
Sestito et al. 
Orphanet Journal of Rare Diseases          (2022) 17:251  
https://doi.org/10.1186/s13023-022-02396-5

RESEARCH

Cardiac involvement in MPS patients: 
incidence and response to therapy in an Italian 
multicentre study
Simona Sestito1, Giada Rinninella1, Angelica Rampazzo2, Francesca D’Avanzo2,3, Lucia Zampini4, Lucia Santoro4, 
Orazio Gabrielli4, Agata Fiumara5, Rita Barone5, Nicola Volpi6, Maurizio Scarpa2,7, Rosella Tomanin2,3 and 
Daniela Concolino8*    

Abstract 

Background:  Mucopolysaccharidoses (MPSs) are a group of lysosomal storage disorders caused by the deficit of 
lysosomal hydrolases involved in the degradation of glycosaminoglycans (GAGs). The course is chronic and progres-
sive, with multisystemic involvement that often leads to cardiovascular disease. We describe the overall incidence 
and type of cardiac damage in a cohort of Italian MPS patients, and their progression over time, also with reference to 
treatment efficacy in patients under Enzyme Replacement Therapy (ERT). Moreover, we report a possible association 
between genetic variants and cardiac phenotype in homozygous and hemizygous patients to understand whether a 
more aggressive clinical phenotype would predict a greater cardiac damage.

Results:  Our findings confirm that cardiac involvement is very common, already at diagnosis, in MPS VI (85.7% of 
our cohort), and in MPS II (68% of our cohort) followed by MPS I subjects (55% of our cohort). The most frequent 
heart defect observed in each MPS and at any time-point of evaluation was mitral insufficiency; 37% of our patients 
had mitral insufficiency already at diagnosis, and 60% at post-ERT follow-up. After at least six years of treatment, we 
observed in some cases (including 6 MPS II, 2 MPS IV and 2 MPS VI) a total regression or improvement of some signs of 
the cardiac pathology, including some valve defects, though excluding aortic insufficiency, the only valvulopathy for 
which no regression was found despite ERT. The general clinical phenotype proved not to be strictly correlated with 
the cardiac one, in fact in some cases patients with an attenuated phenotype developed more severe heart damage 
than patients with severe phenotype.

Conclusions:  In conclusion, our analysis confirms the wide presence of cardiopathies, at different extent, in the MPS 
population. Since cardiac pathology is the main cause of death in many MPS subtypes, it is necessary to raise aware-
ness among cardiologists about early cardiac morpho-structural abnormalities. The encouraging data regarding the 
long-term effects of ERT, also on heart damage, underlines the importance of an early diagnosis and timely start of 
ERT.

Keywords:  Mucopolysaccharidoses (MPS), Glycosaminoglycans (GAGs), Heart involvement, Valvulopathies, Enzyme 
replacement therapy (ERT)

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Mucopolysaccharidoses (MPSs) are rare monogenic met-
abolic disorders due to the deficit of lysosomal enzymes 
involved in the degradation of glycosaminoglycans 
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(GAGs), with consequent substrate accumulation in vari-
ous cell types and tissues, and progressive multi-organ 
dysfunction. Eight distinct subtypes of MPS (I, II, III, IV, 
VI, VII, IX and X), the result of 12 enzyme deficiencies, 
have been described. All MPSs are inherited in an auto-
somal recessive manner except MPS II, which follows 
an X-linked inheritance pattern. The incidence of MPSs 
varies within each disorder and in different populations 
and ethnic groups, with a global prevalence between 1.9 
and 4.5:100,000 live births [1]. Patients with MPS gener-
ally appear normal at birth, but later on they may develop 
multiple clinical manifestations including coarse facial 
features, skeletal abnormalities leading to growth impair-
ment, poor joint range of motion, organomegaly, corneal 
clouding, hearing loss, valvular heart disease, cardiac 
hypertrophy. Also neurological involvement is present 
in MPS IH (Hurler), in the severe forms of MPS II and 
VII, in most MPS III patients [2, 3]. MPS diagnosis pro-
ceeds from clinical suspicion, going through biochemical 
analysis, including urinary GAGs and enzymatic assays, 
and finally is confirmed by molecular diagnosis. Beyond 
symptomatic therapy, substantial progress has been 
made in the last years in understanding the pathophysi-
ology of lysosomal storage disorders, leading to newly 
targeted therapeutic options [4]. Hematopoietic stem cell 
transplantation (HSCT) has been successfully applied 
almost exclusively in Hurler syndrome and rarely in other 
MPSs [5], and the best results were obtained when it was 
performed before the age of two [1, 6–8]. The observa-
tion that genistein considerably inhibits the synthesis 
of GAGs in cultured fibroblasts [9], at some extent also 
registered in the MPS II mouse model [10], suggested the 
use of this molecule as substrate reduction therapy for 
these patients [11], although its clinical efficacy remains 
uncertain to date. Enzyme replacement therapy (ERT) is 
currently available for five types of MPS (MPS I, MPS II, 
MPS IVA, MPS VI, MPS VII). It has been widely dem-
onstrated that ERT is effective in reducing urinary GAG 
excretion, mostly resolving hepatosplenomegaly and 
improving cardiopulmonary function [12, 13]; moreo-
ver, ERT proved to be safe, so that it is currently practi-
cable in home setting for some MPS subtypes [14]. Gene 
therapy was also considered as a therapeutic option for 
MPSs [15], however its application in clinical practice is 
still rare.

One of the most important clinical aspects of MPSs is 
cardiovascular pathology, which is frequent and with a 
wide spectrum of manifestations [16, 17]. Cardiac abnor-
malities occur in all MPS subtypes, with the most com-
mon being valvular defects and cardiac hypertrophy, that 
are the result of GAG accumulation in the spongiosa 
of cardiac valves, myointima of coronary arteries and 
myocardium [2]. The onset and extent of cardiovascular 

involvement differs for each MPS type, however cardio-
vascular system impairment significantly increases mor-
bidity and mortality in affected patients [18, 19].

In this paper, we describe the overall incidence and 
characteristics of cardiac damage in a cohort of MPS 
patients enrolled in a multicentre, retrospective Italian 
survey.

