinal analysis of HSCT treated Hurler 

patients demonstrate that 13% (4/30) patients had evidence of severe OSA (ODI4% > 10) 

after assessment at 1 and 2 years post HSCT respectively. Only one individual (5%, 1/21)  

exhibited severe SDB at follow-up of greater than 3 years post HSCT (Figure 1A). Following 

ERT initiation in attenuated patients, SDB was deemed to be present in 65% (ODI > 5%), but 

seen to progress in 73% (Figure 1B; ERT vs. HSCT, p = 0.013). Thirty-six percent (5/14) of 

those with follow up over 1 year have severe SDB and this increased to 45% (5/11) with 

studies after 3 years of ERT. 
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Table 3. Correlators of sleep related clinical outcome based on 
multivariate analysis. 

Outcome Modifier 
Patient  
group 

Exp (β) 
Lower  
95% CI 

Upper  
95% CI 

p-
value 

SDB present Phenotype All (n=61)    ns 

 Treatment     ns 

 Age @ start of treatment     ns 

 Follow-up duration   ns 

 DS:CS ratio @ 1 year  -5.94 -12.39 -1.61 0.0017 

Mean ODI 4% Phenotype All (n=61)    ns 

 Treatment     ns 

 Age @ start of treatment     ns 

 Follow-up duration     ns 

 DS:CS ration @ 1 year  6.35 1.77 10.95 0.008 

Therapeutic 

inteverntion 
Phenotype All (n=61)    ns 

 Treatment     ns 

 Age @ start of treatment  -0.21 -0.45 -0.03 0.012 

 Follow-up duration     ns 

 DS:CS ration @ 1 year     ns 

SDB present Donor type 
HSCT treated 

Hurler (n=41) 
   ns 

 IDUA level @ 1 year  0.08 0.02 0.16 0.004 

 Age @ start of treatment     ns 

 Follow-up duration     ns 

 DS:CS ratio @ 1 year     ns 

ODI 4% at time of 

antibody status 
DS:CS ration     ns 

 Inhibitory antibodies  -8.27 -11.19 -5.36 0.001 

 Age @ start of treatment     ns 

 Follow-up duration     ns 

p-values for modifiers based on multivariate analysis using stepwise fit (minimum AICc) followed by 
standard least squares for continues outcomes and logistic fit for binomial outcomes. CI indicates 
confidence interval; ERT, enzyme replacement therapy; HSCT, haematopoietic stem cell transplant; 
IDUA, alpha-L-iduronidase enzyme level; SDB, sleep disordered breathing; ODI4%, oxygen 
desaturation index 4%. Inhibitory antibodies defined as IgG titre > 4000 and uptake inhibition >30%.  

 
 

Airway interventions 

Sixteen percent (10/61) of the study population required 13 episodes of therapeutic airway 

intervention following initiation of ERT/HSCT (Table 1), with a later age at start of treatment 

found to significantly correlate with the need for intervention (p = 0.012). The proportion of 

attenuated patients treated with ERT necessitating intervention was 41% (7/17). All patients 

requiring CPAP were from the ERT treated attenuated subgroup (n = 5), while 2 necessitated 

airway surgery alone. The proportion of HSCT treated Hurler patients undergoing 

intervention post HSCT was significantly lower at 7% (3/41; ERT vs. HSCT, p = 0.01) 

composed of one patient requiring long term oxygen therapy and 2 managed with 

adenotonsillectomy. 

Secondary endpoints and correlators of sleep disordered breathing 

Correlator variables for the outcomes of presence, progression and severity of long term 

SDB, as measured by sleep oximetry were determined following multivariate analysis (Table 

3). Potential confounders, including age at commencement of treatment and duration of 

follow-up were included in the analysis.  

DS:CS ratio and metabolic corrections 

DS: CS ratio was available in 24 patients prior to treatment and post-ERT/HSCT in 47. No 

significant difference was present between pre-treatment attenuated and severe patients 

(median DS:CS; 1.9 vs 1.6, p = 0.59), while paired data demonstrated a significant 

improvement in post-therapy levels following both ERT (median pre and post ERT DS:CS; 1.9 

vs. 0.6, n = 5, p = 0.02) and HSCT (median pre and post HSCT DS:CS; 1.6 vs 0.4, n = 19, p < 

0.0001).  

Metabolic correction, measured by a fall in the biomarker DS:CS ratio, correlates significantly 

with clinical regression of airway disease following treatment, as measured by ODI4% at an 

identical time point (oximetry within 4 weeks of urine sample) (Figure 2A (p < 0.0001)). This 

association continues to be significant amongst the entire cohort in the multivariate analysis, 

correcting for age at start of treatment and at assessment, for the presence of SDB (Figure 

2B; Table 3: DS:CS @ 1 year and presence (multivariate p = 0.0017) and severity of SDB (p = 

0.008)). 
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Table 3. Correlators of sleep related clinical outcome based on 
multivariate analysis. 

Outcome Modifier 
Patient  
group 

Exp (β) 
Lower  
95% CI 

Upper  
95% CI 

p-
value 

SDB present Phenotype All (n=61)    ns 

 Treatment     ns 

 Age @ start of treatment     ns 

 Follow-up duration   ns 

 DS:CS ratio @ 1 year  -5.94 -12.39 -1.61 0.0017 

Mean ODI 4% Phenotype All (n=61)    ns 

 Treatment     ns 

 Age @ start of treatment     ns 

 Follow-up duration     ns 

 DS:CS ration @ 1 year  6.35 1.77 10.95 0.008 

Therapeutic 

inteverntion 
Phenotype All (n=61)    ns 

 Treatment     ns 

 Age @ start of treatment  -0.21 -0.45 -0.03 0.012 

 Follow-up duration     ns 

 DS:CS ration @ 1 year     ns 

SDB present Donor type 
HSCT treated 

Hurler (n=41) 
   ns 

 IDUA level @ 1 year  0.08 0.02 0.16 0.004 

 Age @ start of treatment     ns 

 Follow-up duration     ns 

 DS:CS ratio @ 1 year     ns 

ODI 4% at time of 

antibody status 
DS:CS ration     ns 

 Inhibitory antibodies  -8.27 -11.19 -5.36 0.001 

 Age @ start of treatment     ns 

 Follow-up duration     ns 

p-values for modifiers based on multivariate analysis using stepwise fit (minimum AICc) followed by 
standard least squares for continues outcomes and logistic fit for binomial outcomes. CI indicates 
confidence interval; ERT, enzyme replacement therapy; HSCT, haematopoietic stem cell transplant; 
IDUA, alpha-L-iduronidase enzyme level; SDB, sleep disordered breathing; ODI4%, oxygen 
desaturation index 4%. Inhibitory antibodies defined as IgG titre > 4000 and uptake inhibition >30%.  
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intervention post HSCT was significantly lower at 7% (3/41; ERT vs. HSCT, p = 0.01) 
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Correlator variables for the outcomes of presence, progression and severity of long term 

SDB, as measured by sleep oximetry were determined following multivariate analysis (Table 

3). Potential confounders, including age at commencement of treatment and duration of 

follow-up were included in the analysis.  

DS:CS ratio and metabolic corrections 

DS: CS ratio was available in 24 patients prior to treatment and post-ERT/HSCT in 47. No 

significant difference was present between pre-treatment attenuated and severe patients 

(median DS:CS; 1.9 vs 1.6, p = 0.59), while paired data demonstrated a significant 

improvement in post-therapy levels following both ERT (median pre and post ERT DS:CS; 1.9 

vs. 0.6, n = 5, p = 0.02) and HSCT (median pre and post HSCT DS:CS; 1.6 vs 0.4, n = 19, p < 

0.0001).  

Metabolic correction, measured by a fall in the biomarker DS:CS ratio, correlates significantly 

with clinical regression of airway disease following treatment, as measured by ODI4% at an 

identical time point (oximetry within 4 weeks of urine sample) (Figure 2A (p < 0.0001)). This 

association continues to be significant amongst the entire cohort in the multivariate analysis, 

correcting for age at start of treatment and at assessment, for the presence of SDB (Figure 

2B; Table 3: DS:CS @ 1 year and presence (multivariate p = 0.0017) and severity of SDB (p = 

0.008)). 
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Figure 2. Metabolic biomarkers of clinical outcome in MPS I.  

Substrate reduction, measured by DS:CS ratio, and delivered enzyme activity following HSCT 
correlate significantly with measures of sleep disordered breathing (SDB) amongst MPS I patients. 
Bars represent means with p-values presented from Mann-Whitney U (multivariate p values are 
presented in Table 3). For correlation plots, linear regression lines of best fit were drawn and 
correlation coefficients were calculated with Pearson’s r, with p-values representing significantly 
non-zero lines of best fit. Hurler patients are identified by circle legend and attenuated by triangles. 
Each individual point represents one patient.  
A: The ODI4% from the first post treatment sleep study of each patient correlates strongly to urinary 
DS:CS ratio performed at an identical time point (sleep study and urine sample collected within 4 
weeks). Pearson correlation: r = 0.79 (r2=0.68), p < 0.0001 
B: Mean urinary DS:CS ratio 1 year after treatment was significantly improved in individuals without 
SDB (mean 0.47, SD 0.15), compared to those with SDB (mean 0.75, SD 0.48, p=0.04). Amongst ERT 
treated patients, patients with inhibitors drive worsening SDB. 

 
 

C: Increasing iduronidase (IDUA) one year following transplant correlates significantly with improved 
DS:CS ratio at one year (r = -0.70, p < 0.001). 
D: Iduronidase enzyme activity one year post transplant is significantly higher when SDB was absent 
(mean 44.69, SD 20.8), compared to those where SDB was present (mean 29.33, SD 12.9, p = 0.011). 
HSCT, matched unrelated donor (MUD): closed circles. HSCT, heterozygote donors: open circles. 
Attenuated patients on ERT without antibody response: closed triangles. Attenuated ERT patients 
with inhibitors: open triangles.  

Table 4. ERT related immune response. 

Patient no Phenotype 
Age at start 

of ERT (yrs) 

Age at 

assessment 

of antibody 

status 

Antibody 

titre 

Cellular 

uptake 

inhibition 

Inhibitory 

antibodies 

beyond 1 

year 

1 Hurler 11 13* 262336 86.1 Yes* 

2 Hurler 7 7 65536 41.8 No 

3 Hurler 6 7 262144 88.3 Yes 

4 Hurler-Scheie 5 7* 262336 0 No 

5 Hurler-Scheie 4 4* 32768 33.0 Yes* 

6 Hurler-Scheie 5 13* 32768 95.4 Yes* 

7 Hurler-Scheie 8 15 256 0 No 

8 Hurler-Scheie 6 13* 512 0 No 

9 Hurler-Scheie 3 9* 1 n/a No 

10 Hurler-Scheie 3 10* 256 0 No 

11 Hurler-Scheie 7 14* 1 n/a No 

12 Hurler-Scheie 12 12 4096 0 No 

13 Hurler-Scheie 2 7* 1 n/a No 

14 Hurler-Scheie 4 4 32768 25.5 No 

15 Hurler-Scheie 4 7* 256 30.09 No 

16 Hurler-Scheie 4 7* 32 1 No 

17 Scheie 30 30 131072 58.10 No 

18 Scheie 27 28* 262144 30.12 Yes* 

19 Scheie 15 15 4096 11.6 No 

20 Scheie 9 10 2048 31.4 No 

*sleep study and biochemical data available within 6 months of determination of antibody status  
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assessment 
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status 

Antibody 

titre 

Cellular 

uptake 

inhibition 

Inhibitory 

antibodies 

beyond 1 

year 

1 Hurler 11 13* 262336 86.1 Yes* 

2 Hurler 7 7 65536 41.8 No 

3 Hurler 6 7 262144 88.3 Yes 

4 Hurler-Scheie 5 7* 262336 0 No 

5 Hurler-Scheie 4 4* 32768 33.0 Yes* 

6 Hurler-Scheie 5 13* 32768 95.4 Yes* 

7 Hurler-Scheie 8 15 256 0 No 

8 Hurler-Scheie 6 13* 512 0 No 

9 Hurler-Scheie 3 9* 1 n/a No 

10 Hurler-Scheie 3 10* 256 0 No 

11 Hurler-Scheie 7 14* 1 n/a No 

12 Hurler-Scheie 12 12 4096 0 No 

13 Hurler-Scheie 2 7* 1 n/a No 

14 Hurler-Scheie 4 4 32768 25.5 No 

15 Hurler-Scheie 4 7* 256 30.09 No 

16 Hurler-Scheie 4 7* 32 1 No 

17 Scheie 30 30 131072 58.10 No 

18 Scheie 27 28* 262144 30.12 Yes* 

19 Scheie 15 15 4096 11.6 No 

20 Scheie 9 10 2048 31.4 No 

*sleep study and biochemical data available within 6 months of determination of antibody status  
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Figure 3. The role of inhibitory antibodies on metabolic biomarker and 
sleep disordered breathing (SDB) amongst ERT treated MPS I patients.  

Bars represent means with p values presented. For correlation plots, linear regression lines of best fit 
were drawn and correlation coefficients were calculated with Pearson’s r, with p values representing 
significantly non-zero lines of best fit. HSCT treated Hurler patients: closed circles. Hurler patients 
treated with ERT: Half shaded triangles. ERT patients with clinically significant inhibitory antibodies 
were defined as a cellular uptake inhibition greater than 30% & titres greater than 4000 (Open 
triangles). ERT treated patients without such an antibody response represented by closed triangles.  
A: Correlation plot with linear regression lines of best fit for cellular uptake inhibition and DS:CS 
ratio. Increasing activity of inhibitory antibodies correlates strongly with poorer substrate clearance 
(urinary DS:CS ratio performed within 6 months of antibody status) (r2 = 0.74, p = 0.002). 30% uptake 
inhibition is a suggested percentage with a measurable biochemical effect based on intersection of 
upper confidence intervals at baseline and lower CI.  

 
 

B: Urinary DS:CS ratio within 6 months of antibody status was significantly improved in individuals 
without inhibitory antibodies (mean 0.61, S.D 0.14) compared to those with inhibitors (mean 1.8, S.D 
0.76). As a reference, ERT attenuated patients without inhibitors have as successful metabolic 
outcomes as HSCT treated Hurler patients (mean 0.47).  
C: SDB as measured by ODI4% within 6 months of antibody status was significantly lower in 
individuals without inhibitory antibodies (mean 2.03, S.D 1.68) compared to those with inhibitors 
(mean 16.85, S.D 7.23). 
 

IDUA enzyme activity post-HSCT 

Engrafted leukocyte IDUA enzyme activity was documented at one-year post transplant 

(Table 1). Stratified by donor type, patients receiving HSCT demonstrated greater enzyme 

activity (Table 1; median IDUA, heterozygote: 19.7 vs unrelated 34.6, p = 0.01) and greater 

substrate clearance (median DS:CS ratio; heterozygote 0.40 vs unrelated 0.47, p = 0.04) 

when receiving grafts from unrelated donors with two copies of the missing IDUA gene as 

opposed to heterozygote, related donors expressing one gene copy. Greater enzyme levels 

were seen to confer greater substrate clearance (Figure 2C, p < 0.001). 

IDUA enzyme level at one year post HSCT correlated significantly for the presence of SDB, 

correcting for age at HSCT and at assessment (p = 0.011, Figure 2D). 

Immune response to ERT 

The results from the antibody detection and cellular uptake inhibition assay are described in 

Table 4. Increasing inhibition of enzyme activity by antibodies correlated significantly with 

poorer substrate reduction (DS:CS ratio) in ERT patients, Figure 3A (p = 0.0002). Inhibitory 

antibodies were deemed effectual in patients with both a raised IgG antibody titre above 

1/4000 dilution and evidence of cellular uptake inhibition above 30% (based on 

extrapolation from the upper CI at baseline and its intersection of the lower CI; Figure 3A). 

Eleven (52%) individuals were identified as having IgG antibody titres greater than 4000. Of 

these, 7 (33%) demonstrated uptake inhibition above 30%. All Hurler patients treated with 

long term ERT (not treated with HSCT, n = 3) in this cohort demonstrated a strong inhibitory 

antibody response. Patients with titres above 4000, and uptake inhibition above 30% had 

significantly worse DS:CS ratios (performed within 6 months) than those without inhibitory 

antibodies, Figure 3B; p = 0.003. Notably, ERT corrected patients without inhibitors had 

similar DS:CS ratios to Hurler patients receiving HSCT (Figure 3B). Of the 4 attenuated 

patients, 3 demonstrated both high titres and uptake inhibition over 1 year after ERT had 
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IDUA enzyme activity post-HSCT 

Engrafted leukocyte IDUA enzyme activity was documented at one-year post transplant 

(Table 1). Stratified by donor type, patients receiving HSCT demonstrated greater enzyme 

activity (Table 1; median IDUA, heterozygote: 19.7 vs unrelated 34.6, p = 0.01) and greater 

substrate clearance (median DS:CS ratio; heterozygote 0.40 vs unrelated 0.47, p = 0.04) 

when receiving grafts from unrelated donors with two copies of the missing IDUA gene as 

opposed to heterozygote, related donors expressing one gene copy. Greater enzyme levels 

were seen to confer greater substrate clearance (Figure 2C, p < 0.001). 

IDUA enzyme level at one year post HSCT correlated significantly for the presence of SDB, 

correcting for age at HSCT and at assessment (p = 0.011, Figure 2D). 

Immune response to ERT 

The results from the antibody detection and cellular uptake inhibition assay are described in 

Table 4. Increasing inhibition of enzyme activity by antibodies correlated significantly with 

poorer substrate reduction (DS:CS ratio) in ERT patients, Figure 3A (p = 0.0002). Inhibitory 

antibodies were deemed effectual in patients with both a raised IgG antibody titre above 

1/4000 dilution and evidence of cellular uptake inhibition above 30% (based on 

extrapolation from the upper CI at baseline and its intersection of the lower CI; Figure 3A). 

Eleven (52%) individuals were identified as having IgG antibody titres greater than 4000. Of 

these, 7 (33%) demonstrated uptake inhibition above 30%. All Hurler patients treated with 

long term ERT (not treated with HSCT, n = 3) in this cohort demonstrated a strong inhibitory 

antibody response. Patients with titres above 4000, and uptake inhibition above 30% had 

significantly worse DS:CS ratios (performed within 6 months) than those without inhibitory 

antibodies, Figure 3B; p = 0.003. Notably, ERT corrected patients without inhibitors had 

similar DS:CS ratios to Hurler patients receiving HSCT (Figure 3B). Of the 4 attenuated 

patients, 3 demonstrated both high titres and uptake inhibition over 1 year after ERT had 
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started and had SDB and biochemical data available within 6 months of antibody status 

determination (Identified with asterisk, Table 4). These 3 patients began ERT aged 4.5 years, 

5.9 years and 26.9 years respectively. All demonstrated evidence of severe SDB (ODI > 10%) 

on assessment, and have required therapeutic intervention while on ERT (CPAP in 2, Surgery 

in 1; Figure 1B). Patients with significant levels of inhibitory antibodies all showed 

significantly elevated SDB over ERT treated patients without inhibitory antibodies, as 

confirmed by multivariate analysis (Table 4; Figure 3C; open triangle legend). 

 
DISCUSSION 

This is the first paper to present long-term post-treatment outcomes for airway obstruction 

in MPS I and to correlate objective parameters of clinical airway disease with both metabolic 

correction and levels of inhibitory antibodies. We see more advanced clinical airway disease 

in patients with poorer substrate clearance, indicated by raised DS:CS ratio. Hence, factors  

optimizing substrate reduction and engrafted delivered enzyme in HSCT, primarily non-

carrier donor selection and full donor chimerism [24,25], will have a beneficial effect on 

respiratory outcome; whereas, amongst ERT treated individuals, factors compromising 

metabolic clearance such as inhibitory antibodies to ERT and delayed treatment impair 

clinical outcome. These results endorse the ability of sleep oximetry to discriminate patients 

based on severity of  metabolic disease and subsequent correction following treatment, and 

suggest oximetry could serve as quantitative and clinically relevant primary outcome 

parameter representative of clearance of GAGs and derived polysaccharides responsible for 

obstructive airway disease.  

 

Recent studies have qualitatively confirmed the utility of signs of upper airway obstruction 

as a means to differentiate between severe and attenuated phenotypes in MPS [28]. 

Furthermore, the clear relationship between metabolic correction, delivered enzyme and 

clinical outcome suggests that in the future, autologous stem cell gene therapy, as a means 

to maximise disease correction based on supranormal enzyme levels [29,30], may further 

minimise the continuing burden of disease in this population. From our analysis of long term 

outcome, HSCT appears to provide sustained metabolic correction and subsequent reduction 

 
 

in airway obstruction, with only a small proportion suffering with progressive or severe SDB 

after 3 years post-transplant. 

 

In contrast, a greater proportion of ERT managed attenuated patients are seen to progress, 

require therapeutic intervention and suffer severe SDB. These findings strengthen the 

description of other studies that fewer airway related complications are seen following 

successful HSCT than ERT [31]. However, it must be borne in mind that a formal comparison 

of clinical outcomes between HSCT and ERT treated groups is necessarily limited in a 

retrospective study such as this, due to the heterogeneous nature of untreated disease, 

inequalities in time of assessment and variation in age at onset of symptoms and disease 

severity at start of treatment. Prospective evaluation would also be hampered by the 

variation in age at presentation. One conclusion that may be drawn from our results is that 

attenuated patients, receiving their first ERT on average 46 months after Hurler patients 

receive HSCT, are more refractory to treatment as they are older, with more established 

clinical disease at initiation of treatment. This includes an older cohort diagnosed prior to 

the era of ERT. Whilst acknowledging the significance of age at start of treatment and follow-

up duration in affecting clinical outcome, our multivariate analysis demonstrated DS:CS ratio 

and inhibitory antibodies to still be significant correlators of SDB taking into account the 

above confounders. 

Further analysis amongst ERT patients, identifies two groups of patients. Almost all of the 

worsening metabolic (Figure 3B) and SDB effects (Figure 3C), are mediated by a small cohort 

of ‘non-responders’ with clinically meaningful, high levels of inhibitory antibodies; while the 

majority, without such a response, demonstrate excellent biochemical and clinical 

improvement. Allowing for low patient numbers and variation in time points, this effect 

continues to prove significant following analysis accounting for age at start of treatment and 

at follow-up. This suggests that both HSCT and ERT would be equally effective at reducing 

metabolic and airway obstruction if inhibitory antibodies could be eliminated in ERT. 

