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INTRODUCTION
Mucopolysaccharidosis type VII, also known as Sly disease 
(OMIM 253220), is a progressive neurometabolic disor-
der caused by inherited deficiency of the lysosomal enzyme 
β-glucuronidase. The disorder leads to the progressive stor-
age of the glucosaminoglycans dermatan sulfate, heparan 
sulfate, and chondroitin 4-,6-sulfate in lysosomes of various 
tissues.1 The cytogenetic location of GUSB, the gene encod-
ing β-glucuronidase, is 7q11.21.2 Fifty-four different mutations 
are currently known, of which 43 are missense/nonsense, 5 
are splicing, 1 is a regulatory mutation, 4 are small deletions, 
and 1 is a gross deletion.3 The estimated prevalence is 0.01 
in 100,000 live births.4 On 16 February 2012, recombinant 
human β-glucuronidase received orphan drug designation by 
the US Food and Drug Administration and is currently (as of 
17 August 2016) the only compound in development for the 
treatment of mucopolysaccharidosis (MPS) VII.5 Clinical trials 
involving recombinant β-glucuronidase are ongoing (phase I/II 
study NCT01856218, phase III study NCT02230566).

In a recent interview-based multicenter survey of 56 patients, 
neonatal nonimmune hydrops fetalis was frequently observed; 
other common clinical manifestations were short stature, skel-
etal dysplasia, hepatosplenomegaly, hernias, cardiac involve-
ment, pulmonary insufficiency, and cognitive impairment.6

Quantitative data regarding survival of MPS VII are not 
available.7 Survival is important for counseling parents. In addi-
tion, reliable data about the survival of untreated patients as an 
important hard end point in clinical trials would be indispens-
able to assessing the long-term impact of potential novel thera-
pies. In addition, MPS VII is an ultrarare disorder that renders 
the diagnostic suspicion difficult. The precise diagnostic delay 
is not known. With the development of novel therapies, it 
would be important to know whether there is a need to raise 
awareness for this disorder to accelerate the diagnostic process. 
Although there is a plethora of published cases or case series 
in the medical literature that exceeds, by far, the number of 
patients included in the survey by Montaño and colleagues,6 a 
systematic quantitative analysis of all published cases has never 
been undertaken. Such an approach is of value because the rare 
nature of the disease renders unfeasible the prospective natural 
history studies with large numbers of patients. Because MPS 
VII is a rare disorder, and establishing the diagnosis requires 
assays that are not available in a routine care setting, there is 
increased risk of considerable diagnostic delay and missing 
patients due to incorrect diagnosis. Disease awareness becomes 
important as soon as a specific therapy becomes available, tak-
ing into account that there may be a limited window of oppor-
tunity for early intervention.
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Purpose: The main purpose of the study was to provide quantitative 
data regarding survival and diagnostic delay. Mucopolysaccharidosis 
(MPS) type VII (OMIM 253220) is a progressive neurometabolic dis-
order caused by deficiency of the lysosomal enzyme β-glucuronidase 
(GUS). Hard clinical end points have not been quantitated
Methods: We quantitatively analyzed published cases with MPS 
VII (N = 53/88 with sufficient data). Main outcome measures were 
onset of disease and survival. The role of biomarkers such as GUS 
residual enzyme activity and levels of storage material assessed as uri-
nary excretion of glucosaminoglycans (GAG) as potential predictors 
of clinical outcomes were investigated. The analysis was conducted 
according to STROBE criteria.

Results: Median survival of the postnatally diagnosed popula-
tion was 42 months. Median age of disease onset was the first day 

of life; median age at diagnosis was 11 months. Hydrops fetalis was 
frequent. Patients with residual GUS activity in fibroblasts more than 
1.4% or urinary GAG excretion less than 602% of normal survived 
longer than patients with GUS enzyme activity below or GAG excre-
tion above these thresholds.

Conclusion: MPS VII has its disease onset prenatally. In the absence 
of a prenatal diagnosis, most cases are clinically apparent at birth. 
Our data corroborate a phenotype–biomarker association in MPS 
VII. The survival data characterize the natural history with important 
implications for therapeutic studies.
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The purpose of this study was to provide quantitative data 
regarding survival and diagnostic delay. In addition, we 
hypothesized that the presence of residual enzyme activity is 
associated with delayed onset of clinical disease and prolonged 
survival of afflicted individuals.