The aim of the study was to assess which and how many 
cardiac defects were present since diagnosis, overall and 
for each type of MPS, in order to understand if any path-
ological cardiac signs in a suspected patient could help to 
address the correct diagnosis. We also evaluated the pro-
gression over time of the heart involvement, also in refer-
ence to treatment efficacy in patients under ERT. Finally, 
we searched possible associations between each variant 
and the cardiac phenotype in homozygous and hemizy-
gous patients, to understand whether a more severe clini-
cal phenotype necessarily predicts a more serious cardiac 
damage.

Results
General characteristic of the population enrolled
Sixty patients, 37 males and 23 females, age range 
3–51 years at the time of enrolment, affected by 5 differ-
ent MPS subtypes (9 patients with MPS I; 16 with MPS 
II; 8 with MPS IIIA; 5 with MPS IIIB; 1 with MPS IIID; 
12 with MPS IVA; 2 with MPS IVB; 7 with MPS VI) were 
enrolled in the study.

The overall mean age at diagnosis was around 5 years, 
with the minimum age of 4  months in a MPS I sub-
ject, attributable to a known familiarity for the pathol-
ogy (commonly, in fact, clinical symptomatology is not 
present so early). The maximum age of 44  years was 
instead reported in MPS II, for a patient presenting a 
very attenuated non-neuropathic phenotype. By relating 
the diagnostic timing to the type of MPS, we observed 
that the peak of diagnoses occurred between the 1st 
and the  3rd year of life for MPS II (median = 2.85 y), 
MPS IV (median = 2.75 y) and MPS VI (median = 1.8 y). 
For MPS I we found two peaks, one within the 1st year 
of life, probably due to the early signs present in some 
patients, and the other between the 3rd and the  10th 
year, referable to more attenuated forms of disease (over-
all median = 4.0 y). As for MPS III, the apex of diagno-
ses was reached between the 3rd and the 10th year of 
life, probably due to the progressive nature of the disease 
and to non-specific neurological symptoms exhibited by 
these patients, which made difficult the differential diag-
nosis with other neurodegenerative diseases. Specifically, 
median value was 5.3 and 6.0  years for MPS IIIA and 
MPS IIIB, respectively.

Regarding treatment, data collected showed that: 4 
patients (7%) (3 with MPS I and 1 with MPS II) had 



Page 3 of 12Sestito et al. Orphanet Journal of Rare Diseases          (2022) 17:251 	

received hematopoietic stem cell transplantation, 5 
patients (8%) with MPS III were treated with genistein 
(substrate reduction therapy), 40 patients (67%) (6 
patients with MPS I, 15 with MPS II, 12 with MPS IVA, 7 
with MPS VI) were on ERT, one of which had previously 
received HSCT. For eleven patients (18%) (9 affected by 
MPS III and 2 by MPS IVB) no treatment was available.

As for ERT, the most common treatment applied, 
Table  1 shows average values (in years) of the time 
elapsed between diagnosis and initiation of ERT, and 
of the age at start of ERT for each MPS. Consider-
ing the forty patients on ERT, the average time elapsed 
between diagnosis and start of treatment was 5 years and 
10 months (median 3 years), while the mean age at start 
of ERT was 10 years and 5 months (median 7 years and 
4 months).

Description and evolution of cardiac pathology 
in the population examined in the three time‑points 
considered
Data analysis evidenced that 32 out of 60 patients (53%) 
showed cardiac involvement at the time of diagnosis and 
50 out of 60 (83%) at T1, the time at enrolment in this 
study.

Figure  1a shows cardiac involvement found in the 
cohort of patients at diagnosis, grouped by MPS sub-
type. At diagnosis (TD) cardiac involvement was a very 
common finding in patients with MPS VI (85.7% of the 
patients) and MPS II (68% of the patients), followed by 
MPS I (55% of the patients). Overall, 37% of all examined 
patients had mitral insufficiency, 13% had aortic insuf-
ficiency, 10% had ventricular hypertrophy at TD, while 
the other cardiac manifestations presented with a lower 
incidence.

It is interesting to highlight the relationship between 
the age of the patients at the time of diagnosis and their 
cardiac involvement. Out of the 6 patients diagnosed 

within the first year of life, 2 had cardiac involvement at 
diagnosis: a patient with a classical form of MPS IVA, 
who had only a mild tricuspid insufficiency and a patient 
with a rapidly progressing form of MPS VI, who pre-
sented aortic insufficiency and mild mitral stenosis. Out 
of 24 patients diagnosed between the 1st and the  3rd 
year of age, 14 had cardiac disease at the time of diagno-
sis, including a patient with MPS IIIB. Particularly, it is 
striking to observe that out of the 5 patients with MPS 
VI diagnosed in this age group, 4 (80%) already presented 
cardiac pathology at TD. Out of 24 patients diagnosed 
between the 3rd and the 10th year of age, 15 presented 
heart disease at TD; all MPS I patients diagnosed in this 
age group already showed cardiac involvement at the 
time of diagnosis; the only patient with MPS VI in this 
group, with a mild clinical phenotype, had moderate 
mitral insufficiency already at TD. Out of the 6 patients 
diagnosed over 10  years of age, 3  had heart disease at 
TD; five patients presented an attenuated clinical pheno-
type and there was one MPS IIIB patient with a severe 
phenotype who did not present any cardiac diseases at 
TD.

Figure  1b shows cardiac involvement found in the 
cohort of patients at T0, the closest time point before the 
start of therapy, in relation to the MPS subtype. As previ-
ously mentioned, the clinical evaluation at this time point 
was not possible for MPS III and MPS IVB patients, for 
which no therapy was available. At T0, the incidence of 
cardiac involvement increased especially among patients 
affected by MPS II (87.5% of MPS II patients) and by 
MPS IVA (50% of MPS IVA patients). In particular, we 
recorded an increased incidence with respect to TD, 
for tricuspid insufficiency (from 3% of patients at TD to 
17% of patients at T0), for conduction disorders (from 5 
to 15%) and for mitral stenosis (from 6% to 11.7%) while 
the incidence of other cardiac disorders remained almost 
unchanged.