Although recombinant protein replacement therapies in several diseases, particularly Pompe 

and to a lesser extent haemophilia, have been shown to have a negative clinical response to 

inhibitory antibody induction [32], this has not been the case in MPS I. 91% of MPS I patients 
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respiratory outcome; whereas, amongst ERT treated individuals, factors compromising 

metabolic clearance such as inhibitory antibodies to ERT and delayed treatment impair 
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suggest oximetry could serve as quantitative and clinically relevant primary outcome 
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Furthermore, the clear relationship between metabolic correction, delivered enzyme and 
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to maximise disease correction based on supranormal enzyme levels [29,30], may further 

minimise the continuing burden of disease in this population. From our analysis of long term 

outcome, HSCT appears to provide sustained metabolic correction and subsequent reduction 

 
 

in airway obstruction, with only a small proportion suffering with progressive or severe SDB 

after 3 years post-transplant. 

 

In contrast, a greater proportion of ERT managed attenuated patients are seen to progress, 

require therapeutic intervention and suffer severe SDB. These findings strengthen the 

description of other studies that fewer airway related complications are seen following 

successful HSCT than ERT [31]. However, it must be borne in mind that a formal comparison 

of clinical outcomes between HSCT and ERT treated groups is necessarily limited in a 

retrospective study such as this, due to the heterogeneous nature of untreated disease, 

inequalities in time of assessment and variation in age at onset of symptoms and disease 

severity at start of treatment. Prospective evaluation would also be hampered by the 

variation in age at presentation. One conclusion that may be drawn from our results is that 

attenuated patients, receiving their first ERT on average 46 months after Hurler patients 

receive HSCT, are more refractory to treatment as they are older, with more established 

clinical disease at initiation of treatment. This includes an older cohort diagnosed prior to 

the era of ERT. Whilst acknowledging the significance of age at start of treatment and follow-

up duration in affecting clinical outcome, our multivariate analysis demonstrated DS:CS ratio 

and inhibitory antibodies to still be significant correlators of SDB taking into account the 

above confounders. 

Further analysis amongst ERT patients, identifies two groups of patients. Almost all of the 

worsening metabolic (Figure 3B) and SDB effects (Figure 3C), are mediated by a small cohort 

of ‘non-responders’ with clinically meaningful, high levels of inhibitory antibodies; while the 

majority, without such a response, demonstrate excellent biochemical and clinical 

improvement. Allowing for low patient numbers and variation in time points, this effect 

continues to prove significant following analysis accounting for age at start of treatment and 

at follow-up. This suggests that both HSCT and ERT would be equally effective at reducing 

metabolic and airway obstruction if inhibitory antibodies could be eliminated in ERT. 

Although recombinant protein replacement therapies in several diseases, particularly Pompe 

and to a lesser extent haemophilia, have been shown to have a negative clinical response to 

inhibitory antibody induction [32], this has not been the case in MPS I. 91% of MPS I patients 
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treated with laronidase on the original ERT trial developed IgG or IgM allo-antibodies to 

recombinant enzyme [16], although no evidence of poor clinical outcome has been 

demonstrated in MPS until now. The cellular uptake assay to measure inhibitory antibodies, 

used in conjunction with stratification into subsets with high IgG titres is required to truly 

evaluate the impact of such antibodies and provides a more meaningful reflection of in vivo 

processes required for effective substrate clearance with ERT compared to an in vitro 

enzyme catalytic inhibition assay alone [27]. This has recently been clearly correlated with 

several metabolic biomarkers, including DS:CS ratio [33]. The strong correlation seen 

between DS:CS ratio and ODI4% reasserts our findings that an allo-immune response that 

impairs substrate clearance is likely to reduce the clinical efficacy of ERT in MPS and merits 

further prospective collaborative investigation using a standardized assay in a larger cohort. 

Thus presence of greater than 30% cellular inhibition, whilst removing patients with clinically 

ineffectual low IgG titres, delineates between patients with worse SDB from those with 

improved SDB (Figure 3C). 

We acknowledge the limitations of our study, including cohort size, especially amongst the 

ERT group, and retrospective nature of data collection. Full multichannel polysomnography 

was not available in a significant proportion of patients, as a result, formal quantification of 

OSA based on apnoea-hypopnoea index (AHI) was not possible; however, correlation 

between AHI and ODI in patients undergoing both studies was good and therefore sleep 

oximetry data was used. Non-invasive oximetry is well tolerated, and we were able to 

perform studies in almost all patients including those with advanced disease. Data on the 

use of sleep oximetry for the identification of OSA have suggested that when positive, the 

results show good correlation with PSG, but a potentially poor predictive value if results 

were negative [21,34]. This potential error was minimised given the high incidence of SDB in 

our cohort and as the majority of patients underwent multiple studies. 

 

CONCLUSION 

As a chronic disease with poorly defined global clinical outcomes, being able to demonstrate 

a clear correlation between clinical airway obstruction and metabolic correction is a 

significant finding. The findings of this study have a number of potential implications for the 

current management of SDB in MPS I. Firstly, optimising metabolic correction, monitored by 

 
 

biomarker response, can be seen to improve respiratory outcome. We also identify that 

HSCT in Hurler patients and ERT in attenuated individuals without inhibitory antibodies 

results in sustained correction of airway disease. However, a cohort of attenuated patients 

demonstrates advanced disease, which appears to be driven by raising inhibitory antibody 

responses. The correlation between worsening substrate reduction and SDB to inhibitory 

antibodies requires further investigation and suggests that monitoring of inhibitory 

antibodies and investigation of tolerisation regimens to prevent such a response is needed 

to form part of routine management of ERT treated patients in future.  

Alternatively, as the management of risk in HSCT improves, it may become feasible as a 

single treatment modality for both severe and significantly affected attenuated phenotypes 

of MPS I. 
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treated with laronidase on the original ERT trial developed IgG or IgM allo-antibodies to 

recombinant enzyme [16], although no evidence of poor clinical outcome has been 

demonstrated in MPS until now. The cellular uptake assay to measure inhibitory antibodies, 

used in conjunction with stratification into subsets with high IgG titres is required to truly 

evaluate the impact of such antibodies and provides a more meaningful reflection of in vivo 

processes required for effective substrate clearance with ERT compared to an in vitro 

enzyme catalytic inhibition assay alone [27]. This has recently been clearly correlated with 

several metabolic biomarkers, including DS:CS ratio [33]. The strong correlation seen 

between DS:CS ratio and ODI4% reasserts our findings that an allo-immune response that 

impairs substrate clearance is likely to reduce the clinical efficacy of ERT in MPS and merits 

further prospective collaborative investigation using a standardized assay in a larger cohort. 

Thus presence of greater than 30% cellular inhibition, whilst removing patients with clinically 

ineffectual low IgG titres, delineates between patients with worse SDB from those with 

improved SDB (Figure 3C). 

We acknowledge the limitations of our study, including cohort size, especially amongst the 

ERT group, and retrospective nature of data collection. Full multichannel polysomnography 

was not available in a significant proportion of patients, as a result, formal quantification of 

OSA based on apnoea-hypopnoea index (AHI) was not possible; however, correlation 

between AHI and ODI in patients undergoing both studies was good and therefore sleep 

oximetry data was used. Non-invasive oximetry is well tolerated, and we were able to 

perform studies in almost all patients including those with advanced disease. Data on the 

use of sleep oximetry for the identification of OSA have suggested that when positive, the 

results show good correlation with PSG, but a potentially poor predictive value if results 

were negative [21,34]. This potential error was minimised given the high incidence of SDB in 

our cohort and as the majority of patients underwent multiple studies. 

 

CONCLUSION 

As a chronic disease with poorly defined global clinical outcomes, being able to demonstrate 

a clear correlation between clinical airway obstruction and metabolic correction is a 

significant finding. The findings of this study have a number of potential implications for the 

current management of SDB in MPS I. Firstly, optimising metabolic correction, monitored by 

 
 

biomarker response, can be seen to improve respiratory outcome. We also identify that 

HSCT in Hurler patients and ERT in attenuated individuals without inhibitory antibodies 

results in sustained correction of airway disease. However, a cohort of attenuated patients 

demonstrates advanced disease, which appears to be driven by raising inhibitory antibody 

responses. The correlation between worsening substrate reduction and SDB to inhibitory 

antibodies requires further investigation and suggests that monitoring of inhibitory 

antibodies and investigation of tolerisation regimens to prevent such a response is needed 

to form part of routine management of ERT treated patients in future.  

Alternatively, as the management of risk in HSCT improves, it may become feasible as a 

single treatment modality for both severe and significantly affected attenuated phenotypes 

of MPS I. 
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ABSTRACT 

Despite available therapies, residual central nervous system (CNS) disease is still a significant 

contributor to disease burden in mucopolysaccharidosis type I (MPS I). This includes 

complications such as myelopathy and cognitive impairment in more severely affected 

Hurler/Scheie patients. Treatment for non-Hurler patients consists of intravenous enzyme 

replacement therapy (laronidase), which is assumed not to cross the blood-brain barrier. We 

evaluate a liposomal formulation of laronidase, aiming to deliver enzyme to the CNS. 

No reduction of GAG levels in brain was observed in a pilot study where 4 IDUA -/- mice 

were treated with unshielded laronidase (free ERT) for 4 weeks at a dose of 0.6 mg/kg/week. 

In mice treated with a single injection of glutathione PEGylated liposomal laronidase (lipo-

ERT) the area under the curve for IDUA activity in serum was higher than that of free ERT 

treated mice. There was no difference in GAG levels in brain between mice treated for 10 

weeks with free ERT or lipo-ERT, but both groups showed a slight decrease in brain GAG 

levels compared to untreated IDUA -/- controls (p<0.05). In both treatment groups a 

significant antibody response was seen with serum concentrations up to 20 μg/ml. 

GSH-PEG liposomal ERT does not improve treatment of GAG storage in brain in MPS I mice 

compared to regular ERT. Both treatment modalities have a slight impact on GAG levels in 

brain. Efficacy might have been hampered by the observed immune response. 

 
 

INTRODUCTION 

Mucopolysaccharidosis type I (MPS I) is a rare lysosomal storage disease caused by a 

deficiency of α-L-iduronidase (IDUA) [1]. Consequently, there is accumulation of the 

glycosaminoglycans (GAGs) heparan sulfate (HS) and dermatan sulfate (DS) throughout the 

body and a complex pathophysiogical cascade is triggered, leading to a progressive 

multisystem tissue and organ dysfunction. Central nervous system (CNS) involvement 

depends on disease severity, with cognitive decline in untreated Hurler patients (MPS I-H) 

and no cognitive impairment in patients with the more attenuated Scheie syndrome (MPS I-

S).  

The two available treatment modalities are hematopoietic stem cell transplantation (HSCT) 

and enzyme replacement therapy (ERT, laronidase). In HSCT, donor macrophages are 

considered to migrate into the central nervous system and mature into microglia cells 

producing IDUA. Through cross-correction and mitigation of inflammatory processes by 

changes in cellular microenvironment, progressive neurodegeneration is halted [2,3]. With 

ERT, recombinant enzyme is administered intravenously and subsequently taken up by 

peripheral cells via the M6P-receptor, similar to enzyme produced by donor cells [4]. 

However, as the protein does not cross the blood-brain barrier, ERT alone is insufficient to 

treat CNS disease [5]. 

Although significant improvement in clinical outcomes is achieved by both HSCT and ERT, a 

substantial residual disease burden is seen, including CNS involvement. Cognitive decline is 

variable and difficult to predict in MPS I-H/S (intermediate phenotype) patients [6,7]. Not all 

MPS I-H/S patients are considered eligible for HSCT as this procedure carries considerable 

risk of graft failure and transplant related morbidity, such as graft-versus-host disease. 

Consequently, these patients are often treated with ERT alone, with a risk of developmental 

delay. Also, spinal cord compression and subsequent myelopathy is seen in MPS I patients 

despite treatment [8–10].  

In recent years, modifications to existing drugs have been explored to improve their 

effectiveness. One of these modifications is liposomal encapsulation. Encapsulation of drugs 

in liposomes coated with polyethylene glycol (PEG) has been shown to increase circulation 
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ABSTRACT 

Despite available therapies, residual central nervous system (CNS) disease is still a significant 

contributor to disease burden in mucopolysaccharidosis type I (MPS I). This includes 

complications such as myelopathy and cognitive impairment in more severely affected 

Hurler/Scheie patients. Treatment for non-Hurler patients consists of intravenous enzyme 

replacement therapy (laronidase), which is assumed not to cross the blood-brain barrier. We 

evaluate a liposomal formulation of laronidase, aiming to deliver enzyme to the CNS. 

No reduction of GAG levels in brain was observed in a pilot study where 4 IDUA -/- mice 

were treated with unshielded laronidase (free ERT) for 4 weeks at a dose of 0.6 mg/kg/week. 

In mice treated with a single injection of glutathione PEGylated liposomal laronidase (lipo-

ERT) the area under the curve for IDUA activity in serum was higher than that of free ERT 

treated mice. There was no difference in GAG levels in brain between mice treated for 10 

weeks with free ERT or lipo-ERT, but both groups showed a slight decrease in brain GAG 

levels compared to untreated IDUA -/- controls (p<0.05). In both treatment groups a 

significant antibody response was seen with serum concentrations up to 20 μg/ml. 

GSH-PEG liposomal ERT does not improve treatment of GAG storage in brain in MPS I mice 

compared to regular ERT. Both treatment modalities have a slight impact on GAG levels in 

brain. Efficacy might have been hampered by the observed immune response. 

 
 

INTRODUCTION 

Mucopolysaccharidosis type I (MPS I) is a rare lysosomal storage disease caused by a 

deficiency of α-L-iduronidase (IDUA) [1]. Consequently, there is accumulation of the 

glycosaminoglycans (GAGs) heparan sulfate (HS) and dermatan sulfate (DS) throughout the 

body and a complex pathophysiogical cascade is triggered, leading to a progressive 

multisystem tissue and organ dysfunction. Central nervous system (CNS) involvement 

depends on disease severity, with cognitive decline in untreated Hurler patients (MPS I-H) 

and no cognitive impairment in patients with the more attenuated Scheie syndrome (MPS I-

S).  

The two available treatment modalities are hematopoietic stem cell transplantation (HSCT) 

and enzyme replacement therapy (ERT, laronidase). In HSCT, donor macrophages are 

considered to migrate into the central nervous system and mature into microglia cells 

producing IDUA. Through cross-correction and mitigation of inflammatory processes by 

changes in cellular microenvironment, progressive neurodegeneration is halted [2,3]. With 

ERT, recombinant enzyme is administered intravenously and subsequently taken up by 

peripheral cells via the M6P-receptor, similar to enzyme produced by donor cells [4]. 

However, as the protein does not cross the blood-brain barrier, ERT alone is insufficient to 

treat CNS disease [5]. 

Although significant improvement in clinical outcomes is achieved by both HSCT and ERT, a 

substantial residual disease burden is seen, including CNS involvement. Cognitive decline is 

variable and difficult to predict in MPS I-H/S (intermediate phenotype) patients [6,7]. Not all 

MPS I-H/S patients are considered eligible for HSCT as this procedure carries considerable 

risk of graft failure and transplant related morbidity, such as graft-versus-host disease. 

Consequently, these patients are often treated with ERT alone, with a risk of developmental 

delay. Also, spinal cord compression and subsequent myelopathy is seen in MPS I patients 

despite treatment [8–10].  

In recent years, modifications to existing drugs have been explored to improve their 

effectiveness. One of these modifications is liposomal encapsulation. Encapsulation of drugs 

in liposomes coated with polyethylene glycol (PEG) has been shown to increase circulation 
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time [11]. This may be combined with ligands targeted at specific blood-brain barrier 

transporters to enhance delivery of the drug to the CNS. The natural anti-oxidant glutathione 

has an active transport receptor, abundantly expressed at the blood-brain barrier. 

Glutathione-conjugated-PEG coated liposomes (GSH-PEG) has been successful in delivery of 

multiple drugs to the CNS including doxorubicin and methylprednisolone [12,13]. 

In this study, we evaluate GSH-PEG liposomal encapsulation of laronidase in an MPS I mouse 

model for reduction of GAG storage in the CNS, plasma half-life and immunogenicity. 

 
METHODS 

ANIMALS 

Mice (B6.129-Iduatm1Clk/J ) were purchased from The Jackson Laboratory and maintained as a 

heterozygote line on an inbred C57BL/6J background. The mice were housed at 21 ± 1°C, 40-

50% humidity, on a 12/12 hour light/dark cycle with food and water provided ad libitum. 

Animals were genotyped by PCR, using a protocol provided by The Jackson Laboratory.  

LIPOSOMAL ENCAPSULATION 

Glutathione PEGylated (GSH-PEG) liposomal laronidase (lipo-ERT) was prepared using a post-

insertion method. Briefly, 225 mM phospholipid 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC; Lipoid, Cham, Switzerland), 25 mM cholesterol (Sigma) and 2.6 mM 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine conjugated polyethylene glycol MW 2000 

(mPEG-DSPE, 1 mol%; Lipoid) were dissolved in absolute ethanol and mixed (1:9 / vol:vol) 

with 2.0 mg/ml Iaronidase in PBS. This lipid/protein mixture was extruded through 200 nm 

and 100 nm Whatman filters (Instruchemie, Delfzijl, the Netherlands) to reduce particle size 

and obtain uniform liposomes. Micelles were prepared by mixing 32.5 mg/mL glutathione 

(Sigma) and 25 mg/mL DSPE-PEG-maleimide (NOF, Grobbendonk, Belgium) at a 1.5:1 M ratio 

for 2 hours at room temperature. GSH-PEG-DSPE micelles (10.5 mM, 4 mol% of total lipids) 

were incubated with the extruded liposomes for 2 hours to obtain GSH-PEG liposomal 

Iaronidase. Non-encapsulated enzyme was removed via size exclusion chromatography, 

using a Sepharose 6 Fast Flow XK16/40 column equilibrated with PBS on an ÄKTA Purifier (GE 

 
 

Healthcare). The size and polydispersity index (PdI) of the liposomes was measured using a 

Malvern Zetasizer Nano ZS90 (Malvern Instruments, Worcestershire, UK) and was found 114 

nm with a PdI of 0.115. The amount of encapsulated enzyme was quantified using HPLC 

analysis (Perkin Elmer 200 series with a Waters Xbridge BEH300 C4 3.5μm, 2.1 x 150 mm). 

Liposome preparations were stored at 4°C. 

ANIMAL EXPERIMENTS 

A series of animal studies were performed to evaluate the substrate clearance, 

bioavailability and immunogenicity of lipo-ERT versus unshielded enzyme (free ERT). Drugs 

were administered intravenously via the tail vein. 

Pilot experiment 

Multiple studies suggest that the blood-brain barrier in (very) young mice may allow for ERT 

to reach the CNS [5,14]. Also, ERT at 2 to 20x the regular dose was found to reduce GAG 

storage in brain [15]. The pilot experiment of this study was therefore aimed at determining 

whether the studied mice provide a suitable animal model, where ERT at a regular dose does 

not lead to storage reduction in the CNS. Four groups of 3 male IDUA -/- mice were included. 

Three groups received 4 weekly injections of free ERT from the age of 4 weeks (± 1 day) at 

half the regular dose (0.3 mg/kg/week), the regular dose of 0.6 mg/kg/week or a double 

dose (1.2mg/kg/week). The fourth group was left untreated. At the age of 7 weeks and 3 

days (± 1 day) the animals were euthanized and blood and tissues were collected. Following 

the results of the pilot experiment, all subsequent animal studies were performed with an 

ERT dose of 0.6 mg/kg/week. 

Single injection experiment 

Two groups of 4 male IDUA -/- mice received a single dose of free ERT or lipo-ERT at the age 

of 4 weeks (± 1 day). Venous blood was drawn prior to injection (baseline) and 5, 20, 60, 120, 

240 and 480 minutes post-injection. Animals were euthanized at 8 hours post-injection, and 

tissues were collected for analysis. 

Efficacy experiment 

Two groups of 8 IDUA -/- male mice received either lipo-ERT or free ERT at weekly intervals 

from the age of 4 weeks (± 2 days) for 10 weeks. Control groups consisted of 8 untreated 
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time [11]. This may be combined with ligands targeted at specific blood-brain barrier 
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Iaronidase. Non-encapsulated enzyme was removed via size exclusion chromatography, 

using a Sepharose 6 Fast Flow XK16/40 column equilibrated with PBS on an ÄKTA Purifier (GE 
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analysis (Perkin Elmer 200 series with a Waters Xbridge BEH300 C4 3.5μm, 2.1 x 150 mm). 

Liposome preparations were stored at 4°C. 

ANIMAL EXPERIMENTS 

A series of animal studies were performed to evaluate the substrate clearance, 

bioavailability and immunogenicity of lipo-ERT versus unshielded enzyme (free ERT). Drugs 

were administered intravenously via the tail vein. 

Pilot experiment 

Multiple studies suggest that the blood-brain barrier in (very) young mice may allow for ERT 

to reach the CNS [5,14]. Also, ERT at 2 to 20x the regular dose was found to reduce GAG 

storage in brain [15]. The pilot experiment of this study was therefore aimed at determining 

whether the studied mice provide a suitable animal model, where ERT at a regular dose does 

not lead to storage reduction in the CNS. Four groups of 3 male IDUA -/- mice were included. 

Three groups received 4 weekly injections of free ERT from the age of 4 weeks (± 1 day) at 

half the regular dose (0.3 mg/kg/week), the regular dose of 0.6 mg/kg/week or a double 

dose (1.2mg/kg/week). The fourth group was left untreated. At the age of 7 weeks and 3 

days (± 1 day) the animals were euthanized and blood and tissues were collected. Following 

the results of the pilot experiment, all subsequent animal studies were performed with an 

ERT dose of 0.6 mg/kg/week. 

Single injection experiment 

Two groups of 4 male IDUA -/- mice received a single dose of free ERT or lipo-ERT at the age 

of 4 weeks (± 1 day). Venous blood was drawn prior to injection (baseline) and 5, 20, 60, 120, 

240 and 480 minutes post-injection. Animals were euthanized at 8 hours post-injection, and 

tissues were collected for analysis. 

Efficacy experiment 

Two groups of 8 IDUA -/- male mice received either lipo-ERT or free ERT at weekly intervals 

from the age of 4 weeks (± 2 days) for 10 weeks. Control groups consisted of 8 untreated 
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IDUA -/- male mice and 8 IDUA +/+ male mice. Blood was drawn in all 32 mice at age 4 weeks 

(baseline) and (prior to injection) at 5, 6, 8, 10 and 12 weeks and at sacrifice at the age of 13 

weeks and 3 days. Tissues were collected for analysis. 

BLOOD AND TISSUE COLLECTION 

Blood was drawn from the saphenous vein and collected in 100ul serum tubes (Microvette®, 

Sarstedt Inc, Newton, NC). Samples were centrifuged at 240 x g for 10 minutes and serum 

was stored at -20°C until analysis. 