MATERIALS AND METHODS
The analysis was performed according to STROBE 
(Strengthening the Reporting of Observational Studies in 
Epidemiology) criteria (http://www.strobe-statement.org).

Literature review and definitions of variables
We conducted an exhaustive literature search on PubMed with 
the keywords “mucopolysaccharidosis type 7,” “Sly disease,” and 
“beta-glucuronidase (GUS) deficiency.” All publications were 
downloaded (N = 359) and manually sorted for reports con-
taining clinical, biochemical, and genetic information (N = 74). 
Reports were published between 1973 and 2015. There were 
sufficient data for analysis for 88 patients (from 70 publications) 
(Figure 1). The articles were published in English, French, and 
Spanish. The close of database was 15 October 2015. None of 
the analyzed patients received enzyme replacement.

The following variables were extracted: age at onset and at 
diagnosis; mode of diagnosis; symptoms leading to the diag-
nosis; last reported age; information regarding whether the 
patient is alive or deceased; β-glucuronidase activity in plasma, 
leukocytes, fibroblasts, amniocytes or chorionic villus cells; and 
excretion of glucosaminoglycans (GAG) in urine.

If information regarding time was provided in semiquantita-
tive terms in the respective publications, we took a conservative 
approach and defined the findings as follows: “stillborn,” day 0; 
“newborn” or “at birth,” day 1; “newborn period,” 1 month; and 
“postmortem,” age at death.

Statistical analysis
Techniques of descriptive statistics were applied in a manner 
similar to that reported previously.8 Variables were summarized 
using counts and percentages of the total population. Because 
biochemical parameters (enzyme activity, glycosaminogly-
can levels) were assessed in different laboratories, values were 
expressed as a percentage of the mean of the reported normal 
range. Survival was calculated as the time between patient birth 
and time of death. Patient data were censored at the time of 
last follow-up if the patient was reported to be alive at the time 
of the last visit. Survival was estimated with the Kaplan–Meier 
method. The log-rank test was applied to compare potential 
differences in survival between subgroups. Unbiased recursive 
partitioning was used to determine cutoff values for residual 
GUS activities and urinary GAG excretion in sub-group anal-
yses.9 Time to diagnosis for a given patient was calculated as 
the difference between age at diagnosis and the age at onset. 
Missing data were not imputed. Sensitivity analyses were not 
conducted. All analyses were performed using R (http://www.r-
project.org). P values reported were two-sided. P ≤ 0.05 was 
considered statistically significant.

RESULTS
Overall, we identified 67 of 88 patients (from articles published 
between 1973 and 2015) for further statistical analysis. Of those, 
53 patients (articles published between 1973 and 2012) were 
diagnosed postnatally; for the remaining 14, the diagnosis of 
MPS VII had already been established prenatally. Demographic 
characteristics of the postnatally diagnosed cohort are shown in 
Table 1. For different subsequent data analyses, patients had to 
be excluded due to missing data in the observed subsets. Sample 
sizes (N) are always indicated for the corresponding analyses.

Prenatally diagnosed patients
Fourteen patients were diagnosed prenatally. Of those, nine 
pregnancies were terminated and five patients died during a 
later course of pregnancy or at birth. The longest survival of 
the prenatally diagnosed patients was 1 day. Three patients were 
identified by selective testing due to a prior affected sibling. The 
remaining 11 patients were diagnosed because they exhibited 
prenatal features suggestive of MPS VII.

Postnatally diagnosed patients
Median age of onset of disease in the group of postnatally diag-
nosed patients was 0.03 months (i.e., the first day of life; IQR, 
1 day to 1 month; N = 50). Median age at diagnosis was 11 
months (IQR, 1 to 60 months; N = 53). Median diagnostic delay 
was 9.99 months (IQR, 1.3 to 47.7 months; N = 50) (Figure 2).