Table 1  Main characteristics of the MPS patients enrolled in the present study

# One patient, diagnosticated at fourteen years of age, was excluded from the average. *One patient, diagnosticated at forty-four years of age, was excluded from the 
average; §data expressed as mean ± standard deviation

MPS subtype Number of pts 
(male; female)

Clinical phenotype Age at 
diagnosis 
(years)§

Time between diagnosis 
and start of ERT (years)§

Age at start of 
ERT (years)§

MPS I 9 (6 M; 3F) 6 non-neuropathic, 3 neuropathic 2.5 ± 2# 1.5 ± 1.8 6.2 ± 6

MPS II 16 (15 M; 1F) 6 non-neuropathic, 11 neuropathic 4.6 ± 3* 4.6 ± 8 10.5 ± 10*

MPS IIIA 8 (5 M; 3F) 1 mild, 7 severe 6.27 ± 5 – –

MPS IIIB 5 (2 M;3F) 5 severe 4.28 ± 3 – –

MPS IIID 1 (1 M; 0F) 1 severe 5.48 – –

MPS IVA 12 (4 M; 8F) 5 slowly progressing,7 rapidly progressing 3.3 ± 2 9.5 ± 9.9 12.8 ± 10

MPS IVB 2 (2 M; 0F) 2 slowly progressing 10 ± 3 – –

MPS VI 7 (2 M; 5F) 2 slowly progressing, 5 rapidly progressing 2 ± 0.7 4.7 ± 3 6.7 ± 3
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Fig. 1  (A) Cardiac involvement at the time of diagnosis based on the MPS subtype. (B) Cardiac involvement at T0 based on the MPS subtype. (C) 
Cardiac involvement at T1 based on the MPS subtype
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Figure  1c shows the cardiac involvement reported in 
the cohort of patients at T1, the time of enrolment in this 
study, with reference to the MPS subtype. At T1, the inci-
dence of cardiac diseases in our population increased for 
each MPS subtype, especially for MPS III patients (from 
35.7% at TD to 71% at T1) and for MPS I patients (from 
55% at T0 to 78% at T1), including almost all subjects in 
the case of MPS II and MPS VI (94% and 100%, respec-
tively). At T1 we recorded an increased incidence espe-
cially for mitral insufficiency (from 37% of patients at 
T0 to 60% of patients at T1) and for aortic insufficiency 
(from 17% of patients at T0 to 43.3% of patients at T1). 
Figure 2 shows representative echocardiographic images 
evidencing mitral and aortic insufficiencies in two MPS 
VI patients under ERT.

Considering the entire population under exami-
nation, mitral insufficiency was the most frequently 
encountered cardiac pathology, both at diagnosis 
(Fig. 1A) and at follow-up times (Fig. 1B, C), in all MPS 
subtypes. The second most frequent cardiac pathol-
ogy was aortic insufficiency. Mitral stenosis, tricuspid 

insufficiency, aortic stenosis, ventricular hypertrophy, 
heart failure, conduction disorders and cardiomeg-
aly were less frequently registered. Arrhythmias were 
rare and there were no cases of congenital cardiac 
abnormalities requiring cardiac surgery. In general, 
along with disease progression there was a substantial 
increase in aortic insufficiency and mitral insufficiency 
at T1, compared to the time at diagnosis, as well as an 
increased incidence of other cardiac pathologies, con-
firming the degenerative nature of this group of met-
abolic diseases. Multiple heart manifestations were 
frequently found in a single subject. The most common 
comorbid cardiac disorders were mitral insufficiency or 
steno-insufficiency and aortic insufficiency, sometimes 
even associated with aortic stenosis. Ventricular hyper-
trophy, or more correctly pseudohypertrophy, was 
often associated with valvular defects of the left heart 
but it did not correlate with the heart failure. Heart 
failure, instead, was often associated with severe mitral 
stenosis and aortic steno-insufficiency, as well as with 
conduction disorders.

Fig. 2  Representative echocardiographic images from two MPS VI patients. Aortic valve insufficiency in colour flow from apical four chambers view 
(a) and parasternal long axis (b), evidencing the thickness of valvular leaflets. Mitral valve in apical four chambers (c), showing mixomatous leaflets, 
and colour jet (d) evidencing a moderate-severe valve insufficiency
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Description and evolution of cardiac pathology 
in the different MPSs
Among MPS I valvular disorders the most frequent were 
mitral insufficiency, aortic insufficiency, mitral stenosis, 
aortic stenosis and tricuspid insufficiency, ordered by 
incidence. Cardiomegaly and conduction disorders were 
rare. For MPS I there was no regression of valve damage 
either in patients undergoing ERT or in those receiving 
HSCT. Only one patient, who received HSCT just before 
the age of 11, showed complete regression of cardiomeg-
aly, but with no effects on valvular disease.

The highest incidence of mitral insufficiency occurred 
in MPS II, along with a large spectrum of valvular defects, 
conduction abnormalities, arrhythmias and ventricular 
pseudohypertrophy. In 3 MPS II patients, including 2 
with neuropathic and 1 with non-neuropathic phenotype, 
we registered a total regression of mild tricuspid insuffi-
ciency approximately 6 years after the beginning of ERT 
(T1). In 3 other MPS II subjects, 2 with neuropathic and 
1 with non-neuropathic phenotype, a total regression of 
mild mitral insufficiency was documented in the assess-
ment conducted approximately 6 years after the start of 
ERT. Of the remaining MPS II patients (N = 10), only 
one received HSCT at about 3  years of age and devel-
oped only mild aortic regurgitation at T1 (about 20 years 
after transplantation). In the other 9 patients, the heart 
damage found at diagnosis, remained stable during the 
follow-up or worsened despite ERT. For 7 of these 9 
patients, the T1 assessment was conducted within 6 years 
from the start of ERT.

In MPS III, as expected, cardiac involvement was pre-
sent, but it was less heterogeneous, essentially showing 
mitral and aortic insufficiency. Of the 14 MPS III sub-
jects, only 5 presented heart disease at diagnosis, while 
the incidence doubled at T1 (10/14), with progressive 
worsening of the valve disease. The remaining 4 patients 
did not develop any heart damage.