Euthanasia was performed by exsanguination under deep anesthesia induced by 

intraperitoneal injection of 100 mg/kg pentobarbital. Animals were perfused with NaCl 0.9%. 

Heart, liver, spleen and kidney were collected and snap frozen in liquid nitrogen. Brain was 

sectioned on the midline and one hemisphere was snap frozen in liquid nitrogen.  

BIOCHEMICAL MEASUREMENTS 

Brain and liver tissues were homogenized in PBS and protein content was determined using 

Pierce® BCA Protein Assay Reagent A (Thermo Scientific) as described by the manufacturer. 

Tissue storage of GAGs was analyzed by quantification of enzymatically digested GAGs by LC-

MS/MS as previously described by De Ru et al [16] with the modification that for both brain 

and liver 12.5 μg protein was used.  

 IDUA activity was determined as described by Kingma et al [17] with the following 

adjustments. Final protein concentration was 0.1 mg/ml for liver samples and 0.15 mg/ml 

for brain. Samples were incubated for 1 hour. 

Immune response was evaluated for the efficacy experiment in sequential serum samples 

with ELISA. ELISA plates were coated with 5ug/ml laronidase overnight at 4°C. Plates were 

washed with wash buffer (PBS 0.2% Tween) 3 times, blocked with blocking buffer (1% BSA 

0.02M Tris/HCl, 025M NaCl) for an hour and washed again 3 times with wash buffer. 

Standard (mouse anti-human IDUA antibody) and mouse serum samples were applied to the 

plates and incubated for 1 hour at room temperature. Plates were washed 3 times with 

wash buffer and incubated with biotinylated goat anti-mouse IgG antibody diluted in dilution 

buffer (5ug/ml; PBS 0.05% Tween, 0.01% BSA) for 1 hour at room temperature. Plates were 

 
 

washed 3 times, incubated with Vectastain ABC kit for 30 minutes at room temperature 

followed by TMB substrate for exactly 3 minutes. 2.5M H2SO4 was added to the plates to 

stop the reaction. Plates were then read at 450nm to determine the maximum absorbance 

and at 570nm to correct for measurement errors. 

STATISTICAL ANALYSIS 

Statistical analysis was performed using SPSS Statistics software version 22 (IBM Corp., 

Armonk, NY, USA). Average levels of GAG storage or IDUA activity were compared between 

groups using the Mann-Whitney-U test.  

 
RESULTS 

PILOT EXPERIMENT 

GAG levels in brain and liver of the four groups of IDUA -/- mice treated with free ERT are 

presented in figure 1. In all three treatment groups, GAGs in liver were significantly reduced 

compared to controls (Fig. 1A). No difference was observed between the untreated control 

group and any of the treatment groups in brain GAG levels, although levels in mice treated 

with 1.2 mg/kg/week appeared to be slightly reduced (Fig. 1B).  

BIOAVAILABILITY EXPERIMENT 

Eight hours after a single injection of free ERT or lipo-ERT, IDUA activity in liver was elevated 

to approximately 3x wild type level (Fig 2A). There was no difference in brain IDUA activity 

between the two groups and activity did not increase from knock out levels (Fig 2B). Two of 

the four mice that received Lipo-ERT showed markedly higher peak serum IDUA activity (Fig 

2C). At 8 hours post-injection, serum IDUA activity was higher in the lipo-ERT group (p<0.05). 

The mean AUC in the free ERT group was 303 x 103 and 1,624 x 103 in the lipo-ERT group. 

EFFICACY EXPERIMENT 

GAG levels in liver were reduced to WT control levels in both treatment groups (free ERT and 

lipo-ERT, Fig. 3A). In brain, GAG levels were slightly reduced in both the free ERT and lipo- 
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sectioned on the midline and one hemisphere was snap frozen in liquid nitrogen.  
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Brain and liver tissues were homogenized in PBS and protein content was determined using 

Pierce® BCA Protein Assay Reagent A (Thermo Scientific) as described by the manufacturer. 

Tissue storage of GAGs was analyzed by quantification of enzymatically digested GAGs by LC-

MS/MS as previously described by De Ru et al [16] with the modification that for both brain 

and liver 12.5 μg protein was used.  

 IDUA activity was determined as described by Kingma et al [17] with the following 

adjustments. Final protein concentration was 0.1 mg/ml for liver samples and 0.15 mg/ml 

for brain. Samples were incubated for 1 hour. 

Immune response was evaluated for the efficacy experiment in sequential serum samples 

with ELISA. ELISA plates were coated with 5ug/ml laronidase overnight at 4°C. Plates were 

washed with wash buffer (PBS 0.2% Tween) 3 times, blocked with blocking buffer (1% BSA 

0.02M Tris/HCl, 025M NaCl) for an hour and washed again 3 times with wash buffer. 

Standard (mouse anti-human IDUA antibody) and mouse serum samples were applied to the 

plates and incubated for 1 hour at room temperature. Plates were washed 3 times with 

wash buffer and incubated with biotinylated goat anti-mouse IgG antibody diluted in dilution 

buffer (5ug/ml; PBS 0.05% Tween, 0.01% BSA) for 1 hour at room temperature. Plates were 

 
 

washed 3 times, incubated with Vectastain ABC kit for 30 minutes at room temperature 

followed by TMB substrate for exactly 3 minutes. 2.5M H2SO4 was added to the plates to 

stop the reaction. Plates were then read at 450nm to determine the maximum absorbance 

and at 570nm to correct for measurement errors. 

STATISTICAL ANALYSIS 

Statistical analysis was performed using SPSS Statistics software version 22 (IBM Corp., 

Armonk, NY, USA). Average levels of GAG storage or IDUA activity were compared between 

groups using the Mann-Whitney-U test.  

 
RESULTS 
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GAG levels in brain and liver of the four groups of IDUA -/- mice treated with free ERT are 

presented in figure 1. In all three treatment groups, GAGs in liver were significantly reduced 

compared to controls (Fig. 1A). No difference was observed between the untreated control 

group and any of the treatment groups in brain GAG levels, although levels in mice treated 

with 1.2 mg/kg/week appeared to be slightly reduced (Fig. 1B).  

BIOAVAILABILITY EXPERIMENT 

Eight hours after a single injection of free ERT or lipo-ERT, IDUA activity in liver was elevated 

to approximately 3x wild type level (Fig 2A). There was no difference in brain IDUA activity 

between the two groups and activity did not increase from knock out levels (Fig 2B). Two of 

the four mice that received Lipo-ERT showed markedly higher peak serum IDUA activity (Fig 

2C). At 8 hours post-injection, serum IDUA activity was higher in the lipo-ERT group (p<0.05). 

The mean AUC in the free ERT group was 303 x 103 and 1,624 x 103 in the lipo-ERT group. 

EFFICACY EXPERIMENT 

GAG levels in liver were reduced to WT control levels in both treatment groups (free ERT and 

lipo-ERT, Fig. 3A). In brain, GAG levels were slightly reduced in both the free ERT and lipo- 
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Figure 1. Total GAG levels in liver and brain of mice – pilot experiment.  

Each group consisted of 3 male mice, IDUA -/-. Error bars represent standard deviation. 

A: Total GAG levels in liver. 

B: Total GAG levels in brain. 

 

ERT group compared to the IDUA -/- controls (p<0.01 and p <0.05 respectively), but still 

significantly higher than wild type control levels (p<0.01, Fig. 3B).  

In the two control groups, there was no change in antibody concentration over time (Fig. 

3C). In both treatment groups, a gradual increase in antibody level was observed (Fig. 3C), 

with higher levels in the lipo-ERT group. Median area under the curve was 37.8 in the free 

ERT group vs 79.1 in lipo-ERT mice (p = 0.05). 

 
DISCUSSION 

In this study, we have evaluated GSH-PEG liposomal encapsulation of laronidase in an MPS I 

mouse model. Our hypothesis that this would enable laronidase to cross the blood-brain 

barrier and significantly resolve storage in the central nervous system could not be 

confirmed. There was no difference in GAG levels in brain of mice who received regular 

laronidase (free ERT) versus the GSH-PEG liposomal encapsulated laronidase (lipo-ERT). 

While liver GAG levels were at wild-type levels after even four weeks of treatment, GAG  
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Figure 2. IDUA activity in liver, brain and serum of mice – single injection 
experiment.  

Each group consisted of 4 male mice, IDUA -/-. Error bars represent standard deviation. 

A: IDUA activity in liver. Wild type levels average at ~70 nmol/mg/hr. 

B: IDUA activity in brain. Wild type levels average at ~10 nmol/mg/hr. 

C: IDUA activity in serum for each individual mouse. 

 

levels in brain were still significantly elevated after 10 weeks. In both groups however, the 

brain GAG levels were slightly lower than levels observed in untreated mice of the same age. 
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Each group consisted of 3 male mice, IDUA -/-. Error bars represent standard deviation. 
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3C). In both treatment groups, a gradual increase in antibody level was observed (Fig. 3C), 

with higher levels in the lipo-ERT group. Median area under the curve was 37.8 in the free 

ERT group vs 79.1 in lipo-ERT mice (p = 0.05). 
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levels in brain were still significantly elevated after 10 weeks. In both groups however, the 
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Previous studies of ERT in mice show similar capacity of the free ERT to reach the CNS, but 

only in higher dosages [14,15]. In our pilot study, there was no effect of 4 weeks of 0.6 

mg/kg laronidase on GAG levels in brain and 8 hours after a single injection IDUA activity in 

brain was not elevated from knock out level. Our findings in mice treated for 8 weeks 

however suggest that ERT at a regular dose may reach the CNS in very small quantities and 

lead to some GAG reduction in a long-term treatment setting. Enzyme activity analysis in 

tissue might not be a sensitive enough method to detect these very low levels after a single 

injection. If ERT leads to a small GAG reduction in the CNS, the currently used dose of 0.58 

mg/kg/week is almost certainly insufficient to complete correct CNS disease. Despite ERT, 

hydrocephalus occurred in MPS I-H patients, cognitive decline was observed in MPS I-H/S 

patients and MPS I-S patients developed cervical cord compression [6–8,18]. Future studies 

on CNS outcomes and GAG levels in CSF of patients treated with ERT alone are needed to 

investigate to what extent ERT crosses the blood-brain barrier in humans, and whether this 

dose-depended.  

The inability of GSH-PEG liposomal ERT to improve GAG reduction in the brain is may be due 

to an immune response, either to laronidase or the liposomes. Previous studies on MPS I 

mice treated with non-liposomal laronidase report a significant antibody response in non-

neonatal animals [14,15], but all were treated with doses >0.6 mg/kg. Although ERT was well 

tolerated at a dose of 0.6 mg/kg/week and no dexamethasone pre-treatment was required, 

the free ERT group displayed a significant antibody response, likely to interfere with 

treatment efficacy [19–21]. Even higher antibody levels were observed in the lipo-ERT mice. 

Liposomes may carry a wide range of molecules and compounds may remain unrecognized 

or induce tolerance [22]. But liposomal encapsulation may also enhance the immunogenicity 

of the compound [23]. This mechanism is used in the development of several vaccines, and 

might explain the higher antibody levels in this study. Also, the higher AUC in the lipo-ERT 

treated mice might have led to a higher antigen presentation. 

Furthermore, liposomes by themselves may be immunogenic due to their size and lack of 

self-discriminating molecules [22,24–26]. More specific, repeated administrations of 

PEGylated liposomes may induce a counter-intuitive phenomenon known as accelerated 

blood clearance, resulting in a short plasma half life [27]. Although this immune response 

was not investigated by us, such a process might have affected the pharmacokinetic profile  

 
 

 

Figure 3. Total GAG levels in liver and brain and antibody levels of mice – 
efficacy experiment.  

Each group consisted of 8 male mice.  
Free ERT: IDUA -/- mice were treated with 0.6 mg/kg/week unshielded laronidase.  
Lipo ERT: IDUA -/- mice were treated with 0.6 mg/kg/week GSH-PEG liposomal laronidase.  
KO control: IDUA -/- mice, untreated.  
WT control: IDUA +/+ mice, untreated. * = p<0.05, ** = p<0.01 

A: Total GAG levels in liver. Error bars represent standard deviation. 

B: Total GAG levels in brain. Error bars represent standard deviation. 

C: Antibody levels during the treatment period. Error bars represent standard error of the mean. 
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Previous studies of ERT in mice show similar capacity of the free ERT to reach the CNS, but 

only in higher dosages [14,15]. In our pilot study, there was no effect of 4 weeks of 0.6 

mg/kg laronidase on GAG levels in brain and 8 hours after a single injection IDUA activity in 

brain was not elevated from knock out level. Our findings in mice treated for 8 weeks 

however suggest that ERT at a regular dose may reach the CNS in very small quantities and 

lead to some GAG reduction in a long-term treatment setting. Enzyme activity analysis in 

tissue might not be a sensitive enough method to detect these very low levels after a single 

injection. If ERT leads to a small GAG reduction in the CNS, the currently used dose of 0.58 

mg/kg/week is almost certainly insufficient to complete correct CNS disease. Despite ERT, 

hydrocephalus occurred in MPS I-H patients, cognitive decline was observed in MPS I-H/S 

patients and MPS I-S patients developed cervical cord compression [6–8,18]. Future studies 

on CNS outcomes and GAG levels in CSF of patients treated with ERT alone are needed to 

investigate to what extent ERT crosses the blood-brain barrier in humans, and whether this 

dose-depended.  

The inability of GSH-PEG liposomal ERT to improve GAG reduction in the brain is may be due 

to an immune response, either to laronidase or the liposomes. Previous studies on MPS I 

mice treated with non-liposomal laronidase report a significant antibody response in non-

neonatal animals [14,15], but all were treated with doses >0.6 mg/kg. Although ERT was well 

tolerated at a dose of 0.6 mg/kg/week and no dexamethasone pre-treatment was required, 

the free ERT group displayed a significant antibody response, likely to interfere with 

treatment efficacy [19–21]. Even higher antibody levels were observed in the lipo-ERT mice. 

Liposomes may carry a wide range of molecules and compounds may remain unrecognized 

or induce tolerance [22]. But liposomal encapsulation may also enhance the immunogenicity 

of the compound [23]. This mechanism is used in the development of several vaccines, and 

might explain the higher antibody levels in this study. Also, the higher AUC in the lipo-ERT 

treated mice might have led to a higher antigen presentation. 

Furthermore, liposomes by themselves may be immunogenic due to their size and lack of 

self-discriminating molecules [22,24–26]. More specific, repeated administrations of 

PEGylated liposomes may induce a counter-intuitive phenomenon known as accelerated 

blood clearance, resulting in a short plasma half life [27]. Although this immune response 

was not investigated by us, such a process might have affected the pharmacokinetic profile  

 
 

 

Figure 3. Total GAG levels in liver and brain and antibody levels of mice – 
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Each group consisted of 8 male mice.  
Free ERT: IDUA -/- mice were treated with 0.6 mg/kg/week unshielded laronidase.  
Lipo ERT: IDUA -/- mice were treated with 0.6 mg/kg/week GSH-PEG liposomal laronidase.  
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C: Antibody levels during the treatment period. Error bars represent standard error of the mean. 
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of lipo-ERT, resulting in low availability of laronidase for GAG reduction in brain. No such 

complications have been described in mice treated repeatedly with GSH-PEG liposomal 

encapsulated drugs [13,28], but the compounds and liposomal composition were different 

from our study.  

In conclusion, GSH-PEG liposomal laronidase does not lead to increased GAG reduction in 

brain compared to regular, unshielded laronidase. A slight reduction of GAG levels in brain is 

seen in both treatment groups.  This suggests that even at a regular dosis ERT might reach 

the CNS in very low amounts, despite observations that in MPS I patients ERT alone does not 

provide prevention of CNS disease.  
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ABSTRACT 

Objective: Dysostosis multiplex contributes significantly to morbidity in patients with Hurler 

syndrome (Mucopolysaccharidosis type I Hurler phenotype; MPS I-H), even after successful 

hematopoietic stem cell transplantation (HSCT). One of the hallmarks of dysostosis multiplex 

in MPS I is hip dysplasia, which often requires surgical intervention. We seek to describe in 

detail the course of hip dysplasia in this group of patients and identify risk factors and 

prognostic features. 

Methods: Longitudinal data were obtained from digitally scored pelvic X-ray studies of MPS 

I-H patients using OrthoGon™ software for parameters including, but not limited to, 

acetabular index (AI), migration percentage, Smith’s ratio and neck-shaft angle. Scoring was 

done independently by two blinded observers. Additional information on genotype, 

peritransplant treatment with enzyme replacement therapy, donor chimerism and enzyme 

activity post-HSCT were obtained. General trends and potential correlations were calculated 

with mixed models statistics. 

Results: Fifty-two patients (192 radiographs) were included in this analysis. Intra- and inter-

observer variation analysis showed intraclass correlation coefficient ranging from 0.78 to 

1.0. At the end of follow-up, the AI was in the range of severe hip dysplasia in 86% of 

patients. Over time, AI showed an upward trend that deviates from the reference range 

(p≤0.001). Severe coxa valga were seen in 91% of patients. Lateral and superior femoral 

displacement were highly prevalent, with migration percentage outside the reference range 

in up to 96% of patients. Finally, pelvic tilt increased with age (p=0.001). No correlations 

were identified between clinical parameters and radiological outcomes. 

Conclusions: Our study shows that progressive acetabular dysplasia, as well as coxa valga 

and hip displacement, are highly prevalent and progressive over time in MPS I-H patients 

despite successful HSCT. The methods for assessment of hip dysplasia in MPS I-H used in this 

study are highly reliable and reproducible. These data may provide essential natural history 

determinations for the assessment of therapeutic efficacy of new therapeutic strategies 

aimed at improving outcome in MPS I-H patients. 

  

 
 

INTRODUCTION 

Mucopolysaccharidosis type I (MPS I, OMIM 252800) is a lysosomal storage disease caused 

by a deficiency of the lysosomal hydrolase α-L-iduronidase (IDUA) [1]. The severe Hurler 

phenotype (MPS I-H) is characterized by progressive somatic manifestations including an 

extensive skeletal dysplasia that is known as dysostosis multiplex [2,3]. As a result of 

defective endochondral and membranous growth, bones throughout the body are affected, 

resulting in typical radiological findings, such as bullet shaped metacarpals, a J-shaped sella 

turcica, oar-shaped ribs, a thoraco-lumbar kyphosis and an overall short stature [2]. One of 

the hallmarks is a characteristic form of hip dysplasia.  

The preferred treatment of patients with the severe MPS I-H phenotype is hematopoietic 

stem cell transplantation (HSCT) before the onset of neurocognitive decline [4]. Enzyme 

replacement therapy (ERT, laronidase) is often administered to patients awaiting HSCT.  

For both treatments the effects on several disease manifestations have been described [5–

7]. However, the skeletal system generally seems to be refractory to the beneficial effects of 

these treatments and a significant disease burden remains in treated patients  [7–13]. The 

observed residual skeletal disease results in a high frequency of orthopedic interventions in 

MPS I patients for thoraco-lumbar kyphosis, carpal tunnel syndrome, genu valga and hip 

dysplasia [8–14]. Therefore, strategies for improving skeletal outcomes are urgently needed. 

However, methods to reliably assess the severity and progression of dysostosis multiplex are 

lacking. Radiological evaluation of pediatric hip radiographs have been described for healthy 

children, as well as for developmental dysplasia of the hip, including extensive assessment of 

reliability of the measurements [15–19]. For MPS I-H however, progression of hip dysplasia is 

only described in small case series [9,20]. 

We sought to develop a reliable method for the radiological evaluation of HD in MPS I and to 

use this method to describe the development of HD over time in a large cohort of MPS I-H 

patients who received a successful HSCT, thus creating a historical cohort for future 

reference and to identify potential outcome predictors. 
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METHODS 

PATIENTS AND CLINICAL DATA 

All MPS I-H patients who were known at one of the participating centers (Table 1) and had 

previously undergone HSCT were considered for inclusion. Effort was taken to construct a 

homogenous cohort, and the in- and exclusion criteria are depicted in table 2. Of patients 

who were eligible for inclusion, all anterior-posterior pelvic radiographs available on June 1st 

2014 were retrospectively collected in a digital DICOM format. Additional information on 

gender, genotype, age at HSCT, ERT pre-HSCT, IDUA activity post-HSCT, chimerism and 

surgical intervention for HD was collected. Ethical approval was sought from the local ethical 

boards of the participating centers and was granted or waived because of the retrospective 

nature of the study, as only anonymized data was provided for evaluation. 

RADIOLOGICAL PARAMETERS 

A set of radiological parameters was constructed based on literature review, expert opinion 

and feasibility and reviewed by a group of experts (EL, MO, RR, RS, KW and FW). The final set 

of assessed parameters for the left and right hip consisted of the acetabular index (AI), neck-

shaft angle (NSA), tilt index (TI), migration percentage (MP), Smith’s ratio for lateral 

displacement (CB) and Smith’s ratio for superior displacement (HB) (Figure 1). Also, the 

symphysis-os ischium angle (SOI) and rotation quotient (RQ) were measured (Figure 1). Each 

radiograph was evaluated by two independent observers (EL and MO or OK) using a strict 

protocol facilitated by OrthoGon software (IMPAX 6.5.2, Agfa Healthcare Corporation, 

Mortsel, Belgium). The observers were trained by analyzing between 10 and 20 radiographs 

of patients not included in the study, following the study protocol. The training results were 

discussed, and where necessary, the definition of radiographic landmarks was modified to 

increase reproducibility. Observers were at the time of evaluation blinded for the patient’s 

clinical data.  

STATISTICAL ANALYSIS 

Statistical analysis was performed using SPSS Statistics software version 22 (IBM Corp., 

Armonk, NY, USA). Patient characteristics are described using descriptive statistics.  

 
 

Inter-observer variability was assessed by calculating the intraclass correlation coefficient 

(ICC, absolute agreement), based on components of variance analysis of a random selection 

of one radiograph per patient. For intra-observer variability, ICC was calculated based on 10 

photos scored twice by each observer. Systematic errors were assessed by mixed effect 

models, analyzing the interaction of the average measurement of the two observers and the 

difference of two measurements. Bland-Altman plots were constructed to identify outliers. 

Outliers were determined as data points outside the 95% limits of agreement. For each 

radiograph with one or more outliers it was decided whether to reevaluate the complete 

radiograph, to exclude measurements from the final analysis or to include all findings 

despite the observed disagreement.   

In the final analyses the average of the measurements of the two observers was used.  

Reference values were obtained from the literature and dichotomous variables were 

constructed for all parameters (normal/abnormal) [15,17,19,21–24]. 