The median estimated survival for the group of the postna-
tally diagnosed patients (N = 53) was 42 months (Figure 3a). 
There was no difference in survival between male and female 
patients (log rank test, P = 0.50). Patients with residual GUS 
enzyme activity >1.4% in fibroblasts had longer survival com-
pared with patients whose residual enzyme activity in fibroblasts 
was ≤1.4% of normal (P < 0.01, log-rank test; N = 27; threshold 
determined by unbiased recursive partitioning) (Figure 3b). In 
addition, simple linear regression indicated that higher residual 
enzymatic activity was associated with later onset of the disease 
but only relies on a limited number of patients. Patients with 
glucosaminoglycan levels <602% of normal, with the threshold 
determined by unbiased recursive partitioning, had longer sur-
vival compared with patients whose glucosaminoglycan levels 
were >602% of normal (P < 0.05, log-rank test) (Figure 3c). By 
contrast, higher GAG excretion was not associated with an ear-
lier age of onset. Furthermore, residual β-glucuronidase activ-
ity in plasma or leukocytes did not correlate with age of onset 
or survival. Descriptive statistical values are depicted in Table 
2. We analyzed patient survival rates published before and after 
1990 (threshold determined by median split). There was no sig-
nificant difference in survival before and after 1990 (P = 0.27, 
log-rank test).

We analyzed the distribution of presenting or leading signs or 
symptoms in the study population (Supplementary Table S3 
online). The most common symptoms were skeletal deformi-
ties, hydrops fetalis, hepatosplenomegaly, hernias, and coarse 
facies, as well as mental retardation or disability. Hydrops fetalis 
as the very first clinical symptom of MPS VII was observed in 
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45.5% of cases (Supplementary Table S3 online) in both pre-
natally and postnatally diagnosed patients.

DISCUSSION
We have quantitatively defined age of onset, diagnostic delay, 
and survival of patients with MPS VII. In addition, biomarkers 
were correlated with the clinical outcome in the natural history. 
Higher residual β-glucuronidase enzyme activity in fibroblasts 
and lower GAG excretions in urine were associated with longer 
survival.

The most common signs and symptoms were skeletal defor-
mities, hydrops fetalis, hepatosplenomegaly, hernias, coarse 
facies, and cognitive impairment. Although this was not a pri-
mary focus of the present study owing to the inherent meth-
odological challenges of extracting information regarding soft 
end points from published results, these data corroborate the 
interview-based study by Montaño and colleagues.6 Compared 

to the interview-based study, overall underrepresentation of 
most of the clinical signs and symptoms in our cohort is most 
likely due to the lack of a standardized protocol used by the 
reporting physicians. Furthermore, data quality of soft end 
points was based predominantly on clinical descriptions per-
formed by physicians in different specialist fields, which might 
also contribute to the differences.

Lysosomal storage diseases are an important differential diag-
nosis in the workup of nonimmune hydrops fetalis. Although 
cardiovascular disorders (30%), extracardiac anomalies (20%), 

Figure 1 Identification of clinical case reports and case series of patients with mucopolysaccharidosis type VII. The reports analyzed were published 
on PubMed up to 15 October 2015. Study flow diagram.

Publications on Pubmed published until October 2015 using “Mucopolysaccharidosis
type VII”, “Sly disease” or “beta-glucuronidase deficiency” as search term

n = 359

Publications focussing on clinical case descriptions (e.g. case reports, case series)
n = 74

Publications containing relevant clinical, biochemical and/or genetic information
n = 70

Studies excluded from the analysis:
- basic science related: n = 285

Studies excluded from the analysis:
- insufficient data quality: n = 4

Table 1 Demographics of the study population with 
postnatally diagnosed mucopolysaccharidosis type VII  
(N = 53)
Population characteristics N %

Sex

  Female 22 41.5

  Male 30 56.6

  Unknown 1 1.9

Mode of diagnosis

   • Enzymatic 33 62.3

   • Genetic 1 1.9

   • Enzymatic and genetic 19 35.8

Alive at last follow-up

  Yes 33 62.3

  No 20 37.7

Figure 2 Age at onset (in months) of mucopolysaccharidosis type VII 
and age at diagnosis. Data were available for 50 patients. Horizontal lines 
indicate the median. The slopes of connecting lines represent the diagnostic 
delay between onset of the disease and the time of diagnosis.
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Figure 3 Estimated survival distributions for postnatally diagnosed patients with mucopolysaccharidosis type VII (MPS VII). (a) Estimated overall 
survival distribution for MPS VII patients (N=53).  Censored individuals are marked with “+”. (b) Estimated survival distribution for MPS VII patients with 
residual GUS enzyme activity >1.4 % (N = 12, thick line) and ≤1.4% of normal controls (N = 15, thin line). Enzymatic activity was measured in fibroblasts. 
Censored individuals are marked with “+”. Log-rank test, P = 0.0077. (c) Estimated survival distribution for MPS VII patients with urinary GAG excretion 
>602% (N = 8, thick line) and ≤602% of normal controls (N = 12, thin line). Censored individuals are marked with “+”. Log-rank test, P = 0.0374. The GAG 
excretion threshold was determined via unbiased recursive partitioning.
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Table 2 Biochemical, enzymatic, and survival characteristics of the study population with prenatally and postnatally 
diagnosed mucopolysaccharidosis type VII
Variable N Mean ± SD Median IQR Min. Max.