In MPS IVA, we found the highest number of patients 
with right valvular defects, specifically tricuspid insuf-
ficiency (4 out of 12 examined subjects). In 2 MPS IVA 
patients, examined at T1 less than 1 year after the start 
of ERT, a correction of the arrhythmias, present at diag-
nosis, was observed together with the reduction of ven-
tricular hypertrophy in one case and cardiomegaly in the 
other one. In all other patients, heart damage remained 
stable or worsened. This is probably due to the fact that 
ERT for this type of MPS has only been available for a 
few years and therefore in many cases the assessment 
at the time of enrolment (T1) was too close to the start 
of therapy. Of the 2 patients with MPS IVB, both with 
slowly progressive phenotype, only one developed valvu-
lar heart disease that worsened over time, as no therapy 
was available.

MPS VI patients showed a wide variety of cardiac dis-
orders. Compared to other MPSs, heart failure was more 
frequent in these patients. Of the 7 MPS VI subjects 
examined, the only one with a mild clinical phenotype 
showed a reduction in the degree of mitral insufficiency 
after about 6 years from the start of ERT, however devel-
oping mild aortic insufficiency during the follow-up. In a 
patient with a severe phenotype, there was a total regres-
sion of moderate tricuspid insufficiency and mild heart 
failure at evaluation, about 10 years after the start of ERT. 
However, he developed severe tricuspid stenosis. In the 
other cases of MPS VI, heart damage, especially valve 
damage, worsened over time.

Considering the entire population under examination, 
for aortic insufficiency we could not find any degree of 
regression in spite of the therapy. At T1, it was, indeed, 
often recorded an appearance or an aggravation of aor-
tic regurgitation, with an incidence rate, which doubled 
from the time of diagnosis to the enrolment in this study. 
At time T0, pre-therapy, we saw an incidence rate of tri-
cuspid insufficiency almost comparable to that of aortic 
insufficiency. After the start of therapy, the incidence of 
aortic insufficiency increased significantly while the same 
did not happen for tricuspid insufficiency, the incidence 
of which slightly increased.

Regarding heart involvement following HSCT, we 
could not see any positive outcome of the treatment in 
preventing or stopping the progression of valve damage 
in any of the 4 transplanted patients.

Considering the 40 patients who underwent ERT, the 
incidence of tricuspid insufficiency was 10/40 (25%), 
both at T0 and T1, while the incidence of aortic insuffi-
ciency doubled from 20% (8/40) at T0 to 40% (16/40) at 
T1. For the most frequent sign, i.e. mitral insufficiency, 
in patients under ERT, the incidence was 11/40 (27.5%) at 
T0 and 16/40 (40%) at T1. Thus, the increase in incidence 
following therapy was slightly lower for mitral insuffi-
ciency compared with aortic insufficiency.

Cardiac damage in relation to ERT starting age
Figure 3 shows patients in ERT grouped by age at start of 
treatment, analysed as MPS subtype, clinical phenotype 
and the presence of cardiac damage at T0 and T1. Only 3 
patients (2 MPS I and 1 MPS II) started ERT within their 
first year of life and, two of them, a MPS I with Hurler-
Scheie phenotype and a MPS II with neuropathic phe-
notype, developed heart damage. Specifically, the MPS I 
patient developed mild mitral and tricuspid insufficiency, 
while the MPS II patient, showed only conduction disor-
ders at ECG. Both patients did not develop severe heart 
disease, possibly suggesting that a very early ERT admin-
istration may not prevent heart damage, though it might 
mitigate its progression.
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Nine patients started ERT between the first and 
the third year of life, and 8 of them (89%) developed a 
severe clinical phenotype. The one developing a non-
neuropathic phenotype was a MPS II subject showing 
at diagnosis mild aortic and mitral insufficiencies, which 
completely regressed at T1. Two patients with severe 
phenotype, showed cardiac involvement only at T1: a 
MPS II patient presenting mild aortic stenosis and mild 
mitral insufficiency; and a MPS VI patient developing in 
few years a moderate mitral insufficiency and a left ven-
tricular hypertrophy.

Most of the patients under examination started ERT 
between the 3rd and the 10th year of life and 10 of them 
(62.5%) presented with a severe clinical phenotype. This 
data should be analysed considering that for many of 
these patients ERT was unavailable for some years after 
diagnosis. Thirteen patients out of 16 (81%) showed car-
diac involvement at diagnosis and this percentage already 
increased at T0 (94%). In only one patient, presenting 
a neuropathic form of MPS II, a regression of the mild 
mitral regurgitation reported at diagnosis, was observed 
at T1, approximately 6  years after the start of ERT. Six 
patients (37,5%) showed a stable heterogeneous and 
moderate/severe cardiac involvement.

Of the 12 patients who started ERT after 10  years of 
age, 75% (9/12) had a mild/moderate clinical pheno-
type. Despite this, 7 of them showed cardiac involve-
ment before the start of treatment, including 5 MPS II 
patients, one with a neuropathic phenotype and 4 with 

an attenuated phenotype. Only 2 patients, a MPS I and 
a MPS IVA, did not develop any cardiac involvement. In 
5 (4 MPS II and 1 MPS IVA) of these 12 patients (42%) 
a moderate valvular heart damage was found, and in the 
whole cluster following ERT there was no regression, but 
rather a worsening, of pre-existing heart diseases, even in 
patients with mild phenotype.

By evaluating how therapy could influence severity and 
progression of each cardiac defect, we found that the 
most frequent cardiac pathology was mitral insufficiency, 
regardless to the start of ERT or the length of treat-
ment. The incidence of aortic insufficiency, on the other 
hand, increased with increasing age at start of treat-
ment. Ventricular hypertrophy and conduction disorders 
appeared more diffused in patients treated before 3 years 
of age; however, we interpreted this data in the light of a 
more severe phenotype that led to earlier diagnosis and 
therapy.