Correlation of radiographic parameters was assessed based on the last radiograph before 

end of follow-up and calculated by Pearson’s correlation coefficient. Binary outcomes were 

compared using Fisher’s exact test. 

Table 1. Patient characteristics. 

Characteristic N (%) Mean (SD) Median (range) 

Overall patient population 52 (100)*   

Gender, male:female 30 (58) : 22 (42)   

Number of radiographs per patient  3.7 (1.8) 3 (2 – 9) 

Age at HSCT (months)  13.3 (7.2) 12 (3 – 30) 

Age at last included radiograph 
(years) 

 5.4 (2.8) 4.6 ( 1.6 – 12.0) 

ERT pre-HSCT, yes:no 31 (60) : 21 (40)   

Duration ERT pre-HSCT (weeks)  24 (26) 14 (4 – 136) 

*Centers: Academic Medical Center, Amsterdam/Wilhelmina Children’s Hospital, Utrecht (N=11), 
Our Lady’s Children’s Hospital, Dublin (N=17), Royal Manchester Children’s Hospital (N= 15), 
University of Minnesota (N=9) 
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2014 were retrospectively collected in a digital DICOM format. Additional information on 

gender, genotype, age at HSCT, ERT pre-HSCT, IDUA activity post-HSCT, chimerism and 

surgical intervention for HD was collected. Ethical approval was sought from the local ethical 

boards of the participating centers and was granted or waived because of the retrospective 

nature of the study, as only anonymized data was provided for evaluation. 

RADIOLOGICAL PARAMETERS 

A set of radiological parameters was constructed based on literature review, expert opinion 

and feasibility and reviewed by a group of experts (EL, MO, RR, RS, KW and FW). The final set 

of assessed parameters for the left and right hip consisted of the acetabular index (AI), neck-

shaft angle (NSA), tilt index (TI), migration percentage (MP), Smith’s ratio for lateral 

displacement (CB) and Smith’s ratio for superior displacement (HB) (Figure 1). Also, the 

symphysis-os ischium angle (SOI) and rotation quotient (RQ) were measured (Figure 1). Each 

radiograph was evaluated by two independent observers (EL and MO or OK) using a strict 

protocol facilitated by OrthoGon software (IMPAX 6.5.2, Agfa Healthcare Corporation, 

Mortsel, Belgium). The observers were trained by analyzing between 10 and 20 radiographs 

of patients not included in the study, following the study protocol. The training results were 

discussed, and where necessary, the definition of radiographic landmarks was modified to 

increase reproducibility. Observers were at the time of evaluation blinded for the patient’s 

clinical data.  

STATISTICAL ANALYSIS 

Statistical analysis was performed using SPSS Statistics software version 22 (IBM Corp., 

Armonk, NY, USA). Patient characteristics are described using descriptive statistics.  

 
 

Inter-observer variability was assessed by calculating the intraclass correlation coefficient 

(ICC, absolute agreement), based on components of variance analysis of a random selection 

of one radiograph per patient. For intra-observer variability, ICC was calculated based on 10 

photos scored twice by each observer. Systematic errors were assessed by mixed effect 

models, analyzing the interaction of the average measurement of the two observers and the 

difference of two measurements. Bland-Altman plots were constructed to identify outliers. 

Outliers were determined as data points outside the 95% limits of agreement. For each 

radiograph with one or more outliers it was decided whether to reevaluate the complete 

radiograph, to exclude measurements from the final analysis or to include all findings 

despite the observed disagreement.   

In the final analyses the average of the measurements of the two observers was used.  

Reference values were obtained from the literature and dichotomous variables were 

constructed for all parameters (normal/abnormal) [15,17,19,21–24]. 

Correlation of radiographic parameters was assessed based on the last radiograph before 

end of follow-up and calculated by Pearson’s correlation coefficient. Binary outcomes were 

compared using Fisher’s exact test. 

Table 1. Patient characteristics. 

Characteristic N (%) Mean (SD) Median (range) 

Overall patient population 52 (100)*   

Gender, male:female 30 (58) : 22 (42)   

Number of radiographs per patient  3.7 (1.8) 3 (2 – 9) 

Age at HSCT (months)  13.3 (7.2) 12 (3 – 30) 

Age at last included radiograph 
(years) 

 5.4 (2.8) 4.6 ( 1.6 – 12.0) 

ERT pre-HSCT, yes:no 31 (60) : 21 (40)   

Duration ERT pre-HSCT (weeks)  24 (26) 14 (4 – 136) 

*Centers: Academic Medical Center, Amsterdam/Wilhelmina Children’s Hospital, Utrecht (N=11), 
Our Lady’s Children’s Hospital, Dublin (N=17), Royal Manchester Children’s Hospital (N= 15), 
University of Minnesota (N=9) 
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Trajectories of individual patients were plotted over age for each parameter. Where 

applicable, average trends were fitted using mixed effects models. We allowed for inter-

individual variation via random intercepts and slopes and interaction with age at HSCT, ERT 

prior to HSCT, chimerism and IDUA activity post-HSCT was assessed.  

A p value of <0.05 was considered statistically significant. 

Table 2. In-/ exclusion criteria. 

Inclusion criteria Exclusion criteria 

1. Diagnosis of MPS I – Hurler phenotype as 

determined by both of the following: 

a. Documented deficiency of alfa-L-

iduronidase (IDUA) enzyme in reference 

to local laboratory standards. 

b. Documented Hurler-related mutations 

on both alleles of the IDUA gene. 

1. A post-HSCT follow –up 

duration of less than 2 

years. 

2. Successful hematopoietic stem cell 

transplantation before the age of 2.5 years 

determined by a post-transplantation donor 

chimerism of at least 10%. 

2. The last successful 

hematopoietic stem cell 

transplantation received 

after the age of 2.5 years or 

before 1-1-1995. 

3. The patient’s parent or legal guardian 

understands the full nature and purpose of the 

study, and provides informed consent (unless 

the requirement for informed consent is waived 

by local regulations) prior to extraction of the 

patient’s data through chart review. 

3. Availability of less than 
two radiographic studies, 
performed prior to hip 
surgery, in adequate 
(DICOM) format. 

 

  

 
 

SOURCE OF FUNDING 

This study was in part funded by an unrestricted grant from the Genzyme/BioMarin joint 

venture.  

 
RESULTS 

COHORT 

A total of 206 MPS I-H patients who received an HSCT were considered for inclusion. After 

review, 154 cases were excluded: 14 due to too short follow-up period post-HSCT; 60 

because the molecular diagnosis was not available; 9 because the genotype were not 

consistent with the documented Hurler-related mutations from the study protocol; 7 were 

over 2.5 years of age at the time of HSCT; 6 because HSCT was performed before 1995 and 

58 because less than two radiographs were available. The remaining 52 patients were 

included in the study. Their patient characteristics are depicted in table 1.  

RADIOGRAPHS 

192 radiographs were evaluated by two observers for 14 radiological landmarks, resulting in 

2x2688 data points. Of the 2688 parameters assessed, 69 (2.6%) were excluded from the 

final analysis based on inadequacies of the radiograph, such as coverage of bony structures 

by gonad shielding. Based on Bland-Altman plots, 123 (4.6%) data points were identified as 

outliers. For 86 of these (3.2%), the reported value of one of the two observers was excluded 

from the final analysis after review of the raw data.  

RELIABILITY 

The inter-observer variation ICC ranged from 0.78 to 1.0 and the average intra-observer ICC 

from 0.84 to 1.0 (Table 3). No systematic errors were identified in any of the parameters. 
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individual variation via random intercepts and slopes and interaction with age at HSCT, ERT 

prior to HSCT, chimerism and IDUA activity post-HSCT was assessed.  

A p value of <0.05 was considered statistically significant. 

Table 2. In-/ exclusion criteria. 

Inclusion criteria Exclusion criteria 

1. Diagnosis of MPS I – Hurler phenotype as 

determined by both of the following: 

a. Documented deficiency of alfa-L-

iduronidase (IDUA) enzyme in reference 

to local laboratory standards. 

b. Documented Hurler-related mutations 

on both alleles of the IDUA gene. 

1. A post-HSCT follow –up 

duration of less than 2 

years. 

2. Successful hematopoietic stem cell 

transplantation before the age of 2.5 years 

determined by a post-transplantation donor 

chimerism of at least 10%. 

2. The last successful 

hematopoietic stem cell 

transplantation received 

after the age of 2.5 years or 

before 1-1-1995. 

3. The patient’s parent or legal guardian 

understands the full nature and purpose of the 

study, and provides informed consent (unless 

the requirement for informed consent is waived 

by local regulations) prior to extraction of the 

patient’s data through chart review. 

3. Availability of less than 
two radiographic studies, 
performed prior to hip 
surgery, in adequate 
(DICOM) format. 

 

  

 
 

SOURCE OF FUNDING 

This study was in part funded by an unrestricted grant from the Genzyme/BioMarin joint 

venture.  

 
RESULTS 

COHORT 

A total of 206 MPS I-H patients who received an HSCT were considered for inclusion. After 

review, 154 cases were excluded: 14 due to too short follow-up period post-HSCT; 60 
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consistent with the documented Hurler-related mutations from the study protocol; 7 were 

over 2.5 years of age at the time of HSCT; 6 because HSCT was performed before 1995 and 

58 because less than two radiographs were available. The remaining 52 patients were 

included in the study. Their patient characteristics are depicted in table 1.  

RADIOGRAPHS 

192 radiographs were evaluated by two observers for 14 radiological landmarks, resulting in 

2x2688 data points. Of the 2688 parameters assessed, 69 (2.6%) were excluded from the 

final analysis based on inadequacies of the radiograph, such as coverage of bony structures 

by gonad shielding. Based on Bland-Altman plots, 123 (4.6%) data points were identified as 

outliers. For 86 of these (3.2%), the reported value of one of the two observers was excluded 

from the final analysis after review of the raw data.  

RELIABILITY 

The inter-observer variation ICC ranged from 0.78 to 1.0 and the average intra-observer ICC 

from 0.84 to 1.0 (Table 3). No systematic errors were identified in any of the parameters. 
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Figure 1. Overview of radiological parameters in a schematic pelvis of an 
MPS I Hurler patient.  

 
 

HL: Hilgenreiner’s line; connecting both triradiate cartilages. 
PL: Perkin’s line; perpendicular to Hilgenreiner’s line, touching the supero-lateral edge of the 
acetabulum. 

A: 
AI: Acetabular index; the angle between Hilgenreiner’s line and a line connecting the lateral margin 
of the triradiate cartilage and the supero-lateral edge of the acetabulum. 
F: Height of the obturator foramen. 
G: Distance between superior cortex of pubic symphysis and Hilgenreiner’s line. 
Tilt index: F/G. 
NSA: Neck-shaft angle. 
X: Width of femoral head lateral of Perkin’s line. 
Y: Width of femoral head. 
Migration percentage: X/Y. 

B: 
SOI: Symphysis-os ischium angle; angle between two lines that are tangential to the highest point on 
each ischium and which meet at the point of the symphysis which projects farthest into the pelvic 
aperture [25]. 
B: Distance from midline to Perkin’s line. 
C: Distance from midline to medial edge of the femur. 
Smith’s ratio for lateral displacement: C/B. 
H: Distance from the superior most part of the femoral neck to Hilgenreiner’s line. 
Smith’s ratio for superior displacement: H/B. 
R: Width of the right obturator foramen. 
S: Width of the left obturator foramen. 
Rotation quotient: R/S. 

 

ACETABULAR INDEX 

In 31 patients (60%) a radiograph taken prior to HSCT (“baseline”) was available. The median 

age at the time of baseline radiographs was 9.3 months. An AI of > +2 SD of the reference 

values [15] was seen in 29% (right) and 26 % (left) of the hips at baseline. A gradual increase 

in the AI with age was observed in most patients, with the steepest slopes in the first five 

years of life (Figure 2). Of the 21 patients of whom radiographs were available after 5 years 

of age, the last included radiograph (median age 8 years) had an AI of > +2 SD in 86% (R) and 

71 % (L). The progression over time was modeled for the first five years of life (Figure 3A+B). 

An increase with age was seen in both the left and right AI (p<0.001), as opposed to a 

decrease in AI in the reference cohort. 
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S: Width of the left obturator foramen. 
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In 31 patients (60%) a radiograph taken prior to HSCT (“baseline”) was available. The median 

age at the time of baseline radiographs was 9.3 months. An AI of > +2 SD of the reference 

values [15] was seen in 29% (right) and 26 % (left) of the hips at baseline. A gradual increase 

in the AI with age was observed in most patients, with the steepest slopes in the first five 

years of life (Figure 2). Of the 21 patients of whom radiographs were available after 5 years 

of age, the last included radiograph (median age 8 years) had an AI of > +2 SD in 86% (R) and 

71 % (L). The progression over time was modeled for the first five years of life (Figure 3A+B). 

An increase with age was seen in both the left and right AI (p<0.001), as opposed to a 

decrease in AI in the reference cohort. 



154

Ch
ap

te
r 

7
 
 

NECK-SHAFT ANGLE 

Reference values are available from 2 years of age [19,22]. Dichotomous outcomes for 

baseline radiographs were therefore not calculated. After an initial rapid decrease in the first 

two years of life, a relatively stable NSA was observed in most patients, for both the left and 

the right hip. In the 21 patients with a follow-up beyond 5 years of age, NSA was in the range 

of severe coxa valga (>+2 SD) in 91% (right) and 86% (left). The progression over time was 

modeled from 2.5 years of age and showed a slightly increasing trend (Figure 3C+D, p=0.018 

(R) and p=0.002 (L)). In the healthy population, a decreasing trend is reported. 

Table 3. Reliability assessment. 

Parameter 
Inter-observer 

ICC 
SDC 

Average intra-

observer ICC 

Acetabular index – right 0.97 4 0.92 

Acetabular index – left 0.95 5 0.88 

Neck-shaft angle – right 0.90 10 0.95 

Neck-shaft angle –left 0.91 8 0.95 

Tilt index – right 0.94 0.2 1.00 

Tilt index – left 0.95 0.2 1.00 

Symphysis-os ischium angle 0.78 13 0.84 

Rotation quotient 0.91 0.6 0.93 

Smith’s HB ratio – right 1.00 0 1.00 

Smith’s HB ratio – left 0.98 0 1.00 

Smith’s CB ratio – right 0.88 0.1 0.92 

Smith’s CB ratio – left 0.83 0.1 0.84 

Migration percentage – right 0.89 21 0.93 

Migration percentage – left 0.81 26 0.94 
ICC: intraclass correlation coefficient. 
SDC: smallest detectable change. 
 

 
 

 

Figure 2. Individual trends of left acetabular index.  

A: Individual trends of left acetabular index. 

B: Detail of individual trends left acetabular index up to 5 years of age. 
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PELVIC TILT 

Indicators of pelvic tilt include the tilt index and symphysis-os ischium angle. At baseline, 

48% (right) and 42% (left) of the tilt indices were outside the reference range for anterior tilt 

(displacement of the symphysis in caudal direction) [17,23]. In the last included radiographs 

of patients over 5 years old, this was increased to 72% (R) and 78% (L). Modeled tilt index 

showed a downward trend, indicating increasing anterior tilt (slope -0.04/year, p=.003). The 

symphysis-os ischium angle showed a similar pattern. At baseline, SOI was below the 

reference value [15] in 39%, indicating anterior tilt. No reference ranges are available for 

children older than 5 years. The modeled SOI however showed a continued decrease over 

time in patients with a follow-up after 5 years of age (Figure 3E, p=0.001). 

ROTATION QUOTIENT 

Pelvic rotation could be evaluated in 183 radiographs. In 21 radiographs (9%) the RQ was 

outside the range indicated by Tönnis [15].  

MIGRATION 

In the 192 evaluated radiographs, a migration percentage (MP) outside the reference range 

[26] was observed in 96% (right) and 94% (left) of the hips. MP showed a strong linear 

correlation with Smith’s CB ratio of lateral displacement (Pearson’s correlation coefficient 

0.83 (R) and 0.84 (L), both p<0.001). CB ratio, however, was less often outside the reference 

range [21,24] (65% (R), 57% (L), Fisher’s exact CB vs MP p=0.008 (R) and p =0.001 (L)). 

Superior displacement by Smith’s HB ratio was also correlated with MP (Pearson’s 

correlation coefficient -0.61, p<0.001 (R), -0.40, p=0.004 (L)). HB ratio was abnormal in 11% 

(R) and 10% (L) of all radiographs. 

Even though a vast majority of the measurements showed values outside the reference 

range, there was no clear deviation from the healthy controls in the trends of lateral 

displacement. The CB ratio showed a mild decrease, similar to that seen in healthy controls 

(slope -0.008/year (R) and -0.009/year (L)), as did the MP in patients over the age of 2.5 

years. An aggravation of displacement was most notable in the superior displacement 

(Figure 3F, p<0.001). 

 
 

Figure 3. Modeled trends of radiologic parameters.  

A: Acetabular index of the left hip. Modeled trend and 95% prediction interval based on radiographs 
from 0-5 years (slope 1.4 degrees/year, p=0.001). 

B: Acetabular index of the right hip. Modeled trend and 95% prediction interval based on 
radiographs from 0-5 years (slope 1.3 degrees/year, p<0.001). 

C: Neck-shaft angle of the left hip. Modeled trend and 95% prediction interval based on radiographs 
from > 2.5 years (slope 1.2 degrees/year, p=0.002). 

D: Neck-shaft angle of the right hip. Modeled trend and 95% prediction interval based on 
radiographs from > 2.5 years (slope 0.8 degrees/year, p = 0.018). 

E: Symphysis-os ischium angle. Modeled trend and 95% prediction interval based on patients with 
follow-up > 5 years (slope -2.0 degrees/year, p =0.001). 

F: Smith’s HB ratio for superior displacement. Modeled trend and 95% prediction interval for HB of 
the right hip based on all radiographs of all patients (slope -0.02 points/year, p<0.001). 

0 1 2 3 4 5
0

10

20

30

40

50

Age (years)

Ac
et

ab
ul

ar
 an

gl
e 

(d
eg

re
es

)

0 1 2 3 4 5
0

10

20

30

40

50

Age (years)

Ac
et

ab
ul

ar
 an

gl
e 

(d
eg

re
es

)

0.0 2.5 5.0 7.5 10.0 12.5
100

120

140

160

180

Age (years)

N
ec

k-
sh

af
t a

ng
le

 (d
eg

re
es

)

0.0 2.5 5.0 7.5 10.0 12.5
100

120

140

160

180

Study population mean
+/- 95% PI

Limits reference
Reference mean

Age (years)

Ne
ck

-s
ha

ft 
an

gl
e 

(d
eg

re
es

)

0 2 4 6 8 10 12
0

25

50

75

100

125

150

Age (years)

SO
I a

ng
le

 (d
eg

re
es

)

0 1 2 3 4 5 6 7 8 9 10 11 12
-0.3

-0.2

-0.1

-0.0

0.1

0.2

0.3

0.4

Age (years)

HB
 ra

tio

A B

C D

E F



157

Course of hip dysplasia in MPS I-Hurler

Ch
ap

te
r 

7

 
 

PELVIC TILT 

Indicators of pelvic tilt include the tilt index and symphysis-os ischium angle. At baseline, 

48% (right) and 42% (left) of the tilt indices were outside the reference range for anterior tilt 

(displacement of the symphysis in caudal direction) [17,23]. In the last included radiographs 

of patients over 5 years old, this was increased to 72% (R) and 78% (L). Modeled tilt index 

showed a downward trend, indicating increasing anterior tilt (slope -0.04/year, p=.003). The 

symphysis-os ischium angle showed a similar pattern. At baseline, SOI was below the 

reference value [15] in 39%, indicating anterior tilt. No reference ranges are available for 

children older than 5 years. The modeled SOI however showed a continued decrease over 

time in patients with a follow-up after 5 years of age (Figure 3E, p=0.001). 

ROTATION QUOTIENT 

Pelvic rotation could be evaluated in 183 radiographs. In 21 radiographs (9%) the RQ was 

outside the range indicated by Tönnis [15].  

MIGRATION 

In the 192 evaluated radiographs, a migration percentage (MP) outside the reference range 

[26] was observed in 96% (right) and 94% (left) of the hips. MP showed a strong linear 

correlation with Smith’s CB ratio of lateral displacement (Pearson’s correlation coefficient 

0.83 (R) and 0.84 (L), both p<0.001). CB ratio, however, was less often outside the reference 

range [21,24] (65% (R), 57% (L), Fisher’s exact CB vs MP p=0.008 (R) and p =0.001 (L)). 

Superior displacement by Smith’s HB ratio was also correlated with MP (Pearson’s 

correlation coefficient -0.61, p<0.001 (R), -0.40, p=0.004 (L)). HB ratio was abnormal in 11% 

(R) and 10% (L) of all radiographs. 

Even though a vast majority of the measurements showed values outside the reference 

range, there was no clear deviation from the healthy controls in the trends of lateral 

displacement. The CB ratio showed a mild decrease, similar to that seen in healthy controls 

(slope -0.008/year (R) and -0.009/year (L)), as did the MP in patients over the age of 2.5 

years. An aggravation of displacement was most notable in the superior displacement 

(Figure 3F, p<0.001). 

 
 

Figure 3. Modeled trends of radiologic parameters.  

A: Acetabular index of the left hip. Modeled trend and 95% prediction interval based on radiographs 
from 0-5 years (slope 1.4 degrees/year, p=0.001). 

B: Acetabular index of the right hip. Modeled trend and 95% prediction interval based on 
radiographs from 0-5 years (slope 1.3 degrees/year, p<0.001). 

C: Neck-shaft angle of the left hip. Modeled trend and 95% prediction interval based on radiographs 
from > 2.5 years (slope 1.2 degrees/year, p=0.002). 

D: Neck-shaft angle of the right hip. Modeled trend and 95% prediction interval based on 
radiographs from > 2.5 years (slope 0.8 degrees/year, p = 0.018). 

E: Symphysis-os ischium angle. Modeled trend and 95% prediction interval based on patients with 
follow-up > 5 years (slope -2.0 degrees/year, p =0.001). 

F: Smith’s HB ratio for superior displacement. Modeled trend and 95% prediction interval for HB of 
the right hip based on all radiographs of all patients (slope -0.02 points/year, p<0.001). 