Residual GUS activity (% of mean of normal control)

  • Serum 22 1.2 ± 1.97 0.55 0.18–1.23 0 7.1

  • Leukocytes 25 1.46 ± 1.7 1.4 0.28–1.85 0 8.4

  • Fibroblasts 37 2.45 ± 3.75 1.4 0.30–2.15 0 18.4

GAG excretion in urine (% of mean of normal control)

  • > Cutoff of 602% of normal 8 1,224 ± 809 905 721–1,332 608 3,000

  • < Cutoff of 602% of normal 12 257 ± 178 186 124–354 100 602

Last reported age (months)

  • Prenatally diagnosed 5 0.006 ± 0.013 0.00 0.00–0.00 0.00 0.03

  • Postnatally diagnosed 53 108.14 ± 135.22 44.50 5.25–182.7 0.00 468.0
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chromosomal disturbances (20%), infections (10%), hemato-
logic anomalies (5–10%), and monochorionic twin pregnan-
cies (5–10%) are common underlying causes of nonimmune 
hydrops fetalis, lysosomal storage diseases have been reported 
to account for 1 to 15% of the cases associated with this con-
dition, with the most frequent being mucopolysaccharidosis 
type VII, Gaucher disease, GM1-gangliosidos, and sialidosis.10 
In accordance with these previously published data, half of the 
MPS VII patients investigated (45.5 %) demonstrated hydrops 
fetalis as the very first clinical sign, emphasizing the fact that 
MPS VII should be considered in any case of unexplained 
hydrops fetalis as soon as red blood cell alloimmunization has 
been ruled out.

Currently, the two most important major barriers to success 
in treating MPS VII are (i) translation of preclinical results into 
cases and (ii) early diagnosis within the yet-to-be defined “ther-
apeutic window of opportunity” of reversibility and preven-
tion of morbidity. Various therapeutic approaches were tested 
in murine or canine animal models with encouraging results, 
such as enzyme replacement,11,12 stem cell transplantation,13 
and gene therapy.14–16 A 12-year-old boy with MPS VII was 
experimentally treated for a short time course (24 weeks) with 
recombinant human GUS. The treatment was well tolerated, 
GAG levels declined, and liver and spleen sizes normalized.17 If 
these encouraging results are confirmed in larger human stud-
ies, then late diagnosis is still a major barrier to successful treat-
ment, because the onset of disease is prenatal and evident in 
the majority of patients on the first day of life. Currently, the 
diagnostic delay is also substantial, as illustrated by our find-
ings. Early diagnosis is important, as in many diseases; early 
therapy may lead to better outcomes, which could also have 
strategic implications for newborn screening. This empha-
sizes the importance of disease awareness for MPS VII. As of 
30 September 2016, five open clinical studies were registered at 
ClinicalTrials.gov (http://www.clinicaltrials.gov). Because a rel-
evant subset of patients has a severe form of hydrops fetalis that 
manifests prenatally, it may become necessary for intrauter-
ine treatment to be considered. Our data regarding diagnostic 
delay will serve as a baseline for future diagnostic performance.

Our data document a phenotype–biomarker association in 
MPS VII. These findings are in line with the threshold theory of 
residual enzyme activity. In lysosomal storage disorders, there 
is an extremely high degree of phenotypic heterogeneity, i.e., a 
large spectrum of age of onset and clinical severity. Although 
many of these disorders have been classified into subforms 
of types, such as juvenile vs. adult, early onset vs. late onset, 
classic vs. variant, mild vs. severe, and neuronopathic vs. non-
neuronopathic, this heterogeneity is a continuous spectrum.18 
Frequently, there is an overlap between these subtypes.19,20 
Conzelmann and Sandhoff proposed the threshold theory of 
residual enzyme activity to explain the correlation between 
severity of the disease and residual enzyme activity. The model 
of residual enzyme activity is based on the assumption that the 
mutated catabolic enzyme has not lost its catalytic ability com-
pletely but has mutation-specific, altered kinetic properties, 