Cardiac phenotype and genomic variants
Molecular diagnosis was available for 50 of the 60 patients 
enrolled (83%), and previously described [20]. Table  2 
shows the genetic variants found either in homozygosis 
(HO) or in hemizygosis (HE) (for MPS II) and the related 
clinical phenotypes, with particular reference to cardiac 
involvement, this allowing to possibly evaluate the effect 
of each single mutation on the patient cardiac phenotype. 
In a few cases, our data was also compared to cardiac 

Fig. 3  Patients undergoing ERT clustered by age at the start of ERT treatment (n = 40)
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Table 2  List of variants identified in hemyzygotic and homozygotic patients and related cardiac phenotype

Gene Variant Type of mutation Residual enzyme 
activity

Clinical phenotype Cardiac phenotype 
at T1

Type of treatment

IDS c.187A > G
p.Asn63Asp

Missense NA Non-neuropathic Moderate aortic insuffi-
ciency and mild mitral 
insufficiency

ERT

IDS c.1264 T > C
p.Cys422Arg

Missense NA Non-neuropathic Aortic, mitral and 
tricuspid insufficiencies 
and cardiomegaly

ERT

IDS homologous recombi-
nation IDS-IDS2

Homologous recom-
bination

0.69% Neuropathic Regression of the mild 
mitral insufficiency 
present before starting 
therapy

ERT

IDS c.811A > T
p.Arg271Trp

Missense 0.69% Neuropathic Mild aortic and mitral 
insufficiencies

ERT

IDS c.589_592del;
p. Pro197Thrfs*15

Deletion 3.3% Neuropathic Hypertrophy and mild 
mitral insufficiencies

ERT

IDS c.1403G > A
p.Arg468Gln

Missense 0.94% Neuropathic Mild aortic insuffi-
ciency

ERT

IDS c.1400C > T
p.Pro467Leu

Missense 5% Neuropathic Mild mitral and 
tricuspid stenosis, mild 
aortic insufficiency, 
moderate mitral insuf-
ficiency and grade 1 
heart failure

ERT

IDS del ex 1–7 two dele-
tions in tandem with 
2 duplications located 
1.2 Mb distally from IDS

Deletion 0.72% Neuropathic Mild aortic stenosis 
and mild mitral insuf-
ficiency

ERT

IDS c.708G > A
p.Lys236Lys

Sense 2.6% Non-neuropathic Mild aortic insufficien-
cies

ERT

IDS c.592G > A
p.Asp198Asn

Missense NA Neuropathic Mild mitral insuffi-
ciency

ERT

IDS c.1478G > C
p.Arg493Pro

Missense Absent Neuropathic Mild mitral insuffi-
ciency

ERT

IDS c.359C > G
p.Pro120Arg

Missense 2.6% Neuropathic Mild aortic and 
tricuspid insufficien-
cies, moderate mitral 
insufficiencies

ERT

IDS c.1563A > T
p.Glu521Asp

Missense Absent Non-neuropathic Hypertrophy, moder-
ate aortic and mitral 
steno-insufficiency 
(diagnosis at 44 years)

ERT

IDS deletion of the whole 
IDS gene

Deletion Absent Neuropathic Cardiac impulse con-
duction disorders

ERT

SGSH c.544C > T
p.Arg182Cys

Missense 6% Severe Absent Not on treatment

SGSH c.617G > C
p.Arg206Pro

Missense 17.2% Mild Absent Not on treatment

SGSH c.197C > G
p.Ser66Trp

Missense Heavily reduced Severe Mild aortic insuffi-
ciency

Genistein

SGSH c.220C > T
p.Arg74Cys

Missense Absent Severe Moderate aortic and 
mild mitral insufficien-
cies

Not on treatment

GNS c.814C > T
p.Gln272*

Nonsense 0.45% Severe Absent Not on treatment

GALNS c.29G > A
p.Trp10*

Nonsense 9.7% Rapidly progressing Grade 2 heart failure 
and moderate aortic 
insufficiency

ERT

GALNS c.29G > A
p.Try10*

Nonsense 3.2% Slowly progressing Absent ERT
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data reported in literature, for patients carrying the same 
variants.

Thirty-one patients were carrying 28 unique disease-
causing variants, either in HO or HE condition, since 
3 variants were present each in 2 patients; 19 out of 28 
were missense variants, 4 were deletions (2 small and 2 
large), 2 were nonsense, together with a sense variant, a 
homologous recombination and a splicing site variant. 
All genetic variants were previously reported by Zan-
etti et  al., including 4 novel mutations for which an in 
silico prediction of pathogenicity could be performed, 
as reported in [20]. Here we examined whether the type 
of mutation could be related to the cardiac involvement. 
This specific evaluation was not conducted for MPS I 
since no homozygous patients were present, while we 
could examine all MPS II, 5 MPS III, 6 MPS IVA and 6 
MPS VI patients, for a total of 31 subjects and 28 vari-
ants. Among the mutations associated to a severe phe-
notype in our patient cohort (21/28 = 75%), only 10 had 
been previously reported in literature. For 4 of them the 

cardiac phenotype was available and only in one case, 
related to GNS variant c. 814C > T, our findings were 
consistent with the previous report. The deletion in the 
ARSB gene c. [898 + 1_899-1] _ [1142 + 1_1143-1] del, 
detected in our cohort in 2 unrelated patients with sig-
nificant cardiac involvement, was described in a patient 
with mild cardiac phenotype in a previous study [21]. 
The IDS missense variant c.1403G > A, reported in our 
study in a patient with mild aortic insufficiency, was pre-
viously described in literature in a patient presenting a 
severe cardiac involvement. Hence, from this data we can 
conclude that there is no association between molecular 
genetic data and severity of cardiac phenotype.