0 1 2 3 4 5
0

10

20

30

40

50

Age (years)

Ac
et

ab
ul

ar
 an

gl
e 

(d
eg

re
es

)

0 1 2 3 4 5
0

10

20

30

40

50

Age (years)

Ac
et

ab
ul

ar
 an

gl
e 

(d
eg

re
es

)

0.0 2.5 5.0 7.5 10.0 12.5
100

120

140

160

180

Age (years)

N
ec

k-
sh

af
t a

ng
le

 (d
eg

re
es

)

0.0 2.5 5.0 7.5 10.0 12.5
100

120

140

160

180

Study population mean
+/- 95% PI

Limits reference
Reference mean

Age (years)

Ne
ck

-s
ha

ft 
an

gl
e 

(d
eg

re
es

)

0 2 4 6 8 10 12
0

25

50

75

100

125

150

Age (years)

SO
I a

ng
le

 (d
eg

re
es

)

0 1 2 3 4 5 6 7 8 9 10 11 12
-0.3

-0.2

-0.1

-0.0

0.1

0.2

0.3

0.4

Age (years)

HB
 ra

tio

A B

C D

E F



158

Ch
ap

te
r 

7
 
 

CORRELATION OF OUTCOMES WITH CLINICAL CHARACTERISTICS 

No significant interaction was found between the radiological outcome parameters and 

potential predictors, such as age at transplantation, IDUA activity post-HSCT, chimerism and 

ERT treatment pre-HSCT or gender.  

 
DISCUSSION 

This is the first study to describe radiological progression of hip dysplasia in a relatively large 

and strictly defined cohort of MPS I-H patients after successful hematopoietic stem cell 

transplantation. Detailed knowledge on the progression of dysostosis multiplex is essential 

to describe the residual disease in transplanted MPS I patients and to assess the effects of 

new therapeutic strategies aimed at diminishing residual disease in MPS I-H after 

transplantation. 

We provide a robust radiological assessment of the severity of hip dysplasia in MPS I-H with 

excellent intra- and inter-observer agreement as ICC was over 0.78 in all parameters. 

A high variability in the severity of hip dysplasia assessed by radiological studies has been 

reported in MPS I patients [8,9], and this is confirmed by our study. However, the large 

number of patients in our cohort allows us to minimize the effect of individual variation and 

to identify general trends.  

First, the acetabular index showed an increase in both the left and right hip during the first 

five years of life (Figure 1A+B). This corresponds with the observations in 12 MPS I-H 

patients described by Stoop et al[9]. However, most of these patients are also included in 

our study. A mean acetabular index of 32.2 degrees was observed in patients who 

underwent hip surgery at a mean age of 4.1 years by Thawrani et al [8] and this angle 

corresponds very well with the mean predicted AI based on mixed model statistics in our 

cohort (31.9 degrees). A recent report by Ashby et al [20], however, describes a stable AI 

over time with an average of 22 degrees. This contrast with our findings is probably due to 

the inclusion of patients with a more attenuated phenotype in their cohort, who can be 

expected to have radiological parameters much closer to the normal population.  

 
 

Second, severe coxa valga defined as a NSA > +2SD of the reference, was detected in up to 

91% of patients at the end of follow-up with a trend of progression over time. Again, our 

modeled NSA corresponds with the pre-operative NSA described by Thawrani et al [8]. 

We are the first to report on the pelvic tilt in MPS I-H patients. The observed increase in 

anterior tilt is in concordance with the clinical observation of a hyperlordosis in MPS I 

patients [27] and reflects the complex nature of the musculoskeletal disease in this disorder, 

including thoraco-lumbar kyphosis and joint stiffness. It is important to note that the AI is 

prone to underestimation with increase of the anterior tilt [28]. This should be taken into 

account when using this cohort as a reference in future studies. In addition, pelvic rotation 

may also influence the radiological parameters used for assessment of severity of hip 

dysplasia [28] . However, RQ was outside the recommended range in 9% of the radiographs 

in this study and is therefore much less likely to influence the parameters than pelvic tilt.  

While superior displacement increased with age, lateral migration was severe but rather 

stable over time. This is in accordance with the results of Stoop et al [9]. However, Ashby et 

al [20] report a progressive migration in three quarters of the hips analyzed. Unfortunately, 

limited data is available in the latter study and a direct comparison could not be made.  

Our study has some limitations. First, our study is retrospective and radiographs were not 

performed according to a standardized study protocol. Radiographs that are of sufficient 

quality for the use in clinical practice may prove a challenge in a research setting. In patients 

with a complex musculoskeletal disease such as MPS I, where posture is often abnormal and 

depending on surgical interventions, such as genu valgum correction, this may lead to even 

more variability than can be expected on inter-individual variation alone. By reporting the 

pelvic tilt and rotation, we aim to account for this variability. In future prospective studies 

standardization of pelvic tilt and femoral rotation is essential. This will reduce the variability 

of parameters and improve study power. Second, femoral head sphericity is not quantified in 

this study. A typical pattern of thinning of the medial side of the femoral head is observed in 

MPS I-H patients [8,9,29] and was also observed in the patients in this study. However, we 

felt that an appropriate tool that could quantify this typical deformity in patients between 0 

and 12 years old is lacking. The progressive deformities of the femoral head might in part 

explain the observed superior displacement (Smith’s HB ratio). Third, our study failed to 

identify any correlations of radiological outcomes with clinical characteristics, including age 
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at HSCT, ERT treatment pre-HSCT, chimerism and IDUA activity post-HSCT. Several studies 

report on age of transplantation and IDUA activity post-HSCT as predictors for outcome 

parameters such as cognitive development, growth and the need for surgical intervention 

[7,30,31]. However, with the variability seen in hip dysplasia within the Hurler population, 

the wide spread in the clinical characteristics (age at transplantation ranged from 3 to 30 

months) and the retrospective nature of our study taken into account, it is likely that any 

correlations between the clinical characteristics and radiological outcomes may be obscured. 

Prospective studies that are statistically powered for these correlations are needed to 

establish the exact influence of the clinical characteristics on hip dysplasia. 

In conclusion, we present here an extensive and reliable evaluation of radiological 

parameters in a large cohort of MPS I-H patients who received a successful HSCT. Most 

studied parameters showed a progressive deviation from reference values with age. Our 

data may be used as a reference in future studies aimed at the prevention of progressive 

skeletal disease in MPS I-H patients post-HSCT, which is the major component of the residual 

disease burden. 
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Abstract 

Background: Mucopolysaccharidosis type I (MPS-I) is a lysosomal storage disorder 

characterized by progressive multi-organ disease. The standard of care for patients with the 

severe phenotype (Hurler syndrome, MPS I-H) is early hematopoietic stem cell 

transplantation (HSCT). However, skeletal disease, including hip dysplasia, is almost 

invariably present in MPS I-H, and appears to be particularly unresponsive to HSCT. Hip 

dysplasia may lead to pain and loss of ambulation, at least in a subset of patients, if left 

untreated. However, there is a lack of evidence to guide the development of clinical 

guidelines for the follow-up and treatment of hip dysplasia in patients with MPS I-H. 

Therefore, an international Delphi consensus procedure was initiated to construct 

consensus-based clinical practice guidelines in the absence of available evidence. 

Methods: A literature review was conducted, and publications were graded according to 

their level of evidence. For the development of consensus guidelines, eight metabolic 

pediatricians and nine orthopedic surgeons with experience in the care of MPS I patients 

were invited to participate. Eleven case histories were assessed in two written rounds. For 

each case, the experts were asked if they would perform surgery, and they were asked to 

provide information on the aspects deemed essential or complicating in the decision-making 

process. In a subsequent face-to-face meeting, the results were presented and discussed. 

Draft consensus statements were discussed and adjusted until consensus was reached. 

Results: Consensus was reached on seven statements. The panel concluded that early 

corrective surgery for MPS I-H patients with hip dysplasia should be considered. However, 

there was no full consensus as to whether such a procedure should be offered to all patients 

with hip dysplasia to prevent complications or whether a more conservative approach with 

surgical intervention only in those patients who develop clinically relevant symptoms due to 

the hip dysplasia is warranted. 

Conclusions: This international consensus procedure led to the construction of clinical 

practice guidelines for hip dysplasia in transplanted MPS I-H patients. Early corrective 

surgery should be considered, but further research is needed to establish its efficacy and 

role in the treatment of hip dysplasia as seen in MPS I. 
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progressive accumulation of the glycosaminoglycans (GAGs) heparan sulfate and dermatan 

sulfate in virtually all body tissues leads to progressive multisystem disease. MPS I 

encompasses a wide phenotypic spectrum, with the attenuated end of this spectrum (Scheie 

syndrome; MPS I-S) characterized by progressive musculoskeletal, pulmonary and cardiac 

disease and a relatively normal life expectancy. On the other end of the spectrum is severe 

Hurler syndrome (MPS I-H), which is the most prevalent phenotype, with progressive central 

nervous system (CNS) disease in addition to generally more severe somatic manifestations, 

resulting in a significantly reduced life expectancy if left untreated [2]. 

The skeletal disease associated with MPS I is generally referred to as ‘dysostosis multiplex’, a 

collection of radiographic abnormalities resulting from defective endochondral and 

membranous growth throughout the body [3–5]. Typically, the growth of the long bones is 

stunted, vertebral bodies are hypoplastic, which may result in kyphosis with or without 

scoliosis, and the knees are in the valgus position. Hip abnormalities, due to failure of 

ossification of the lateral acetabular roof, medial proximal epiphyseal growth failure of the 

femur and coxa valga, lead to a complex form of hip dysplasia that is often accompanied by 

deformation, subluxation or dislocation of the femoral head (Figure 1). Other findings 

include bullet-shaped metacarpals and phalanges, an enlarged and thickened skull, broad 

clavicles and broad oar-shaped ribs [6,7]. The pathophysiology of the skeletal disease in MPS 

I, as in the other mucopolysaccharidoses, is complex and not fully understood. Intra- and 

extracellular deposition of GAGs leads to impaired cell-to-cell signalling, altered mechanical 

properties and upregulated inflammatory pathways, which are all believed to affect the 

growth plate, osteoclasts and osteoblasts while contributing to the typical bone pathology 

[8,9]. Furthermore, accumulation of GAGs in the soft tissues and the consequent 

pathological cascade may contribute to joint stiffness and limited mobility. 

While intravenous enzyme replacement therapy (ERT; recombinant IDUA, Laronidase®) is 

indicated for the treatment of the non-neurological manifestations of MPS I [10], 

hematopoietic stem cell transplantation (HSCT) is the treatment of choice for patients with 

the MPS I-H phenotype. In contrast to ERT, HSCT can preserve cognitive function in addition 
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to ameliorating many of the somatic symptoms of MPS I [11,12]. Due to the progressive 

nature of the CNS disease, HSCT should be performed at an early stage of the disease, 

preferably before the age of 2.5 years [10].  

 

 

 

Figure 1. Sequential X-ray studies of a MPS I-H patient who underwent 
successful HSCT at the age of 2 years and 6 months, as well as spinal 
fusion at the age of 7. 

Characteristic sings included acetabular dysplasia with a steep acetabular angle, interruption of 
Shenton’s line, characteristic medial thinning of the femoral head and coxa valga.  

A: At diagnosis, age 1 year and 3 months. 
B: At 2 years 4 months. 
C: At 4 years 8 months. 
D: At 8 years 5 months. 

 

 

 
 

Although HSCT has shown favorable effects related to several important clinical outcome 

parameters, the skeletal disease is particularly unresponsive to this treatment, with a 

variable progression of genu valgum, thoracolumbar kyphosis and hip dysplasia [3,13–19]. 

Several studies have shown that hip dysplasia is very common in patients with MPS I-H, even 

following successful HSCT, and that it generally has a progressive course, as observed on 

sequential radiographic studies [3,13–19]. Advanced hip disease in successfully transplanted 

MPS I-H patients may lead to pain and functional complaints in adolescence or early 

adulthood, at least in a subset of patients, as reported in a number of case series [3,14]. 

There are two approaches to treat hip dysplasia associated with MPS I: 1) early corrective 

surgery and 2) surgery to treat clinical symptoms such as pain and functional disability. First, 

early corrective osteotomies (e.g., Salter, Dega or Pemberton innominate osteotomies, with 

or without femoral varus osteotomies [20–22]), which aim to correct the anatomical 

abnormalities seen in these patients, can be performed when the femoral head and 

acetabulum are still sufficiently congruent. Because of the lack of sufficient remodeling 

potential of the femur and acetabulum, these procedures are best performed before the age 

of 6–7 years or earlier to attempt to prevent progressive deformity. Second, salvage 

procedures (e.g., a shelf augmentation or Chiari osteotomy [23]), can be performed at a later 

age when corrective osteotomies are not feasible, as these procedures do not require 

congruent hips. The main indication for these salvage procedures is to reduce pain from 

subluxation, and to increase bone stock for future hip replacement. 

As HSCT is increasingly successful due to improved conditioning regimens and different stem 

cell sources, over 80% of patients now remain alive and engrafted with a significantly 

improved life expectancy [24,25]. However, there is a paucity of data regarding which 

successfully transplanted patients will develop hip dysplasia, which patients will develop 

symptoms of hip dysplasia, such as pain and impaired locomotion, and when surgical 

intervention is needed in patients with hip dysplasia. There is thus a need for consensus-

based guidelines. To develop such guidelines in the absence of evidence, we initiated an 

international expert consensus procedure and used a modified Delphi technique, with the 

aim to provide consensus-based treatment recommendations on hip dysplasia in MPS I 

patients. 
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METHODS 

A modified Delphi technique was used to explore expert opinions and obtain a consensus 

where possible, as this method recognizes the value of experts’ opinions, experience and 

intuition when full scientific knowledge is lacking [26]. 

As a first step in the procedure, a literature review was performed by one of the researchers 

(EJL) to identify all published material on the treatment strategies used in MPS I patients 

with hip disease. A search was conducted in the electronic databases of PubMed 

(www.pubmed.gov) and EMBASE (www.embase.com) using the key words 

‘mucopolysaccharidosis type I; MPS I; hip; dysplasia; treatment’. Papers were included when 

they described MPS I patients and contained descriptions of treatment (ERT or HSCT), 

prevalence of hip dysplasia in the reported cohort, treatment strategies for the hip dysplasia 

and outcomes of the intervention. Papers were excluded if only the prevalence of hip 

dysplasia was reported without data on the clinical course, intervention or outcome. Only 

original papers reporting on patients cohorts were included. The selected papers were 

summarized with a focus on the outcomes of surgery; this overview was presented and 

discussed during the face-to-face meeting.Eight metabolic pediatricians (MB, EC, PRH, PMvH, 

SAJ, MS, VV, FAW) and nine orthopedic surgeons (AB, AF, PMK, CL, TO, RJS, MUS, PAS, KKW) 

were invited to participate in the Delphi panel. All invitees had significant experience in the 

treatment of patients with MPS I. When possible, an orthopedic surgeon and a pediatrician 

were invited from the same center. In addition, one orthopedic surgeon specializing in the 

treatment of adult patients with lysosomal storage disorders and hip replacement surgery 

was invited (MUS). 

The procedure consisted of two written rounds and a face-to-face meeting. For the written 

rounds, 11 case histories were gathered from two participating centers (Manchester, UK; 

Amsterdam, the Netherlands), covering both the severe and milder forms of hip 

abnormalities as well as all MPS I phenotypes. For each patient, clinical information on 

diagnosis (age, clinical symptoms) and treatment (ERT or HSCT, time of initiation) was 

provided. For each case, the clinical course was reported, with a focus on psychomotor 

development, mobility and pain. Sequential radiographic images (X-ray, CT or MRI) were 

provided. If surgery had been performed, only the clinical course and radiographic images 

prior to the surgical intervention were reported, and the decision whether to operate was 

 
 

not reported. The case series included nine MPS I-H patients, one MPS I-S patient and one 

patient with the intermediate Hurler-Scheie phenotype.  

In all written rounds, the panel members received the cases in random order together with a 

survey asking for each case whether they would choose to perform surgery (yes / no / might 

consider but need more information). In addition, in the first written round, the experts 

were asked for each case description to state essential aspects leading to the decision and 

issues complicating the decision making. These open-ended responses were subsequently 

categorized by two independent investigators (JvL, EL). 

Draft statements on the optimal approach to hip dysplasia in MPS I patients, based on the 

literature review and clinical experience, were composed by three of the authors (FAW, EJL, 

SAJ). 

Approximately one month after the first written round, a face-to-face meeting was held in 

Amsterdam, the Netherlands. This meeting was chaired by an independent moderator (JvL) 

not involved in the treatment of patients with MPS I. Before beginning the actual meeting, 

the second written round was performed. All 11 cases were again presented to the 

participants (in a randomly different order), and they were asked whether they would 

choose to perform surgery (yes / no / might consider but need more information). Statistical 

analyses for intra-observer variation and reliability of agreement were performed using SPSS 

19.0. Intra-observer reliability was quantified for every specialist using Cohen’s kappa [27], 

whereas the inter-rater reliability was assessed using Fleiss’ kappa; both of these are 

measures of agreement that correct for agreement by chance. Kappa values may vary from ≤ 

0 (complete disagreement, besides expected agreement based on probability) to 1 

(complete agreement). Generally, a kappa value of 0.61-0.80 is considered to indicate “good 

agreement” [28]. This second written round was followed by detailed discussions concerning 

the most appropriate treatment approach for each patient, with a particular focus on areas 

of controversy. These discussions were fuelled by the information on issues complicating 

decision making, as given during the first written round. The aim of this discussion was to 

gather all relevant issues related to the decision-making processes concerning treatment 

decisions. 

In the second phase of the face-to-face meeting, the draft consensus statements were 

discussed and revised until a full consensus was reached on each of the statements. This 
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resulted in the proposed recommendations for follow-up and treatment of patients with hip 

pathology due to MPS I-H. 

 
RESULTS 

The literature search resulted in 14 papers related to hip dysplasia in MPS I. Six of these 

papers evaluated the management of hip dysplasia in MPS I and were further analyzed. The 

maximum recorded follow-up duration was 19 years post-HSCT. In two manuscripts, there 

was overlap in the reported patients, and one paper did not indicate the number of 

surgeries performed. The remaining four papers reported on 56 patients; the outcomes of 

surgery for hip dysplasia in 28 patients were reported (Table 1).  

All 17 invited specialists accepted the invitation and took part in the first written round. One 

pediatrician and one orthopedic surgeon from two different centers were unable to attend 

the face-to-face meeting due to severe weather conditions and disruption of air travel, so 15 

specialists participated in the face-to-face meeting and the second written round. Tables 2 

and 3 show the four most commonly reported items considered to be important for, or 

complicating, the decision-making process.  

Fleiss’ kappa as a measure for inter-rater reliability was 0.19 and 0.13 in the first and second 

rounds respectively, indicating that consensus amongst the specialists had not changed 

before the face-to-face meeting The median [range] Cohen’s kappa, indicating intra-rater 

reliability between the first and second round, was 0.43 [−0.16 to 0.72]. 

During discussion of the case histories and the draft statements, it became clear to all 

participants that obtaining a consensus and formulating clinical guidelines for the treatment 

of hip dysplasia for all MPS I phenotypes was not feasible due to the broad phenotypic 

spectrum of MPS I, the rarity of patients with more attenuated phenotypes and the 

complete lack of published case reports on more attenuated patients. As the severe MPS I-H 

phenotype is the most prevalent of the MPS I phenotypes and hip dysplasia appears to be 

uniformly present in MPS I-H, it was decided to limit the recommendations to transplanted 

MPS I-H patients; from then on, only case histories of MPS I-H patients (nine of the 11 case 

histories) were further discussed. 

 
 

Table 1. Summary of literature on the treatment of hip dysplasia in 
transplanted MPS I-H patients. 
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The following case illustrates the consensus procedure. 

 

Case: Female MPS I patient, diagnosed at the age of 8 months. Presenting 

symptoms included respiratory tract infections and course facial features. She was 

treated with ERT (Aldurazyme®) for two months prior to successful haematopoietic 

stem cell transplantation at age 13 months. Currently, at the age of 4 years, she 

shows a delay in motor and cognitive development. She has a normal range of 

motion, reasonable locomotion with a wide gait. She is able to run and climb, with 

some mild complaints of tiredness in both legs (figure 2). 

Participants responded to the question “Considering the provided clinical and 

radiological data, would you choose to perform surgery in this patient?” as follows: 

No 47%, Yes 29%, Maybe 24%. 

 

Highlights from the discussion: 

• For 80% of specialists who favoured surgical intervention, the appearance 

and progression of radiological features was an argument for their decision. 

• For 62% of the specialists who were against surgical intervention, the 

absence of complaints was an argument for their decision. 

• In the face-to-face meeting the focus of the discussion was whether future 

complaints were expected or not. Specialists in favour of surgical 

intervention all expected complaints, specialists who favoured a 

conservative approach argued that severity of radiological features did not 

match (future) clinical complaints. 

• Early intervention was thought to improve changes of orthopaedic success 

and to improve anatomical outcomes for later interventions 

• No consensus was reached on this case 

 

 
 

STATEMENTS 

Full consensus was reached on the following seven statements. 

1. Hip dysplasia is a very common symptom in MPS I-H patients. The anatomical 

abnormalities are generally progressive, even after successful HSCT, and may result 

in significant morbidity and functional impairment. 

HSCT cannot prevent or stabilize progression of the hip abnormalities in most 

patients [3,17,18,29]. Although data on the long-term follow-up of transplanted MPS 

I-H patients are very limited, the radiological characteristics, such as (sub)luxation of 

the hips and decreased articular cartilage, suggest that hip dysplasia may ultimately 

result, at least in a subgroup of patients, in pain and loss of function. 

 

 

 

  
 

 

 

 

 

 

 

 

 

 

      Figure 2. Pelvic X-ray at the age of 4 years. 
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2. The rate of progression of hip dysplasia in successfully transplanted MPS I-H 

patients varies, and there are no valid methods to predict its progression or the risk 

for development of symptoms attributable to MPS I-H-related hip dysplasia. 

Because the pathophysiology of hip dysplasia in MPS I-H patients differs from the 

relatively common developmental dysplasia of the hip (DDH), data on the course of 

the disease in DDH cannot be used to predict the course of the hip dysplasia in 

transplanted MPS I-H patients. In addition, the severity of hip abnormalities as 

assessed by radiographic studies varies significantly within the transplanted Hurler 

population [3,13–19].The risk for pain and functional disability is likely to be 

correlated with the severity of abnormalities (i.e., (sub)luxation of the femoral head, 

steep acetabular angle) at an early age. However, other factors such as age at 

transplantation, donor chimerism, extent of somatic and neurological residual 

disease and overall mobility may also influence the clinical course and therefore the 

risk for the development of pain. 

 

 

Table 2. The four most frequently reported aspects that were considered 
essential for the surgical decision-making process. 