such as a different Km or Vmax. Storage of glycosphingolipids 
occurs only if the velocity of the substrate load into the lyso-
some is greater than the velocity of degradation (Vmax) by the 
corresponding enzyme.21 In milder forms of sphingolipidoses, 
there is sufficient residual enzyme activity so that the accumu-
lation of storage occurs only at a very slow rate. This model 
could be verified in vitro in lysosomal storage disorders such as 
GM2-gangliosidosis, MLD,22 and Gaucher disease.23

Biomarkers, which reflect the activity of a disease process,24 
can be diagnostic, prognostic, predictive, or pharmacody-
namic.25 For a biomarker to be considered a true surrogate 
marker, it must (i) capture the severity of disease and (ii) reflect 
the net effect of treatment on the true outcome.26 It can be chal-
lenging to demonstrate this relationship in a rare disease.27

Drug development for MPS VII is challenging because the 
condition is ultrarare. Approval may become difficult if a neu-
rological end point is required; however, there may be a higher 
chance of success because there is a regulatory precedent in 
similar conditions.28

Limitations and directions for future research
This study has several limitations. The survival data are, at least 
in part, mathematical estimations and, in part, historical. The 
standard of supportive care may have changed over time, which 
could not be quantified in this type of analysis. Of interest, sur-
vival rates between patients published before and after 1990 did 
not differ, which may mean that the impact of improved sup-
portive care over time may have only a small effect size. Given 
the rare nature of disease, a prospective natural history study 
to obtain survival data would require many years to complete, 
and it would be difficult to recruit in an international multi-
center setting. Because specific therapies are being developed, 
the present data are timely and of value. A common problem in 
orphan drug development is that natural history data are often 
elaborated only when therapy becomes available, which ren-
ders natural history studies—especially if survival is a pivotal 
end point—essentially infeasible. Therefore, the present study 
focused on hard end points, such as survival. Softer end points 
of the clinical phenotype, such as cognitive development, longi-
tudinal variation of biomarkers, and physical features, as well as 
concomitant medication and supportive care, are best studied 
prospectively with a standardized protocol to avoid ascertain-
ment bias and missing data.8,29 In addition, confounders for the 
survival outcome, such as surgeries and other supportive care 
measures, that remain unknown in this study are of particular 
interest for future research. Interviews and chart reviews, such 
as the work by Montaño and colleagues,6 are other options for 
obtaining timely, informative insight, although this approach 
is not free from the previously mentioned bias. Enzyme assays 
and GAG measurements in the present analysis were obtained 
in different laboratories and pooled; analytical methods in the 
respective laboratories may vary and may have changed over 
time. This may contribute to some statistical noise. In addition, 
source documents were not monitored. This analysis assumes 
that the published data are correct and accurate. Ideally, for 
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future studies, specialty laboratory parameters should be con-
ducted in a central laboratory if logistical issues in worldwide 
multicenter rare-disease studies are manageable. Cutoff values 
were computed with a relative new and widely used recursive 
partition technique. Because of the historical nature of the ana-
lyzed data, further prospective studies should evaluate the cut-
off values or impact of different statistical methods.

The present study defines survival, diagnostic delay, and 
phenotype–biomarker association for MPS VII. These data will 
inform future clinical trials and serve as a baseline for future 
medical progress. The method of this research work—the defi-
nition of hard and quantitative clinical end points from pub-
lished clinical data—exemplifies that important knowledge 
gaps in ultra-orphan diseases can be closed in a timely manner.

Conclusion
MPS VII is a disease with prenatal onset. In the absence of a pre-
natal diagnosis, most cases become clinically apparent at birth. 
MPS VII is an important differential diagnosis of nonimmune 
hydrops fetalis. There is considerable diagnostic delay. Our 
data corroborate a phenotype–biomarker association in MPS 
VII: patients with residual GUS activity in fibroblasts >1.4% 
of normal controls had later onset of disease and lived longer 
than patients with GUS enzyme activities below this threshold. 
Patients with urinary GAG excretion <602% of normal controls 
had longer survival than patient with higher levels of urinary 
GAG excretions. The survival data will help in future natural 
history and therapeutic studies.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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