Overall, 4 patients did not present any cardiac involve-
ment, 2 patients with a severe and 2 patients with a mild 
clinical phenotype. Thirteen of the 23 severe patients 
(56.5%) developed a mild to moderate heart disease, 
mainly with valvular damage. Only two patients with a 
non-neuropathic MPS II clinical phenotype had severe 
cardiovascular involvement. One of them presented a 

Table 2  (continued)

Gene Variant Type of mutation Residual enzyme 
activity

Clinical phenotype Cardiac phenotype 
at T1

Type of treatment

GALNS c.1519 T > C
p.Cys507Arg

Missense 13.6% Rapidly progressing Mild mitral stenosis ERT

GALNS c.1520G > T
p.Cys507Phe

Missense 10.8% Rapidly progressing Mild tricuspid insuf-
ficiencies

ERT

GALNS c.1520G > T
p.Cys507Phe

Missense 5% Rapidly progressing Mild tricuspid insuf-
ficiency

ERT

GALNS c.1043 C > A
p.Thr348Asn

Missense 5.5% Rapidly progressing Mild mitral insufficien-
cies

ERT

ARSB c.1213 + 6 T > C
–

Insertion Absent Rapidly progressing moderate mitral and 
mild tricuspid insuf-
ficiencies

ERT

ARSB c.944G > A
p.Arg315Gly

Missense Absent Rapidly progressing Severe tricuspid ste-
nosis and mild mitral 
insufficiency

ERT

ARSB (898 + 1_899-1)–
(1142 + 1_1143-1) del

Deletion 20.4% Rapidly progressing Heart failure, mild 
mitral steno-insuffi-
ciency, cardiac impulse 
conduction disorders

ERT

ARSB (898 + 1_899-1)–
(1142 + 1_1143-1) del

Deletion Absent Rapidly progressing Heart failure NYHA 1, 
ventricular hypertro-
phy, severe aortic ste-
nosis, moderate mitral 
stenosis and mild 
aortic insufficiency

ERT

ARSB c.323G > T
p.Gly108Val

Missense 50.1% Rapidly progressing Ventricular hypertro-
phy and moderate 
mitral insufficiency

ERT

ARSB c.245 T > C
p. (Leu82Pro)

Missense 18% Slowly progressing Heart failure NYHA 1, 
mild mitral stenosis, 
moderate aortic, mitral 
and tricuspid insuffi-
ciency, cardiac impulse 
conduction disorders

ERT

HE hemizygous, HO homozygous, NA Not Available
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new variant of the IDS gene: c.1563A > T (p.Glu521Asp), 
hence the comparison with the previous literature was 
not possible; in addition, the ventricular hypertrophy 
and the mitral steno-insufficiency were possibly to be 
ascribed to the late age at diagnosis (44 years). The other 
patient, carrying the variant c.1264 T > C (p.Cys422Arg), 
presented aortic, mitral and tricuspid valves insuf-
ficiencies and cardiomegaly. This variant correlated 
with a neuropathic clinical phenotype in previous stud-
ies, where the description of heart involvement had not 
been conducted [22]. Out of the 3 variants identified 
each in 2 patients, 2 were detected in unrelated sub-
jects: the GALNS variant c.29G > A and the ARSB variant 
(898 + 1_899-1)_(1142 + 1_1143-1) del. As for the former, 
the 2 patients presented a totally different cardiac pheno-
type (severe and absent respectively), while for the latter 
both patients showed a severe cardiac involvement. The 
variant c.814C > T (p.Gln272*) carried on the GNS gene 
by a patient with MPS IIID, who had no cardiac involve-
ment throughout our entire follow-up, had previously 
been described in another homozygous patient, whose 
cardiac phenotype, following examination including 
ECG, was reported as normal [23].

Discussion
One of the aims of the present study was to describe and 
analyse the incidence of cardiac involvement in a large 
group of patients (n = 60) with MPS, enrolled in a multi-
centre program.

Our findings confirm what emerges from literature: 
cardiovascular pathology prevails in the MPS subtypes 
that involve a greater accumulation of dermatan-sulphate 
due to enzyme deficits [2]. Particularly, cardiac involve-
ment is a very common finding in MPS II and in MPS 
VI, followed by MPS I. It turned out that the most fre-
quent heart defect for each type of MPS and at any time 
of evaluation was mitral insufficiency. As many as 37% of 
patients had mitral insufficiency already at diagnosis and 
45% of these were MPS II. Therefore, we can conclude 
that valve disorders, particularly mitral insufficiency, 
should be sought already at diagnosis in these patients, 
and that, in some cases, cardiac disorders together with 
a suspected clinical phenotype can support the diagno-
sis of MPS. As regards age at diagnosis, 6 of 7 MPS VI 
patients had cardiac involvement at diagnosis and 5 of 
them were younger than 3 years old. This highlights how 
cardiological involvement can be evident even at an early 
age, especially in some subtypes of MPS.

Regarding the efficacy of ERT on heart damage, we 
observed that in patients who started ERT within the 
first year of age, heart involvement, although present, is 
often milder. Based on the results obtained, the hypoth-
esis that ERT is not able to prevent valve damage is 

confirmed, since heart valves are avascular connective 
tissue and the therapeutic enzyme, indeed, is distrib-
uted by systemic perfusion; therefore, the amount of 
enzyme that reaches the avascular tissue may be lim-
ited. However, data in literature shows that the cardiac 
damage could be prevented with ERT, as long as it is 
started very early in life, before the fibrosis of the valve 
leaflets is established [24, 25]. Early diagnosis and treat-
ment, therefore, play a role of primary importance, and, 
given the availability of ERT for five MPSs (MPS I, MPS 
II, MPS IVA, MPS VI, MPS VII), it would be desirable 
to achieve early diagnosis, hopefully in a presympto-
matic phase, before organ damage has occurred, for 
example through the establishment of neonatal screen-
ing programs.

Another aspect here investigated was the effect of 
long-term ERT on heart damage. We observed in 10 
cases (6 MPS II, 2 MPS IV and 2 MPS VI) a regression 
or improvement of cardiac symptoms, including valve 
defects, after at least six years of treatment. Since it was 
not possible to evaluate all patients after such a long 
period of therapy, the data cannot be conclusive, but 
this observation could be a starting point for further 
studies on the effects of long-term ERT, also on valve 
damage.

Among the valvulopathies, aortic insufficiency was 
the only one for which no regression was found despite 
ERT, rather its onset or worsening was reported at T1, 
with an incidence doubled at this time-point compared 
to diagnosis.

Valve defects were often found in association with 
other cardiac disorders. Given that GAG accumula-
tion reduces the electrical conductivity of the myo-
cardiocytes [16], reason why the electrocardiographic 
diagnostic criteria of ventricular hypertrophy are 
not respected, ventricular pseudohypertrophy was 
often associated with left valve defects, but not with 
heart failure. Heart failure, more frequent in MPS VI, 
was often associated with mitral stenosis and aortic 
steno-insufficiency.