 Decision to perform surgery 

 Yes No Might consider 

Essential 
aspects 

Radiological features 
(progression) Absence of pain Radiological features 

 Presence of pain Absence of disability Absence/presence of 
pain  

 Presence of disability Radiological features 
(stable course) 

Absence/presence of 
disability 

 Expected progression 
of symptoms 

Stable clinical course 
so far 

Expected progression 
of symptoms 

 

  

 
 

3. The presence and severity of hip abnormalities should be assessed soon after the 

diagnosis of MPS I in all patients. This should be done according to radiographic 

studies and include at least an AP pelvic X-ray study.  

Although predicting the clinical course of hip abnormalities is currently very difficult, 

or even impossible, in individual patients with MPS I-H, early assessment of hip  

abnormalities is important for the early identification of patients with hip dysplasia. 

Future treatment decisions can then be based upon serial radiographic studies, 

allowing assessment of the rate of progression. 

4. Patients with MPS I-H should be followed up regularly from the time of diagnosis by 

a multi-disciplinary team. This team should include a pediatric orthopedic surgeon. 

A multi-disciplinary team composed of specialists from various medical disciplines 

and including other healthcare professionals such as physiotherapists is needed for 

optimal care during the follow-up of MPS I-H patients [30]. To allow for early 

discussions on the optimal treatment strategy in individual patients and timely 

surgery, a pediatric orthopedic surgeon should be a member of the multidisciplinary 

MPS I team rather than only available upon consultation. 

Table 3. The four most frequently reported aspects complicating surgical 
decision-making. 

 Decision to perform surgery 

 Yes No Might consider 

Complicating 
aspects 

Radiological features 
(complicating surgery) 

Radiological features 
without pain Radiological features 

 Absence of pain Lack of evidence Absence/presence of 
pain  

 Progression of 
symptoms so far Absence of disability Unclear progression 

with/without surgery 

 Expected progression 
of symptoms 

Stable clinical course 
so far 

Absence/presence of 
disability 
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5. Hip surgery should be considered as a treatment option in all transplanted MPS I-H 

patients with hip dysplasia. 

Early reconstructive surgery is primarily aimed at the prevention of complications 

(pain, dislocation) later in life and needs to be performed at a relatively early age, 

before deformation of the femoral head. This approach was considered optimal by a 

majority, but not all of the panelists. As not all patients will develop pain and/or hip 

dislocation, specialists may also choose to monitor the hip dysplasia and only 

consider surgery when symptoms develop that interfere with the patient’s quality of 

life. As this generally occurs later in life, reconstructive surgery will often not be 

feasible, and a salvage procedure, aimed at stabilizing the femoral head to prevent 

full dislocation, will then be the treatment of choice. This latter approach was 

considered optimal by a minority of the panelists. 

As life expectancy of transplanted MPS I patients has increased considerably and 

total hip replacement is probably an important future treatment option for 

osteoarthritis of the hips in adult patients both early corrective surgery (e.g., by a 

Salter, Dega or Pemberton procedure) and late salvage surgery should aim for 

creating sufficient bone stock for later hip replacement surgery. 

Patients with chronic pain due to advanced hip disease and for whom a salvage 

procedure or a total hip replacement is not feasible due to anatomical deformation 

or other complicating factors should be treated with chronic pain medication or by a 

resection arthroplasty of the hips (Girdlestone procedure). 

 

6. If a patient expresses pain that is likely located in the hips, it is important to try to 

establish whether the pain is caused by arthropathy. 

Chronic hip pain due to arthropathy that impacts the patient’s quality of life or 

necessitates chronic pain medication can be an indication for hip surgery. However, it 

can be difficult to assess whether the pain is indeed caused by arthropathy, especially 

in children. Even after successful transplantation, MPS I-H patients may have 

significant residual disease, such as lumbar kyphosis, myelopathy, joint stiffness and 

genu valgum, which may impair locomotion and result in hip pain. An intra-articular 

injection of local anesthetics may be considered as a tool to establish whether the 

pain is caused by intra-articular pathology. 

 
 

 

7. For all patients for whom surgical intervention is considered, a number of factors 

need to be taken into account. These include life expectancy, neurological status, 

musculoskeletal symptoms, expected rehabilitation course, general condition, 

anesthetic risks, expected mobility with or without surgery and quality of life. 

Decisions regarding hip surgery in transplanted MPS I-H patients need to be carefully 

balanced, and a number of factors need to be taken into account. Despite the 

considerably improved outcome of HSCT, life expectancy in successfully transplanted 

MPS I-H patients may still be reduced due to residual MPS I-H-related disease. This 

should be taken into account when surgery aimed at the prevention of long-term 

complications like arthritis is considered. A more conservative approach, e.g., long-

term use of analgesics, may also be considered. In addition, once full dislocation has 

occurred, this may reduce or even fully abolish the pain. Furthermore, neurological 

and musculoskeletal disease may significantly complicate the final functional 

outcome of hip surgery. Some patients may lose their ability for independent 

locomotion and may become fully wheelchair-bound before adulthood due to causes 

other than hip disease. 

Other MPS I-H-related symptoms, such as cognitive impairment, may also impact the 

potential for rehabilitation after surgery. Finally, a number of other MPS I-H-related 

issues, such as spinal deformity, upper airway disease, cardiomyopathy or restrictive 

lung disease [31], may result in increased anesthetic and perioperative risks. 

 
DISCUSSION 

This international consensus procedure was initiated to develop clinical practice guidelines 

for the management of hip dysplasia in patients with MPS I. Because of the broad 

phenotypic spectrum of MPS I, the high prevalence of hip dysplasia in MPS I-H patients and 

the lack of published cases or case series on patients with a more attenuated phenotype, it 

was decided to focus on MPS I-H patients during the consensus meeting. The considerable 

increase in life expectancy of MPS I-H patients due to the improved outcome of HSCT has 

revealed that many patients suffer from progressive, residual orthopedic disease [3,14–

19,32], which underpins the need for the development of practice guidelines. Ideally, best 
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practice guidelines are based upon systematic reviews (level 1 evidence; Oxford Centre for 

Evidence Based Medicine; www.cebm.net) or prospective, randomized controlled trials 

(level 2 evidence). Randomized controlled trials are, however, extremely difficult to perform 

in a very rare and heterogeneous disease such as MPS I-H. Additionally, such studies are 

further complicated by the very long follow-up period of at least 20 years needed to assess 

the effects of any intervention, compared to a more conservative wait-and-see-approach for 

hip dysplasia. At present, there are only case series on the surgical management of hip 

dysplasia reported in the literature (level 4 evidence, Table 1), and these studies do not 

report on the effects of surgery on long-term complications such as osteoarthritis [3,15–18]. 

In the absence of sufficient data to make an evidence-based clinical practice protocol, we 

decided to use the Delphi technique, as this allows the combination of available evidence 

with expert opinion to develop guidelines. Structured feedback on the responses gathered 

then allows for a focused discussion and leaves room for a variety of opinions. 

Full consensus was reached on a number of important issues. However, there was no full 

consensus as to the essential question of whether early corrective hip surgery is the optimal 

treatment for all transplanted MPS I-H patients with hip dysplasia on radiographic studies. 

Most experts preferred early corrective surgery to prevent progressive hip subluxation and 

subsequent arthrosis. Since not all patients develop hip pain or functional disabilities as a 

consequence of hip dysplasia, at least not before early adolescence, a minority of panel 

members opted for a more conservative approach. They elected surgical intervention only if 

chronic hip pain, due to the misalignment of the femoral head and acetabulum, develops. In 

the absence of data on both the natural course of hip dysplasia in MPS I-H without surgical 

intervention and on the long-term outcome of early corrective surgery in transplanted MPS 

I-H patients, it is recommended that decisions on treatment should be based on evaluation 

by a multi-disciplinary team, weighing the pros and cons of early corrective surgery. 

The current study had several limitations. First, the Delphi technique was developed to 

explore expert opinions and converge these towards a “mean”, which might suggest a 

scientific truth, which is not evidence based. Additionally, despite convergence, the 

influence of “strong personalities” cannot be fully overcome. Potential “molding of opinions” 

by the investigators was addressed by the choice of an independent moderator [33]. 

Second, there were two deviations from the initial study design. The inability of two 

participants to attend the face-to-face meeting led to a lower number of responders. 

 
 

Additionally, the decision to focus on MPS I-H patients rather than on discussing treatment 

options for the full phenotypic spectrum left some patient cases redundant. 

This consensus procedure resulted in a framework of clinical practice guidelines that can be 

used in the follow-up and management of hip dysplasia in patients with MPS I-H. Despite 

this narrowed focus, we feel that many of the statements might also be applicable for 

Hurler/Scheie or Scheie patients with severe hip dysplasia. Furthermore, it must be stressed 

that clinical practice guidelines can never replace the physician’s clinical judgment. Future 

research on the natural history of hip dysplasia in all MPS I phenotypes and on the long-term 

outcomes of early surgical intervention is much needed but difficult to perform. Focusing on 

patient quality of life and functional outcomes is essential, considering the variability of 

residual disease seen in transplanted MPS I-H patients, and the general lack of correlation 

between radiology findings and patient reported outcomes. 

 
CONCLUSION 

This international consensus procedure led to the construction of clinical practice guidelines 

for hip dysplasia in transplanted MPS I-H patients. Early corrective surgery should be 

considered, but further research is needed to establish its efficacy and role in the treatment 

of hip dysplasia as seen in MPS I. 
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participants to attend the face-to-face meeting led to a lower number of responders. 

 
 

Additionally, the decision to focus on MPS I-H patients rather than on discussing treatment 

options for the full phenotypic spectrum left some patient cases redundant. 

This consensus procedure resulted in a framework of clinical practice guidelines that can be 

used in the follow-up and management of hip dysplasia in patients with MPS I-H. Despite 

this narrowed focus, we feel that many of the statements might also be applicable for 

Hurler/Scheie or Scheie patients with severe hip dysplasia. Furthermore, it must be stressed 

that clinical practice guidelines can never replace the physician’s clinical judgment. Future 

research on the natural history of hip dysplasia in all MPS I phenotypes and on the long-term 

outcomes of early surgical intervention is much needed but difficult to perform. Focusing on 

patient quality of life and functional outcomes is essential, considering the variability of 

residual disease seen in transplanted MPS I-H patients, and the general lack of correlation 

between radiology findings and patient reported outcomes. 

 
CONCLUSION 

This international consensus procedure led to the construction of clinical practice guidelines 

for hip dysplasia in transplanted MPS I-H patients. Early corrective surgery should be 

considered, but further research is needed to establish its efficacy and role in the treatment 

of hip dysplasia as seen in MPS I. 

 

AUTHORS’ CONTRIBUTIONS 

EJL, FAW, JvL: Conception and design, data acquisition, analysis and interpretation, manuscript draft 

and revision. AB, EC, PRH, PMvH, SAJ, PMK, CL, TO, RJS, MS, MUS, PAS, VV, KKW, FAW: Full 

participation in the written rounds and the face-to-face meeting of the consensus procedure, 

revision of the manuscript. All authors read and approved the final manuscript. 

ACKNOWLEDGEMENTS 

We thank Jean Mercer and Pauline Hensman for their contribution to the collection of the case 

reports. 

 

 



182

Ch
ap

te
r 

8
 
 

REFERENCE LIST 

1. Neufeld EF, Muenzer J. The 
Mucopolysaccharidoses. In: Valle D, Beaudet 
A, Vogelstein B, et al., eds. The Metabolic and 
Molecular Bases of Inherited Disease. New 
York: McGraw-Hill. 2014. 

2. Roubicek M, Gehler J, Spranger J. The clinical 
spectrum of alpha-L-iduronidase deficiency. 
Am J Med Genet 1985; 20: 471–81. 

3. Field R, Buchanan J, Copplemans M, Aichroth 
P. Bone-marrow transplantation in Hurler’s 
syndrome. J Bone Joint Surg Br 1994; 76: 975–
81. 

4. Breider MA, Shull RM, Constantopoulos G. 
Long-term effects of bone marrow 
transplantation in dogs with 
mucopolysaccharidosis I. Am J Pathol 1989; 
134: 677–92. 

5. Russell C, Hendson G, Jevon G, et al. Murine 
MPS I: insights into the pathogenesis of Hurler 
syndrome. Clin Genet 1998; 53: 349–61. 

6. Chen SJ, Li YW, Wang TR, Hsu JC. Bony changes 
in common mucopolysaccharidoses. Zhonghua 
Min Guo Xiao Er Ke Yi Xue Hui Za Zhi 37: 178–
84. 

7. Schmidt H, Ullrich K, Lengerke H Von, Kleine 
M, Bramswig J. Pediatric Radiology 
Radiological findings in patients with 
mucopolysaccharidosis I H/S (Hurler-Scheie 
syndrome). Pediatr Radiol 1987: 409–14. 

8. Simonaro CM, D’Angelo M, He X, et al. 
Mechanism of glycosaminoglycan-mediated 
bone and joint disease: implications for the 
mucopolysaccharidoses and other connective 
tissue diseases. Am J Pathol 2008; 172: 112–
22. 

9. Pan C, Nelson MS, Reyes M, et al. Functional 
abnormalities of heparan sulfate in 
mucopolysaccharidosis-I are associated with 
defective biologic activity of FGF-2 on human 
multipotent progenitor cells. Blood 2005; 106: 
1956–64. 

10. De Ru MH, Boelens JJ, Das AM, et al. Enzyme 
replacement therapy and/or hematopoietic 

stem cell transplantation at diagnosis in 
patients with mucopolysaccharidosis type I: 
results of a European consensus procedure. 
Orphanet J Rare Dis 2011; 6: 55. 

11. Peters C, Shapiro EG, Anderson J, et al. Hurler 
syndrome: II. Outcome of HLA-genotypically 
identical sibling and HLA-haploidentical related 
donor bone marrow transplantation in fifty-
four children. Blood 1998; 91: 2601–8. 

12. Peters C, Balthazor M, Shapiro EG, et al. 
Outcome of unrelated donor bone marrow 
transplantation in 40 children with Hurler 
syndrome. Blood 1996; 87: 4894–902. 

13. Stoop F, Kruyt M, van der Linden MH, Sakkers 
RJB, van Hasselt PM, Castelein RM. Prevalence 
and development of orthopaedic symptoms in 
the Dutch Hurler patient population after 
haematopoietic stem cell transplantation. J 
Inherit Metab Dis Reports 2013; 9: 17–29. 

14. Vellodi A, Young EP, Cooper A, et al. Bone 
marrow transplantation for 
mucopolysaccharidosis type I: experience of 
two British centres. Arch Dis Child 1997; 76: 
92–9. 

15. Souillet G, Guffon N, Maire I, et al. Outcome of 
27 patients with Hurler’s syndrome 
transplanted from either related or unrelated 
haematopoietic stem cell sources. Bone 
Marrow Transplant 2003; 31: 1105–17. 

16. Masterson E, Murphy P, O’Meara A, Moore D, 
Dowling F, Fogarty E. Hip dysplasia in Hurler’s 
syndrome: orthopaedic management after 
bone marrow transplantation. J Pediatr Orthop 
1996; 16: 731–3. 

17. Taylor C, Brady P, O’Meara A, Moore D, 
Dowling F, Fogarty E. Mobility in Hurler 
syndrome. J Pediatr Orthop 2008; 28: 163–8. 

18. Weisstein JS, Delgado E, Steinbach LS, Hart K, 
Packman S. Musculoskeletal manifestations of 
Hurler syndrome. J Pediatr Orthop 2004; 24: 
97–101. 

19. Aldenhoven M, Sakkers RJB, Boelens J, de 
Koning TJ, Wulffraat NM. Musculoskeletal 

 
 

manifestations of lysosomal storage disorders. 
Ann Rheum Dis 2009; 68: 1659–65. 

20. Salter RB. Innominate osteotomy in the 
treatment of congenital dislocation and 
subluxation of the hip. J Bone Joint Surg Br 
1961; 43-B: 518–39. 

21. Dega W. Selection of surgical methods in the 
treatment of congenital dislocation of the hip 
in children. Chir Narzadow Ruchu Ortop Pol 
1969; 34: 357–66. 

22. Pemberton PA. Pericapsular osteotomy of the 
ilium for treatment of congenital subluxation 
and dislocation of the hip. J Bone Joint Surg 
Am 1965; 47: 65–86. 

23. Chiari K. Medial displacement osteotomy of 
the pelvis. Clin Orthop Relat Res 1974; 98: 55–
71. 

24. Boelens JJ, Aldenhoven M, Purtill D, et al. 
Outcomes of transplantation using various 
hematopoietic cell sources in children with 
Hurler syndrome after myeloablative 
conditioning. Blood 2013; 121: 3981–7. 

25. Staba S, Escolar M, Poe M, et al. Cord-blood 
transplants from unrelated donors in patients 
with Hurler’s syndrome. N Engl J Med 2004; 
350: 1960–9. 

26. Linstone HA, Turoff M. The Delphi Method - 
Techniques and applications. Reading, MA: 
Addison-Wesley; 2002. 

27. Cohen J. Weighted kappa: nominal scale 
agreement with provision for scaled 
disagreement or partial credit. Psychol Bull 
1968; 70: 213–20. 

28. Altman DG. Practical statistics for medical 
research. London: Chapman & Hall/CRC; 1991. 

29. Grigull L, Sykora K-W, Tenger A, et al. Variable 
disease progression after successful stem cell 
transplantation: prospective follow-up 
investigations in eight patients with Hurler 
syndrome. Pediatr Transplant 2011; 15: 861–9. 

30. Muenzer J, Wraith JE, Clarke LA. 
Mucopolysaccharidosis I: management and 
treatment guidelines. Pediatrics 2009; 123: 
19–29. 

31. Walker R, Belani KG, Braunlin E a., et al. 
Anaesthesia and airway management in 
mucopolysaccharidosis. J Inherit Metab Dis 
2013; 36: 211–9. 

32. Van der Linden MH, Kruyt MC, Sakkers RJB, de 
Koning TJ, Oner FC, Castelein RM. Orthopaedic 
management of Hurler’s disease after 
hematopoietic stem cell transplantation: a 
systematic review. J Inherit Metab Dis 2011; 
34: 657–69. 

33. Hsu C. The Delphi Technique : Making Sense of 
Consensus. 2007; 12.  

 

 



183

Treatment of hip dysplasia in MPS I-Hurler

Ch
ap

te
r 

8

 
 

REFERENCE LIST 

1. Neufeld EF, Muenzer J. The 
Mucopolysaccharidoses. In: Valle D, Beaudet 
A, Vogelstein B, et al., eds. The Metabolic and 
Molecular Bases of Inherited Disease. New 
York: McGraw-Hill. 2014. 

2. Roubicek M, Gehler J, Spranger J. The clinical 
spectrum of alpha-L-iduronidase deficiency. 
Am J Med Genet 1985; 20: 471–81. 

3. Field R, Buchanan J, Copplemans M, Aichroth 
P. Bone-marrow transplantation in Hurler’s 
syndrome. J Bone Joint Surg Br 1994; 76: 975–
81. 

4. Breider MA, Shull RM, Constantopoulos G. 
Long-term effects of bone marrow 
transplantation in dogs with 
mucopolysaccharidosis I. Am J Pathol 1989; 
134: 677–92. 

5. Russell C, Hendson G, Jevon G, et al. Murine 
MPS I: insights into the pathogenesis of Hurler 
syndrome. Clin Genet 1998; 53: 349–61. 

6. Chen SJ, Li YW, Wang TR, Hsu JC. Bony changes 
in common mucopolysaccharidoses. Zhonghua 
Min Guo Xiao Er Ke Yi Xue Hui Za Zhi 37: 178–
84. 

7. Schmidt H, Ullrich K, Lengerke H Von, Kleine 
M, Bramswig J. Pediatric Radiology 
Radiological findings in patients with 
mucopolysaccharidosis I H/S (Hurler-Scheie 
syndrome). Pediatr Radiol 1987: 409–14. 

8. Simonaro CM, D’Angelo M, He X, et al. 
Mechanism of glycosaminoglycan-mediated 
bone and joint disease: implications for the 
mucopolysaccharidoses and other connective 
tissue diseases. Am J Pathol 2008; 172: 112–
22. 

9. Pan C, Nelson MS, Reyes M, et al. Functional 
abnormalities of heparan sulfate in 
mucopolysaccharidosis-I are associated with 
defective biologic activity of FGF-2 on human 
multipotent progenitor cells. Blood 2005; 106: 
1956–64. 

10. De Ru MH, Boelens JJ, Das AM, et al. Enzyme 
replacement therapy and/or hematopoietic 

stem cell transplantation at diagnosis in 
patients with mucopolysaccharidosis type I: 
results of a European consensus procedure. 
Orphanet J Rare Dis 2011; 6: 55. 

11. Peters C, Shapiro EG, Anderson J, et al. Hurler 
syndrome: II. Outcome of HLA-genotypically 
identical sibling and HLA-haploidentical related 
donor bone marrow transplantation in fifty-
four children. Blood 1998; 91: 2601–8. 

12. Peters C, Balthazor M, Shapiro EG, et al. 
Outcome of unrelated donor bone marrow 
transplantation in 40 children with Hurler 
syndrome. Blood 1996; 87: 4894–902. 

13. Stoop F, Kruyt M, van der Linden MH, Sakkers 
RJB, van Hasselt PM, Castelein RM. Prevalence 
and development of orthopaedic symptoms in 
the Dutch Hurler patient population after 
haematopoietic stem cell transplantation. J 
Inherit Metab Dis Reports 2013; 9: 17–29. 

14. Vellodi A, Young EP, Cooper A, et al. Bone 
marrow transplantation for 
mucopolysaccharidosis type I: experience of 
two British centres. Arch Dis Child 1997; 76: 
92–9. 

15. Souillet G, Guffon N, Maire I, et al. Outcome of 
27 patients with Hurler’s syndrome 
transplanted from either related or unrelated 
haematopoietic stem cell sources. Bone 
Marrow Transplant 2003; 31: 1105–17. 

16. Masterson E, Murphy P, O’Meara A, Moore D, 
Dowling F, Fogarty E. Hip dysplasia in Hurler’s 
syndrome: orthopaedic management after 
bone marrow transplantation. J Pediatr Orthop 
1996; 16: 731–3. 

17. Taylor C, Brady P, O’Meara A, Moore D, 
Dowling F, Fogarty E. Mobility in Hurler 
syndrome. J Pediatr Orthop 2008; 28: 163–8. 

18. Weisstein JS, Delgado E, Steinbach LS, Hart K, 
Packman S. Musculoskeletal manifestations of 
Hurler syndrome. J Pediatr Orthop 2004; 24: 
97–101. 

19. Aldenhoven M, Sakkers RJB, Boelens J, de 
Koning TJ, Wulffraat NM. Musculoskeletal 

 
 

manifestations of lysosomal storage disorders. 
Ann Rheum Dis 2009; 68: 1659–65. 

20. Salter RB. Innominate osteotomy in the 
treatment of congenital dislocation and 
subluxation of the hip. J Bone Joint Surg Br 
1961; 43-B: 518–39. 

21. Dega W. Selection of surgical methods in the 
treatment of congenital dislocation of the hip 
in children. Chir Narzadow Ruchu Ortop Pol 
1969; 34: 357–66. 

22. Pemberton PA. Pericapsular osteotomy of the 
ilium for treatment of congenital subluxation 
and dislocation of the hip. J Bone Joint Surg 
Am 1965; 47: 65–86. 

23. Chiari K. Medial displacement osteotomy of 
the pelvis. Clin Orthop Relat Res 1974; 98: 55–
71. 

24. Boelens JJ, Aldenhoven M, Purtill D, et al. 
Outcomes of transplantation using various 
hematopoietic cell sources in children with 
Hurler syndrome after myeloablative 
conditioning. Blood 2013; 121: 3981–7. 

25. Staba S, Escolar M, Poe M, et al. Cord-blood 
transplants from unrelated donors in patients 
with Hurler’s syndrome. N Engl J Med 2004; 
350: 1960–9. 

26. Linstone HA, Turoff M. The Delphi Method - 
Techniques and applications. Reading, MA: 
Addison-Wesley; 2002. 

27. Cohen J. Weighted kappa: nominal scale 
agreement with provision for scaled 
disagreement or partial credit. Psychol Bull 
1968; 70: 213–20. 

28. Altman DG. Practical statistics for medical 
research. London: Chapman & Hall/CRC; 1991. 

29. Grigull L, Sykora K-W, Tenger A, et al. Variable 
disease progression after successful stem cell 
transplantation: prospective follow-up 
investigations in eight patients with Hurler 
syndrome. Pediatr Transplant 2011; 15: 861–9. 

30. Muenzer J, Wraith JE, Clarke LA. 
Mucopolysaccharidosis I: management and 
treatment guidelines. Pediatrics 2009; 123: 
19–29. 

31. Walker R, Belani KG, Braunlin E a., et al. 
Anaesthesia and airway management in 
mucopolysaccharidosis. J Inherit Metab Dis 
2013; 36: 211–9. 

32. Van der Linden MH, Kruyt MC, Sakkers RJB, de 
Koning TJ, Oner FC, Castelein RM. Orthopaedic 
management of Hurler’s disease after 
hematopoietic stem cell transplantation: a 
systematic review. J Inherit Metab Dis 2011; 
34: 657–69. 

33. Hsu C. The Delphi Technique : Making Sense of 
Consensus. 2007; 12.  

 

 

















 
 

Chapter 9 
 

General discussion and future perspectives 
 



 
 

Chapter 9 
 

General discussion and future perspectives 
 



188

Ch
ap

te
r 

9
 
 

INTRODUCTION 

Much progress has been made in the treatment of mucopolysaccharidosis type I (MPS I) over 

the last four decades and the available disease modifying treatments, hematopoietic stem 

cell transplantation (HSCT) and enzyme replacement therapy (ERT), have altered the course 

of the disease significantly. However, despite this achievement, a significant disease burden 

remains and this provides a challenge for patients, families and caregivers. 

In part I of this thesis the focus lies on enabling an early and reliable diagnosis for future 

patients. A shorter time to diagnosis saves patients and parents a burdensome “diagnostic 

odyssey” and allows for an early treatment initiation.  

Next, in part II we evaluate current therapeutic strategies and study a novel method to 

improve ERT. Understanding why there is variability in patients’ response to disease 

modifying treatments, and how to measure this, will be essential in improving therapy.  

In part III we focus on the skeletal system. Dysostosis multiplex has a significant impact on a 

patient’s disease burden, as it may affect mobility, lead to pain and require surgical 

intervention. Documenting the severity is essential to capture disease progression and to be 

able to evaluate future therapies. Reporting the expertise and considerations of treating 

physicians that care for patients with rare diseases will contribute to more deliberate 

decision making.  

This chapter provides a general discussion of the results described in this thesis, indicating 

the added value of the research and pointing out the possibilities for future studies.  

 
WHY THERE IS STILL A LOT TO RESEARCH 

EFFECTS OF DISEASE MODIFYING TREATMENTS 

Since the first successful stem cell transplantation in an MPS I Hurler patients was reported 

in 1981 by Hobbs et al. [1] the prognosis for MPS I patients has improved significantly. As no 

randomized controlled trials (RCTs) have been performed to evaluate HSCT, much of what 

we know about treatment efficacy is derived from case series. Beneficial effects have been 

 
 

described for CNS disease, hepatomegaly, hearing impairment, cardiomyopathy, obstructive 

airway disease and corneal clouding [2–9].  

Enzyme replacement therapy is available since 2003 after being studied in RCTs. Treatment 

effects are reported on improved forced vital capacity, decreased left-ventricular mass, 

improved apnea-hypopnea index, reduction of liver size, improved joint mobility and 6 

minute walk test [10–13].  

However, despite these successes there are still many patients who display progressive 

disease manifestations. There is still residual disease. 

WHY IS IT THAT THERE IS RESIDUAL DISEASE? 

When discussing residual disease in MPS I, and especially ways to improve disease 

outcomes, two principal mechanisms need to be discussed. 

For one thing, a certain fraction of the disease manifestations that patients display at 

diagnosis will be irreversible. Once established, these symptoms may in itself progress, 

independent of ongoing MPS disease. For example, the femoral head in hip dysplasia may 

become (sub)luxated due to altered mechanical forces.  

Second, there are limitations to the current therapies which lead to ongoing disease, most 

notably in hard-to-reach organs. In the extensive evaluation of biochemical efficacy of ERT in 

a large cohort of patients , reported in chapter 4 of this thesis, we show that all patients in 

this cohort –some even after 7 years of ERT– still have urinary GAG levels above the 

reference range [14]. Considering the complex role of GAGs in many biological processes, a 

suboptimal correction of the accumulation is undesirable. As many previous studies report 

on percent-change rather than absolute values, this suboptimal biochemical correction has 

probably been obscured.  

As a result of these two mechanisms, many patients still suffer from a significant residual 

disease burden, impacting daily living [15]. Major contributors to the residual disease burden 

are dysostosis multiplex and central nervous system (CNS) complications [13,16,17]. 

 
CONSIDERATIONS IN MEASURING TREATMENT OUTCOMES 

The fact that so many organ systems are involved in MPS I and that disease manifestations 
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can vary considerably from patient to patient pose huge challenges for both research and 

clinical care. Improvement of clinical outcomes is difficult to research when it is unclear what 

exactly needs to show improvement. With symptoms ranging from corneal clouding to 

carpal tunnel syndrome and sleep apnea, there is not a single parameter available that fully 

reflects the clinical status of the patient. In addition, a distinction should be made between 

parameters that are supposedly irreversible, e.g. vertebral deformity, versus more dynamic 

outcome measures, such as sleep oximetry studies. Evaluating therapeutic effect should 

therefore always rely on multiple endpoints. Preferably, these endpoints are based on more 

or less objective parameters, especially in multicenter studies. For example: while the 

number of surgical procedures a patient has undergone might depend on the approach of 

the treating physicians, other parameters such as the 6 minute walk test are more easily 

standardized across centers.  

Dysostosis multiplex is one of the most important and debilitating elements of the residual 

disease seen in MPS I. In chapter 7 we provide an extensive assessment of radiological 

progression of hip dysplasia in MPS I-H patients after HSCT. The progression described in a 

large, well-defined cohort with a reliable method of assessment provides much needed 

insight in this aspect of the disease. The data can be used in clinical practice, but may also 

serve as a historic cohort when the effect on bone disease is assessed for future therapeutic 

strategies. 

As the clinical parameters are so variable and difficult to obtain, biomarkers are sought that 

may provide a reliable, objective parameter of treatment efficacy. In chapter 4 we evaluate 

the use of GAG derived disaccharide quantification in the follow up of ERT treated patients. 

This new assay is much more sensitive than the conventional DMB and will provide an 

excellent tool to evaluate biochemical response to therapy. Also, the disaccharides 

correlated well with other methods, such as DS:CS ratio. These biomarkers may not only be 

used to follow-up on biochemical correction, but at the same time tell us something about 

the pathophysiology and ongoing disease processes in these patients. For example, 

dermatan levels remained elevated despite treatment opposed to heparan sulfate that 

reached normal plasma levels in 50% of patients. Similar observations are described by 

others [18]. This may well reflect the insusceptibility to ERT of bone and as these tissues 

contain a relative high content of dermatan sulfate. With dermatan sulfate levels reflecting 

 
 

ongoing disease, its correction should be a secondary endpoint in future studies of 

therapeutic efficacy, rather than total GAG content.  

In our study, a correlation with a very general assessment of clinical condition could not be 

established. Most likely, our approach was too general and possible correlations were 

obscured. This is in contrast to chapter 5, where we could perform a more detailed analysis, 

as it focusses only on the outcomes of sleep disordered breathing (SDB). The DS:CS ratio is 

clearly correlated with severity of SDB. Further studies correlating these biomarkers with 

other clinical parameters will provide an important tool that can be used both for future 

studies and in clinical practice. 

 
TOWARDS BETTER DISEASE OUTCOMES 

PREVENTION OF DISEASE MANIFESTATIONS 

Of all the possible ways to improve disease outcomes in MPS I patients, prevention will 

prove the most essential as not all clinical manifestations are reversible. Initiation of therapy 

before clinical manifestation of the disease is therefore essential when trying to maximize 

treatment efficacy. The benefits of this “early treatment initiation” have been clearly 

illustrated in HSCT, which if performed before the onset of overt neurocognitive decline is 

able to rescue cognitive abilities [5–7]. A recent large study by Aldenhoven et al. identifies 

younger age at transplantation as a major predictor for multiple clinical outcomes [62]. Also, 

a number of sibling cases and animal studies report beneficial effects of early ERT on bones 

and other hard-to-treat tissues [19–23].  

EARLY DIAGNOSIS 

To enable early treatment initiation, diagnosis needs to be made before the onset of 

symptoms. Newborn screening (NBS) programs will be crucial in establishing this, but 

provide a number of challenges. For instance, the choice for ERT or HSCT will depend on 

disease severity and at present phenotypic determination is usually based on clinical 

presentation. In a NBS setting, the assessment of disease severity will need to be performed 

in a very early, pre-symptomatic stage of the disease. In chapter 2 we propose an algorithm 
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ongoing disease, its correction should be a secondary endpoint in future studies of 
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provide a number of challenges. For instance, the choice for ERT or HSCT will depend on 
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presentation. In a NBS setting, the assessment of disease severity will need to be performed 
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to distinguish Hurler and non-Hurler patients in the first four weeks of life. The choice to 

make this particular distinction is based on current treatment recommendations: the first 

choice of treatment is HSCT for MPS I-H patients and ERT for the more attenuated patients  

[24,25]. However, with improved safety of HSCT, the more severely affected MPS I-H/S 

(intermediate phenotype) patients will likely also become eligible for HSCT. As these criteria 

for HSCT shift, the proposed algorithm will need to be amended. For practical reasons, a 

single parameter to establish phenotypic severity would be preferred over an algorithm. As 

genotype is the most robust of the included parameters, this would be an obvious candidate. 

However, with large population screening, such as NBS, an increase of genotypic variations 

of unknown significance is to be expected. When also taking into account the considerable 

phenotypic variation seen within certain genotypes, it is unlikely that mutation analysis will 

provide sufficient information for disease severity prediction in all patients in the near 

future. Furthermore, although the Hurler phenotype may be established at so young an age 

(leading to initiation of HSCT) the remainder of the clinical spectrum is still very wide and if 

and when to start ERT in in these more attenuated patients diagnosed via NBS will need 

careful consideration. The introduction of NBS in Taiwan, the announcement of the Health 

Council of the Netherlands in April 2015 to include MPS I in the neonatal screening program 

and implementation of NBS in several states of the US has led to a need for international 

guidelines on treatment initiation and follow up of the clinical progression. 

Due to demanding logistics, varying ethical considerations, technical requirements and costs, 

newborn screening will probably not be implemented in the near future in many countries. 

Also, not all MPSs might be eligible to be included in NBS programs, due to the lack of 

disease modifying treatments. Continuous efforts to improve the diagnostic process are 

therefore needed to provide a timely diagnosis. In a regular clinical setting, often the first 

test performed when a diagnosis of a mucopolysaccharidosis is suspected, is the 

quantifications of glycosaminoglycans (GAGs) in urine by a dye binding assay such as the 

dimethylmethylene blue assay (DMB) [26]. False-negative results have been reported, 

especially in MPS IV patients. In chapter 3 we therefore evaluate a quantification of urinary 

GAGs by tandem mass spectrometry. This provides a much more sensitive test for MPSs and 

will therefore shorten the time to diagnosis. Interestingly, we also managed to identify 

patients with MPS related disorders such as mucolipidosis II and III. A more rapid diagnosis 

 
 

allows for timely treatment initiation, but can also be very valuable if no treatment is (yet) 

available as supportive care and consultation can be provided. 

IMPROVING CURRENT THERAPIES 

Early diagnosis and treatment initiation are crucial in prevention of many symptoms, but will 

not suffice in achieving optimal clinical outcomes. In part, this can be attributed to the fact 

that currently available therapies fail to reach the so called hard-to-treat organs, such as 

heart valves, cartilage and bone [27–29]. Several alterations to the current treatment 

regimens might address this issue. For instance, ERT and HSCT might be complimentary; 

where HCST provides a continuous source of enzyme and might result in 

immunomodulation, intravenous ERT provides short high peaks in plasma enzyme 

concentration with a different pharmacokinetic profile [10]. Beneficial effects of ERT in the 

peri-transplantation period have been described for neurocognitive outcome and there are 

trends towards better event free survival and less graft-versus-host disease [30–32]. Studies 

to systematically assess the additional effect of ERT in the post-transplantation setting on 

survival and engraftment are currently carried out [33]. Similar studies will be needed to 

determine the effect on residual disease of continued ERT administration post-HSCT. 

Another strategy is a dose increase of ERT which probably augments its beneficial effects.  

This is supported by several animal studies [21,34]. A dose optimization study suggested that 

higher doses might lead to more adverse effects [35], although in our center patients have 

on occasion received double dose ERT without complications (personal communication). 

Furthermore, alternative administration routes of recombinant enzyme might provide ERT to 

hard-to-reach tissues. Intrathecal ERT reduces meningeal GAG storage in canine MPS I 

[36,37] and is currently under investigation for the prevention of cord compression in 

humans [38]. Likewise, intra-articular administration of recombinant IDUA in MPS I dogs 

reduced GAG storage in synovium and to a lesser extent in articular cartilage [39]. Long-term 

studies are needed to determine the effect on arthritis and dysostosis multiplex, although 

clinical applications may be challenging.  

Lastly, antibody formation is frequently observed in patients with lysosomal storage diseases 

who are treated with recombinant enzyme and this may significantly hamper effectiveness 

of treatment [40–43]. In infantile Pompe disease, treatment outcome is highly correlated 
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with antibody status, and induction of immune tolerance has greatly improved the prognosis 

of these children [41,44,45]. Evaluating this correlation in MPS I is challenging due to the 

slower progression and heterogenic nature of the disease. Nonetheless, we were able to 

correlate the presence of inhibitory antibodies with biomarker response (chapter 4) and 

subsequently with sleep disordered breathing (chapter 5), thereby providing important 

evidence that immune response in ERT patients may be one of the contributors to 

suboptimal treatment effects. Immune tolerance improved clinical outcome in animal 

models, suggesting that some patients with MPS I may benefit from immune modulation 

[22,10,46,14,13]. 

DEVELOPING NEW THERAPIES 

In addition to these alternative applications of currently available treatments, new therapies 

are being developed. For instance ex-vivo gene therapy could make autologous HSCT 

possible, with a lower complication rate and possibly higher enzyme levels [47–50]. Also, 

therapeutic properties of small molecules, including stop codon read-through, are currently 

explored in pre-clinical studies [51]. Modification of recombinant IDUA may enable the 

enzyme to cross the blood brain barrier [52,53]. In chapter 6 we show that GSH-PEGylated 

liposomal encapsulation of ERT provides no advantage over regular ERT in treating the CNS 

in an MPS I mouse model. However, both regular ERT and liposomal ERT led to a very slight 

reduction of GAG levels in the brain, suggesting that a very small fraction of intravenous 

administered enzyme might cross the blood-brain barrier. Similar observations have been 

made in MPS IIIB and clinical studies for intravenous enzyme administration to treat this 

primarily CNS disease are under way [54]. 

Despite these options to enhance enzyme delivery, complete reversal of pre-existing disease 

manifestations in hard-to-treat tissues will often not be possible. It may therefore prove 

essential to not only try to correct the enzyme deficiency and GAG storage, but to also act 

upon other pathophysiological mechanisms to minimize the downstream effects. For 

example, animal studies have been performed using anti-inflammatory therapies in models 

of other MPSs with promising effects on skeletal pathology and joint mobility [55–57]. 

Prospective studies of clinical efficacy and safety are needed to determine the role of these 

adjuvant therapies in MPS I.  

 
 

 

Figure 1. Systematic overview of modes to improve treatment outcomes.  

 
FOLLOW-UP AND TREATMENT OF RESIDUAL DISEASE 

ORGANIZING MULTIDISCIPLINARY CARE 

Besides these new therapeutic strategies, the clinical management of residual disease 

manifestations should be further optimized. In daily practice the complex clinical issues that 

patients may experience should never be considered and treated as isolated problems. This 

requires a specific dedication of all the involved health care professionals. In a 

multidisciplinary team, everyone needs to have expert knowledge on the unique aspects of 

the MPS related problems within their field, while also taking into account all other issues at 

hand. Regular multidisciplinary clinics and shared decision making are essential in facilitating 

this. Patients and family members should take an active part in such shared decision making 

and patient reported outcome measures should be integrated in the follow up scheme. The 

complexity of the disease, the lack of evidence on the efficacy of different treatments and 

the risk of peri-operative complications all necessitate careful deliberations with patients 

and families and informed decision making.  
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ESTABLISHING BEST CLINICAL PRACTICE 

In the absence of evidence, best-practice guidelines can be constructed based on expert 

opinion via consensus procedures [24,25,58–60]. These procedures at the same time provide 

a platform to identify the most pressing gaps in current knowledge and may trigger new 

research initiatives. Ideally, consensus procedures are therefore followed up after some 

time, providing the opportunity to integrate the most recently acquired knowledge in the 

clinical practice guidelines.  

In chapter 8 we describe such an international consensus procedure. For the treatment of 

hip dysplasia in MPS I-H patients there are case series describing radiological outcomes of 

surgical intervention, but correlations of this with physical functioning and well-being are 

lacking. The lack of evidence might have contributed to the fact that no full consensus was 

reached on the topic of surgical intervention. However, the added value of expert consensus 

procedures might, in the case of so little evidence, not so much lie in reaching a single 

conclusion, but rather in providing an overview of the collected experiences, considerations 

and opinions. Sharing these allows treating physicians to make more deliberate decisions. 

Our consensus procedure revealed how little was known about the natural history of hip 

dysplasia in MPS I-H and triggered the research described in chapter 7. 

Even the most carefully executed consensus procedure can never replace the need for data 

collection and careful evaluation of initiated practice. In rare diseases, international 

collaborations will therefore be invaluable in gathering the clinical data that is required for 

addressing currently unmet needs. To some extent this is facilitated by industry sponsored 

databases, such as the MPS I registry [61], but as these data are not available to all 

contributors, its full potential is not utilized at present. Also, data collected in this registry is 

observational and unstandardized, rendering it unable to provide high quality data. 

IN CONCLUSION 

MPS I is an immensely diverse disease in presentation, in phenotypic spectrum, in 

pathological processes and, not in the least, in potential strategies to improve disease 

outcome. The recent advancements in newborn screening programs will provide excellent 

opportunities for early intervention and at the same time requires the development of new 

 
 

clinical practice guidelines and standardized follow up programs. However, whether 

diagnosis is made via NBS or based on symptomatology, MPS I patients will likely benefit 

most from a combination of treatments, including actors on downstream pathophysiological 

pathways such as anti-inflammatory therapy. In addition to pharmacological treatment, 

supportive care will remain a corner stone in the care for these patients.  

Collection, analysis and open access of clinical and biochemical data organized in 

international collaborations will be of utmost importance. Even though patients may be 

relatively few in number, the things we still need to learn are numerous. 
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SUMMARY 

Mucopolysaccharidosis type I is a progressive lysosomal storage disease caused by a 

deficiency of the lysosomal hydrolase α-L-iduronidase (IDUA). This results in the 

accumulation of the undegraded glycosaminoglycans heparan sulfate (HS) and dermatan 

sulfate (DS) which triggers complex pathophysiological cascades leading to a multisystem 

disease. Although disease severity comprises a continuous spectrum, three phenotypes are 

recognized. The most severe form is the Hurler syndrome (MPS I-H). These patients present 

in the first year of life and, if left untreated, will develop severe neurocognitive decline. The 

treatment of choice for MPS I-H patients is hematopoietic stem cell transplantation (HSCT). 

As donor cells have a normal capacity to produce IDUA, the deficiency is (partially) corrected. 

In most patients, HSCT adequately prevents or halts cognitive decline. Patients who present 

in childhood or at a later age typically have a normal cognitive development and are 

classified as Scheie syndrome. Treatment for these patients consists of enzyme replacement 

therapy (ERT) through weekly intravenous infusions of recombinant IDUA. ERT does not 

cross the blood-brain barrier and is therefore considered inadequate for the treatment of 

Hurler syndrome. The third, intermediate phenotype is Hurler/Scheie. Symptoms that are 

more or less present in all patients include respiratory, cardiac, central nervous system (CNS) 

and connective tissue/skeletal manifestations. Many of these respond favorably to ERT or 

HSCT, but a significant residual disease remains despite treatment. This thesis revolves 

around the residual disease manifestations, its prevention and treatment.   

An early diagnosis of MPS I is vital because it allows for a timely treatment initiation in a 

stage of the disease where manifestation may be optimally responsive or even prevented. 

Also, supportive care can be provided. A very important development which allows early 

diagnosis is the inclusion of MPS I in newborn screening (NBS) programs. In chapter 2 (part I) 

we study the feasibility of phenotypic prediction after a newborn diagnosis because this will 

be essential to allocate the proper treatment. In current clinical practice, phenotypic 

determination is based on age of symptom onset and severity of the manifestations. 