The general clinical phenotype proved not to be 
strictly correlated with the cardiac one, in fact in some 
cases patients with attenuated phenotypes developed 
more severe heart damage than patients with severe 
phenotype. In this regard, an attempt was made to cor-
relate cardiac damage with the genotype, or with the 
specific genomic variants, in homozigosis or hemizy-
gosis. However, due to the limited data available in 
literature regarding the cardiological aspects of MPS 
patients harboring the same mutations as the patients 
enrolled in our study, in most cases it has not been pos-
sible to compare different patients with the same gene 
variant.
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Conclusions
In conclusion, our analysis confirms the wide presence 
of cardiopathies, at different extent, in the MPS popula-
tion. Since cardiac pathology is the main cause of death 
in many MPS subtypes, it is necessary to raise awareness 
among cardiologists about the detection of early cardiac 
morpho-structural abnormalities. The encouraging data 
regarding the long-term effects of ERT, also on heart 
damage, underlines once again the importance of an early 
diagnosis and timely start of ERT, in order to prevent or 
slow down the organ damage resulting from GAGs stor-
age, and to improve the quality of life of patients affected 
by these rare metabolic diseases.

Methods
Sixty subjects affected by MPS were enrolled in a mul-
ticentre Italian study. Clinical, biochemical and molecu-
lar data was collected in a web-based platform shared 
among the different units. The diagnosis of MPS was 
accomplished by two-dimensional electrophoresis of 
urinary GAGs, while enzyme activity assays were per-
formed in serum, leukocytes and/or skin fibroblasts. At 
the time of enrollment, molecular diagnosis was available 
for 50 subjects and it was recently described by Zanetti 
et al. [20]; in the same paper, the novel missense variants 
were evaluated in silico, for pathogenicity significance, by 
using different prediction tools [20].

Each patient underwent a multidisciplinary clinical 
follow-up, including cardiologic evaluation, examined 
in the present work. In this paper, we refer to three spe-
cific time-points: the time at diagnosis (indicated as TD), 
the closest time before the start of treatment (indicated 
as T0) and the time at enrolment in the study (indicated 
as T1). Being a treatment for MPS III and MPS IVB not 
yet available, for these patients we only refer to two time-
points (TD and T1).

Cardiologic evaluation included physical examina-
tion, electrocardiogram and the echocardiogram. All 
patients were evaluated for ventricular hypertrophy, 
heart failure (NYHA Classification), valvulopathies 
(aortic and/or mitral and/or tricuspid stenosis, aortic 
and/or mitral and/or tricuspid regurgitation), heart rate 
and arrhythmias, conduction disorders, cardiomegaly 
and congenital cardiac abnormalities. Tricuspid valve 
regurgitation was considered as pathological, and dis-
tinguished from physiological regurgitation, for right 
ventricular pressure values higher than 20 mmHg. The 
frequency of each cardiac reported manifestation, its 
presence at the time of diagnosis or its appearance dur-
ing clinical follow-up, and the coexistence in the same 
patient of several cardiologic disorders have been eval-
uated. In addition, we evaluated cardiac involvement in 

relation to age at start of ERT, by clustering patients in 
four groups: patients who had started therapy within 
the first year of age, between 1 and 3  years of age, 
between 3 and 10 years of age, and after 10 years of age. 
In these clusters we also distinguished between patients 
with mild or severe clinical phenotype.

As for the analysis of genetic variants, among patients 
for whom molecular diagnosis was available (a total of 
50 subjects), only those presenting the pathogenic vari-
ants either in hemizygosis (for MPS II) or in homozygous 
condition, were considered, for a total of 31 subjects. We 
analyzed the possible impact of each individual variant 
on the cardiac phenotype. For this purpose, we reviewed 
any known association between genotype and cardiac 
involvement in the literature for comparison with the 
present cohort. We also tested whether variants associ-
ated with rapidly progressing phenotypes were unequivo-
cally associated with more severe cardiac involvement.

Abbreviations
MPS: Mucopolysaccharidosis; GAGs: Glycosaminoglycans; ERT: Enzyme 
replacement therapy; HSCT: Hematopoietic stem cell transplantation; HO: 
Homozygosis; HE: Hemyzygosis; TD: Time at diagnosis; T0: The closest time 
before treatment; T1: Time at enrolment in the study; NA: Not available.

Acknowledgements
Authors are grateful to patients and their families who accepted to be enrolled 
in the multicenter study.

Author contributions
DC, GR and SS, collected and analyzed data and critically revised the manu-
script; GR collected and analyzed data and wrote the manuscript; SS analyzed 
data and wrote the manuscript; AR, FD, LZ, LS, SS, GR, RB, AF, OG,, RT, MS, 
NV, DC collected data and critically revised the manuscript; DC, GR and SS 
designed the study and critically revised the manuscript; AF, DC designed the 
study, collected data and critically revised the manuscript; OG designed the 
study, collected and analyzed data and critically revised the manuscript; RT 
designed the study, collected and analyzed data and wrote the manuscript. All 
authors read and approved the final manuscript

Funding
This work was financed by the Italian Ministry of Education, University and 
Research (MIUR), PRIN 2012 National Research Program, Prot. 20122EK9SZ.

Availability of data and materials
The data sets, including redacted study protocol, redacted statistical analysis 
plan, and individual participants’ data supporting the results reported in 
this article, will be made available within 3 months from initial request, to 
researchers who provide a methodologically sound proposal. The data will be 
provided after its deidentification in compliance with applicable privacy laws, 
data protection and requirements for consent and anonymization.

Declarations

Ethics approval and consent to participate
All procedures involving humans performed in the study were in accordance 
with the ethical standards of the institutional research committee and with 
the 1964 Helsinki declaration and its later amendments. Informed consent was 
obtained from all individual participants included in the study.

Consent for publication
All patients gave informed consent to use their anonymized data.



Page 12 of 12Sestito et al. Orphanet Journal of Rare Diseases          (2022) 17:251 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Competing interests
The authors declare that they have no competing interests.