However, this is not possible in a setting of newborn screening. We therefore evaluated 

alternative approaches. First, a list of Hurler-predicting genotypes was constructed, based on 

literature research. Furthermore, the enzyme activity assay for cultured human fibroblasts 

 

was optimized to augment the difference in residual enzyme activity between the Hurler and 

non-Hurler patients. Also, clinical data was collected from the first four weeks of life in 30 

patients studied at our center, to assess whether this might also differentiate between the 

phenotypes. None of these parameters had an absolute sensitivity, but when all three were 

combined in an algorithm, and when this was applied to 30 patients, they could all be 

identified correctly.   

Newborn screening might not be deemed feasible for implementation in all countries or for 

all MPS subtypes. In general, diagnosis will therefore continue to rely on clinical suspicion 

followed by the analysis of GAG-levels in urine. This is often done using the 

dimethylmethylene blue (DMB) method, although this is reported to occasionally lead to 

false-negative results. A number of new techniques have been developed for GAG analysis 

using tandem mass spectrometry (LC-MS/MS). With a multiplexed assay we were able to 

simultaneously measure HS, DS and keratan sulfate (KS) which in theory should enable the 

detection of all MPS subtypes. In chapter 3 we apply this method in urine samples of 100 

treatment naïve MPS patients. All patients were detected by the LC-MS/MS method, 

whereas 10/100 were false-negative by DBM. Moreover, we show that patients with MPS-

related disorders, such as mucolipidosis, might also be identified through this new assay, 

which may result in a much shorter time-to-diagnosis for these patients. 

The LC-MS/MS technique also allowed us to study the response of GAG levels to treatment 

with ERT. The results of the analysis of 428 blood and urine samples are presented in 

chapter 4 (part II). We found that in all patients there was a rapid decline in GAG levels in 

the first weeks after treatment initiation. This was followed by a more gradual decline in 

most patients. However the extent to which GAG levels reached normal values differed 

markedly between patients. One of the associated factors identified was the formation of 

inhibitory antibodies, which was correlated with a less favorable biomarker response. In 

addition, the LC-MS/MS method showed similar trends to other often used biomarkers, 

including the DS:CS ratio in urine. Furthermore, similar to the findings from chapter 3, the 

DMB method was found to underestimate the GAG levels. In samples where DMB had 

reached normal values, the LC-MS/MS method detected levels that were still elevated. This 

is an important indication that, despite long-term ERT, there is no complete correction of the 

enzyme deficiency. DS responded even less than HS, which corresponds well with the 
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SUMMARY 

Mucopolysaccharidosis type I is a progressive lysosomal storage disease caused by a 

deficiency of the lysosomal hydrolase α-L-iduronidase (IDUA). This results in the 

accumulation of the undegraded glycosaminoglycans heparan sulfate (HS) and dermatan 

sulfate (DS) which triggers complex pathophysiological cascades leading to a multisystem 

disease. Although disease severity comprises a continuous spectrum, three phenotypes are 

recognized. The most severe form is the Hurler syndrome (MPS I-H). These patients present 

in the first year of life and, if left untreated, will develop severe neurocognitive decline. The 

treatment of choice for MPS I-H patients is hematopoietic stem cell transplantation (HSCT). 

As donor cells have a normal capacity to produce IDUA, the deficiency is (partially) corrected. 

In most patients, HSCT adequately prevents or halts cognitive decline. Patients who present 

in childhood or at a later age typically have a normal cognitive development and are 

classified as Scheie syndrome. Treatment for these patients consists of enzyme replacement 

therapy (ERT) through weekly intravenous infusions of recombinant IDUA. ERT does not 

cross the blood-brain barrier and is therefore considered inadequate for the treatment of 

Hurler syndrome. The third, intermediate phenotype is Hurler/Scheie. Symptoms that are 

more or less present in all patients include respiratory, cardiac, central nervous system (CNS) 

and connective tissue/skeletal manifestations. Many of these respond favorably to ERT or 

HSCT, but a significant residual disease remains despite treatment. This thesis revolves 

around the residual disease manifestations, its prevention and treatment.   

An early diagnosis of MPS I is vital because it allows for a timely treatment initiation in a 

stage of the disease where manifestation may be optimally responsive or even prevented. 

Also, supportive care can be provided. A very important development which allows early 

diagnosis is the inclusion of MPS I in newborn screening (NBS) programs. In chapter 2 (part I) 

we study the feasibility of phenotypic prediction after a newborn diagnosis because this will 
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observation of residual disease in hard-to-treat organs such as cartilage and bone, which 

generally have a high DS content.  

Biomarkers are essential in complex multi-system diseases such as MPS I, but become even 

more valuable when a clinical correlation is established. In an evaluation of 150 sleep 

oximetry studies of 61 MPS I patients we found that sleep disordered breathing (SDB) 

correlates with DS:CS ratio in urine (chapter 5). In total, 68% of patients had signs of SDB. 

For transplanted Hurler patients the severity of SDB was associated with the level of 

leukocyte IDUA activity post-transplantation. In the ERT cohort we found that patients with 

SDB more often had inhibitory antibodies.  

ERT cannot prevent cognitive decline in some Hurler/Scheie patients and some Scheie 

patients also develop central nervous system complications such as myelopathy. We 

therefore evaluated the effects of a modification of ERT, aimed at enabling it to cross the 

blood-brain barrier. In chapter 6 we report the results of animal experiments where regular 

ERT is compared to GSH-PEG liposomal encapsulated ERT. We found that liposomal ERT 

reaches higher peak levels in serum, and has a higher area under the curve, but after 10 

weeks of treatment there was no reduction in brain GAG levels compared to mice treated 

with regular ERT. In both groups however a slight reduction compared to the untreated mice 

was seen. This suggests that a small amount of IV administered ERT may cross the blood-

brain barrier. Also an immune response with antibody formation was observed in both 

groups, which may have contributed to the lack of additional value of liposomal ERT. 

One of the key features of residual disease in MPS I is dysostosis multiplex, a form of skeletal 

dysplasia. In part III we therefore focus on one of the hallmarks of dysostosis multiplex: hip 

dysplasia. In order to measure the progress of hip dysplasia in Hurler patients after HSCT 

nearly 200 pelvic radiographs of 52 patients were scored systematically for fourteen 

radiological parameters. The used method proved to be reliable, both in inter- as intra 

observer variation. Of patients who were older than 5 years at the time of the last included 

radiograph, 86% had severe acetabular dysplasia and 91% had severe coxa valga. In most 

modeled radiological parameters a trend was seen where the MPS I patients diverted from 

the healthy reference population with increasing age.  

 

Knowledge of this natural history of hip dysplasia is essential for informed decision making 

on (surgical) interventions. The current paucity of data was one of the key points identified 

in an international expert consensus of which the results are discussed in chapter 8. Other 

issues that complicated the decision making at that point in time were the unclear 

relationship between radiological abnormalities and clinical complaints and the 

unestablished long term success of surgical interventions. Still there was a full consensus 

that in every transplanted Hurler patient corrective surgery should be considered. This 

should be aimed at both preventing complaints of pain as well as providing a more favorable 

anatomy for any future hip replacements.  

Finally, chapter 9 provides a discussion of the results of the research presented in this thesis 

and places these findings in a broader context. Also, recommendations for future research 

are suggested. 
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SAMENVATTING 

MPS I is een progressieve lysosomale stapelingsziekte. Het is een erfelijke aandoening 

waarbij het enzym α-L-iduronidase (IDUA) niet goed aangemaakt wordt of niet functioneel 

is. Dat lijdt in het lysosoom – de “recyclefabriek” van de cel – tot een opstapeling van stoffen 

die eigenlijk afgebroken hadden moeten worden. Deze stoffen zijn heparansulfaat (HS) en 

dermatansulfaat (DS) en vallen onder de groep van glycosaminoglycanen (GAGs), die door 

het hele lichaam te vinden zijn. Bij MPS I zijn dan ook verschillende weefsels en organen 

aangedaan. Hoewel er in feite sprake is van een geleidelijke overgang, wordt er onderscheid 

gemaakt in drie fenotypes. Dit gebeurt op basis van de leeftijd waarop de eerste klachten 

optreden en de ernst van de symptomen. De meest ernstige vorm is het Hurler type. 

Patiënten ontwikkelen in het eerste levensjaar ziekteverschijnselen en zonder behandeling 

ontstaat er onder andere schade in de hersenen. De behandeling bestaat voor de meeste 

Hurler-patiënten uit een stamceltransplantatie (SCT). De donorbloedcellen die uit deze 

stamcellen ontstaan maken het enzym wél en compenseren zo voor het tekort. De 

ontwikkelingsachterstand die door de hersenschade ontstaat wordt hiermee in veel gevallen 

voorkomen. De minst ernstige vorm is het Scheie type, waarbij patiënten zich op de 

kinderleeftijd of later presenteren en een normale cognitieve ontwikkeling hebben. De 

behandeling bestaat uit enzym vervangende therapie (enzyme replacement therapy, oftewel 

ERT), waarbij het enzym wekelijks via een infuus toegediend wordt. Dit komt niet in de 

hersenen terecht en is daarom niet de meest geschikte behandeling voor Hurler syndroom. 

De derde groep is het Hurler/Scheie type. Deze patiënten zitten zowel qua leeftijd van de 

eerste symptomen als de ernst van de klachten tussen de Hurler en de Scheie patiënten in. 

Symptomen die in alle vormen in meer of mindere mate voorkomen zijn skeletafwijkingen 

(dysostosis multiplex), afwijkingen aan de hartspier en hartkleppen, ademhalingsproblemen, 

carpaal tunnel syndroom, stijve gewrichten, troebeling van het hoornvlies, 

gehoorproblemen en navel- en liesbreuken. Veel van deze ziekteverschijnselen reageren 

goed op behandeling met SCT of ERT, maar niet allemaal. Deze restverschijnselen zijn het 

uitgangspunt van deze thesis.  

Een vroege diagnose van MPS I is erg belangrijk. Dit geeft de mogelijkheid de behandeling 

met ERT of SCT te starten in een stadium van de ziekte waarin symptomen nog voorkomen 

 

kunnen worden. Naast ERT of SCT kan ook ondersteunende therapie en behandeling van 

symptomen worden geïnititeerd. De recente ontwikkelingen waarbij het mogelijk is 

geworden om al tijdens de neonatale periode op MPS I te testen via de hielprikscreening zijn 

dan ook essentieel. Patiënten worden op die manier al in de eerste dagen tot weken na de 

geboorte gediagnosticeerd. Om de juiste therapie te kunnen bepalen, is het vervolgens van 

groot belang om het fenotype van een patiënt te weten. Aangezien dit fenotype meestal pas 

wordt vastgesteld op basis van symptomen die op latere leeftijd ontstaan, zijn we op zoek 

gegaan naar alternatieve methoden die al toepasbaar zijn in de neonatale periode. In 

hoofdstuk 2 (deel I) gaan wij in op deze stap. Door middel  van literatuuronderzoek hebben 

we een lijst opgesteld van genotypes die voorspellend zijn voor het Hurler fenotype. 

Daarnaast hebben we de bepaling van enzymactiviteit in gekweekte huidfibroblasten 

geoptimaliseerd, om het onderscheid tussen de verschillende fenotypen te vergroten. Tot 

slot hebben we van 30 patiënten klinische gegevens verzameld uit de eerste vier weken van 

het leven, om te bepalen of hierin verschil is tussen patiënten met het Hurler fenotype en de 

overige types. Aangezien geen van deze drie methoden 100% sensitief is, hebben we ze 

samengevoegd in een algoritme voor de classificatie van de MPS I fenotypes. Hiermee 

konden we de 30 patiënten allemaal correct classificeren.  

Niet alle typen MPS, naast MPS I, komen in aanmerking voor de hielprikscreening. 

Bovendien zal het toevoegen van MPS I aan de hielprikscreening niet in alle landen mogelijk 

zijn. Bij veel MPS patiënten zal daarom de diagnose nog worden gesteld op basis van een 

GAG-meting in urine. Dit gebeurt vaak met de zogenaamde DMB methode, maar deze is niet 

altijd even gevoelig en geeft soms een normale uitslag geven in een patiënt die later toch 

een vorm van MPS blijkt te hebben (fout-negatief). In het MPS onderzoek werkten wij al 

langer met een sensitieve methode om de GAGs HS en DS te meten, namelijk met tandem 

mass spectrometry (LC-MS/MS). Deze methode hebben we uitgebreid, zodat ook een derde 

stapelingsstof – keratansulfaat, KS – gemeten wordt. Hiermee hadden we een methode die 

in theorie alle MPS subtypen zou kunnen oppikken. In hoofdstuk 3 beschrijven we de 

resultaten van de toepassing van deze techniek in urine samples van 100 MPS patiënten. Alle 

100 worden gevonden met de nieuwe assay, terwijl de DMB methode in 10 patiënten fout-

negatief was. Daarnaast laten we zien dat patiënten met op MPS-gelijkende ziekten zoals 
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mucolipidose mogelijk ook gediagnosticeerd kunnen worden met de LC-MS/MS methode 

wat de tijd-tot-diagnose zou kunnen verkorten. 

Met de LC-MS/MS konden we op een gedetailleerde manier het effect van ERT op de 

hoeveelheid GAGs meten in 428 bloed en urine samples (hoofdstuk 4, deel II). We zagen dat 

in de eerste weken na start ERT bij alle patiënten een snelle daling van GAGs optreedt. 

Daarna is er een geleidelijke verdere daling, maar de mate waarin de GAG-waarden 

normaliseren verschilt sterk tussen patiënten. Een belangrijke factor hierbij bleek het 

ontwikkelen van zogenaamde inhiberende antistoffen. Niet de hoogte van de antistoftiter, 

maar de mate waarin antistoffen de opname van enzym in fibroblasten inhibeerden, was 

geassocieerd met het verhoogd blijven van GAGs. De LC-MS/MS methode bleek ook goed 

overeen te komen met andere veel gebruikte biomarkers, waaronder de DS:CS ratio in urine, 

wat de vergelijking met andere artikelen vergemakkelijkt. Bovendien zagen we opnieuw dat 

de DMB-methode in veel gevallen een onderschatting geeft van de GAGs, waarbij de DMB al 

in de normale range valt terwijl met de LC-MS/MS methode nog verhoogde waarden worden 

gevonden. Dit is een belangrijke aanwijzing dat er ondanks ERT geen volledige correctie van 

de enzymdeficiëntie is. Tot slot was er een duidelijk verschil tussen HS en DS. DS daalde 

minder sterk, wat waarschijnlijk samenhangt met de restverschijnselen in bindweefsel, 

skelet en kraakbeen aangezien in deze weefsels veel DS voorkomt. De waarde van DS als 

biomarker om de erst van restverschijnselen te voorspellen wordt nog nader onderzocht. 

Biomarkers zijn erg belangrijk in complexe ziekten zoals MPS I, maar een correlatie met 

klinische uitkomsten is essentieel om ze echt van waarde te laten zijn en te kunnen 

toepassen in de klinische praktijk. Zo blijkt uit een inventarisatie van 150 nachtelijke 

oximetrie studies van 61 MPS I patiënten (hoofdstuk 5) dat de DS:CS ratio in de urine 

gecorreleerd is aan een verstoorde ademhaling tijds slaap (sleep disordered breathing, SDB). 

In totaal bleek 68% van alle patiënten SDB te hebben. In getransplanteerde Hurler patiënten 

hing de mate van SDB samen met het enzymniveau in witte bloedcellen na transplantatie, 

waarbij hogere enzymactiviteit correleert met minder SDB. In het ERT cohort bleken 

patiënten met SDB vaker inhiberende antistoffen te hebben ontwikkeld.  

ERT kan niet voorkomen dat bij sommige Hurler-Scheie patiënten een 

ontwikkelingsachterstand ontstaat en ook Scheie patiënten kunnen complicaties in het 

 

centraal zenuwstelsel ontwikkelen zoals een myelopathie. In hoofdstuk 6 beschrijven we de 

resultaten van muizenstudies waarbij reguliere ERT wordt vergeleken met ERT wat is gevat 

in GSH-PEG liposomen. Het liposomale ERT was in het muizenserum terug te vinden in 

hogere concentraties en voor langere duur, maar na 10 weken behandeling was er geen 

daling in GAG stapeling in het brein ten opzichte van de met regulier ERT behandelde 

muizen. Beide groepen lieten wel een lichte daling in GAGs zien ten opzichte van 

onbehandelde muizen, wat suggereert dat een klein gedeelte van het intraveneuze ERT toch 

over de bloed-hersenbarrière komt. Ook werden in beide groepen antistoffen tegen het 

enzym gevormd, wat mogelijk gedeeltelijk verklaart waarom GHS-PEG liposomaal ERT geen 

extra voordeel bood ten opzichte van regulier ERT.  

Een belangrijk aspect van de restverschijnselen van MPS I is dysostosis multiplex, een vorm 

van skeletdysplasie. In deel III gaan we verder in op één van de kenmerken van dysostosis 

multiplex, namelijk heup dysplasie. Om een goed beeld te krijgen van het beloop van 

heupdysplasie in Hurler patiënten na SCT zijn in bijna 200 bekkenfoto’s van 52 patiënten 

veertien radiologische parameters op een systematische manier gescoord (hoofdstuk 7). De 

methode bleek betrouwbaar, zowel wat betreft intra- als inter-observer variatie. Van de 

patiënten ouder dan 5 jaar had 86% ernstige heup dysplasie en had 91% ernstige coxa valga. 

Naarmate patiënten ouder werden weken de meeste radiologische parameters steeds meer 

af van de referentiewaarden.  

Deze kennis van het beloop van heupdysplasie is essentieel voor het maken van goede 

(chirurgische) beslissingen in de behandeling. Dat een gebrek aan kennis deze 

besluitvorming bemoeilijkt bleek ook uit een internationale consensus procedure waarvan 

de resultaten worden besproken in hoofdstuk 8. Andere veel genoemde knelpunten waren 

onder andere de nog onduidelijke relatie van radiologische afwijkingen met klinische 

klachten en de onzekerheid over lange termijn resultaten van chirurgisch ingrijpen. Toch was 

er volledige consensus dat chirurgisch ingrijpen in elke patiënt (Hurler na SCT) moest worden 

overwogen. De mogelijke voordelen bestaan zowel uit het voorkomen van pijnklachten op 

de (middel)lange termijn als het creëren van een gunstige anatomische uitgangssituatie voor 

een eventuele latere heupprothese.  
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in de normale range valt terwijl met de LC-MS/MS methode nog verhoogde waarden worden 

gevonden. Dit is een belangrijke aanwijzing dat er ondanks ERT geen volledige correctie van 

de enzymdeficiëntie is. Tot slot was er een duidelijk verschil tussen HS en DS. DS daalde 

minder sterk, wat waarschijnlijk samenhangt met de restverschijnselen in bindweefsel, 

skelet en kraakbeen aangezien in deze weefsels veel DS voorkomt. De waarde van DS als 

biomarker om de erst van restverschijnselen te voorspellen wordt nog nader onderzocht. 

Biomarkers zijn erg belangrijk in complexe ziekten zoals MPS I, maar een correlatie met 

klinische uitkomsten is essentieel om ze echt van waarde te laten zijn en te kunnen 

toepassen in de klinische praktijk. Zo blijkt uit een inventarisatie van 150 nachtelijke 

oximetrie studies van 61 MPS I patiënten (hoofdstuk 5) dat de DS:CS ratio in de urine 

gecorreleerd is aan een verstoorde ademhaling tijds slaap (sleep disordered breathing, SDB). 

In totaal bleek 68% van alle patiënten SDB te hebben. In getransplanteerde Hurler patiënten 

hing de mate van SDB samen met het enzymniveau in witte bloedcellen na transplantatie, 

waarbij hogere enzymactiviteit correleert met minder SDB. In het ERT cohort bleken 

patiënten met SDB vaker inhiberende antistoffen te hebben ontwikkeld.  

ERT kan niet voorkomen dat bij sommige Hurler-Scheie patiënten een 

ontwikkelingsachterstand ontstaat en ook Scheie patiënten kunnen complicaties in het 

 

centraal zenuwstelsel ontwikkelen zoals een myelopathie. In hoofdstuk 6 beschrijven we de 

resultaten van muizenstudies waarbij reguliere ERT wordt vergeleken met ERT wat is gevat 

in GSH-PEG liposomen. Het liposomale ERT was in het muizenserum terug te vinden in 

hogere concentraties en voor langere duur, maar na 10 weken behandeling was er geen 

daling in GAG stapeling in het brein ten opzichte van de met regulier ERT behandelde 

muizen. Beide groepen lieten wel een lichte daling in GAGs zien ten opzichte van 

onbehandelde muizen, wat suggereert dat een klein gedeelte van het intraveneuze ERT toch 

over de bloed-hersenbarrière komt. Ook werden in beide groepen antistoffen tegen het 

enzym gevormd, wat mogelijk gedeeltelijk verklaart waarom GHS-PEG liposomaal ERT geen 

extra voordeel bood ten opzichte van regulier ERT.  

Een belangrijk aspect van de restverschijnselen van MPS I is dysostosis multiplex, een vorm 

van skeletdysplasie. In deel III gaan we verder in op één van de kenmerken van dysostosis 

multiplex, namelijk heup dysplasie. Om een goed beeld te krijgen van het beloop van 

heupdysplasie in Hurler patiënten na SCT zijn in bijna 200 bekkenfoto’s van 52 patiënten 

veertien radiologische parameters op een systematische manier gescoord (hoofdstuk 7). De 

methode bleek betrouwbaar, zowel wat betreft intra- als inter-observer variatie. Van de 

patiënten ouder dan 5 jaar had 86% ernstige heup dysplasie en had 91% ernstige coxa valga. 

Naarmate patiënten ouder werden weken de meeste radiologische parameters steeds meer 

af van de referentiewaarden.  

Deze kennis van het beloop van heupdysplasie is essentieel voor het maken van goede 

(chirurgische) beslissingen in de behandeling. Dat een gebrek aan kennis deze 

besluitvorming bemoeilijkt bleek ook uit een internationale consensus procedure waarvan 

de resultaten worden besproken in hoofdstuk 8. Andere veel genoemde knelpunten waren 

onder andere de nog onduidelijke relatie van radiologische afwijkingen met klinische 

klachten en de onzekerheid over lange termijn resultaten van chirurgisch ingrijpen. Toch was 

er volledige consensus dat chirurgisch ingrijpen in elke patiënt (Hurler na SCT) moest worden 

overwogen. De mogelijke voordelen bestaan zowel uit het voorkomen van pijnklachten op 

de (middel)lange termijn als het creëren van een gunstige anatomische uitgangssituatie voor 

een eventuele latere heupprothese.  
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In hoofdstuk 9 worden de bevindingen van de onderzoeken die zijn opgenomen in deze 

thesis nogmaals discussieerd en in een bredere context geplaatst. Ook worden er 

aanbevelingen gedaan voor verder onderzoek.  
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