Author details
1 Pediatric Unit, Department of Medical and Surgical Sciences, Magna Graecia 
University, Catanzaro, Italy. 2 Laboratory of Diagnosis and Therapy of Lysosomal 
Disorders, Department of Women’s and Children’s Health, University of Padova, 
Padua, Italy. 3 Fondazione Istituto di Ricerca Pediatrica Città Della Speranza, 
Padua, Italy. 4 Division of Pediatrics, Department of Clinical Sciences, Ospedali 
Riuniti, Presidio Salesi, Polytechnic University of Marche, Ancona, Italy. 5 Depart-
ment of Clinical and Experimental Medicine, Child Neurology and Psychiatry, 
University of Catania, Catania, Italy. 6 Department of Life Sciences, University 
of Modena and Reggio Emilia, Modena, Italy. 7 MetabERN, Regional Coordinat-
ing Center for Rare Diseases, Udine University Hospital, Udine, Italy. 8 Pediatric 
Unit, Department of Science of Health, Magna Graecia University, Catanzaro, 
Italy. 

Received: 20 January 2022   Accepted: 11 June 2022

References
	1.	 Salvatrici E, Giovannini M, Cefalo G, Paci S, Riva E, Banderali G. Errori 

congeniti del metabolismo. In: Scriver G.V.Zuccotti, Manuale di pediatria. 
La pratica clinica. 2a edizione. Bologna, BO, Italia: Esculapio, 2016.

	2.	 Lin HY, Chuang CK, Chen MR, Lin SM, Hung CL, Chang CY, et al. Cardiac 
structure and function and effects of enzyme replacement therapy in 
patients with mucopolysaccharidoses I, II IVA and VI. Mol Genet Metab. 
2016;117(4):431–7.

	3.	 Falvo F, Sestito S, Nicoletti A, Grisolia M, Mascaro I, Pascale E, et al. The 
different forms of mucopolysaccharidosis with neurological involvement: 
a case-based review. J Pediatr Biochem. 2016;06(01):46–52.

	4.	 Sestito S, Ceravolo F, Falvo F, Nicoletti A, Stefanelli E, Apa R, et al. Pathobio-
logical insights into the newly targeted therapies of lysosomal storage 
disorders. J Pediatr Biochem. 2016;06(01):30–8.

	5.	 Piotrowska E, Jakóbkiewicz-Banecka J, Barańska S, Tylki-Szymańska A, 
Czartoryska B, Wegrzyn A, et al. Genistein-mediated inhibition of glycosa-
minoglycan synthesis as a basis for gene expression-targeted isoflavone 
therapy for mucopolysaccharidoses. Eur J Hum Genet. 2006;14(7):846–52.

	6.	 Friso A, Tomanin R, Salvalaio M, Scarpa M. Genistein reduces glycosami-
noglycan levels in a mouse model of mucopolysaccharidosis type II. Br J 
Pharmacol. 2010;159(5):1082–91.

	7.	 Węgrzyn A. Gene expression-targeted isoflavone therapy. IUBMB Life. 
2012;64(4):307–15.

	8.	 Tomanin R, Zanetti A, D’Avanzo F, Rampazzo A, Gasparotto N, Parini 
R, et al. Clinical efficacy of enzyme replacement therapy in paediatric 
Hunter patients, an independent study of 3.5 years. Orphanet J Rare Dis. 
2014;9:129.

	9.	 Sestito S, Ceravolo F, Grisolia M, Pascale E, Pensabene L, Concolino D. 
Profile of idursulfase for the treatment of Hunter syndrome. Research and 
Reports in Endocrine Disorders, 2015;2015:579–90.

	10.	 Ceravolo F, Mascaro I, Sestito S, Pascale E, Lauricella A, Dizione E, et al. 
Home treatment in paediatric patients with Hunter syndrome: the first 
Italian experience. Ital J Pediatr. 2013;9(39):53.

	11.	 Taylor M, Khan S, Stapleton M, Wang J, Chen J, Wynn R, et al. Hematopoi-
etic stem cell transplantation for mucopolysaccharidoses: past, present, 
and future. Biol Blood Marrow Transplant. 2019;25(7):e226–46.

	12.	 Prasad VK, Kurtzberg J. Cord blood and bone marrow transplantation in 
inherited metabolic diseases: scientific basis, current status and future 
directions. Br J Haematol. 2010;148(3):356–72.

	13.	 De Ru MH, Boelens JJ, Das AM, Jones SA, van der Lee JH, Mahlaoui N, et al. 
Enzyme replacement therapy and/or hematopoietic stem cell transplan-
tation at diagnosis in patients with mucopolysaccharidosis type I: results 
of a European consensus procedure. Orphanet J Rare Dis. 2011;6:55.

	14.	 Giugliani R, Herber S, Lapagesse L, de Pinto C, Baldo G. Therapy for muco-
polysaccharidosis VI: (Maroteaux-Lamy syndrome) present status and 
prospects. Pediatr Endocrinol Rev. 2014;12(Suppl 1):152–8.

	15.	 Sestito S, Falvo F, Scozzafava C, Apa R, Pensabene L, Bonapace G, 
et al. Genetics and gene therapy in hunter disease. Curr Gene Ther. 
2018;18(2):90–5.

	16.	 Russo P, Andria G, Baldinelli A, Boffi ML, Cerini E, Della Casa R, et al. 
Cardiologists and mucopolysaccharidoses. Recommendations of GICEM 
(Cardiology Experts on Metabolic Disease Italian Group) for diagno-
sis, follow-up and cardiological management. G Ital Cardiol Rome. 
2017;18(9):638–49.

	17.	 Sestito S, Parisi F, Tallarico V, Tarsitano F, Roppa K, Pensabene L, et al. 
Cardiac involvement in lysosomal storage diseases. J Biol Regul Homeost 
Agents Jul-Aug. 2020;34(4 Suppl. 2):107–19.

	18.	 Leal GN, de Paula AC, Leone C, Kim CA. Echocardiographic study 
of paediatric patients with mucopolysaccharidosis. Cardiol Young. 
2010;20:254–61.

	19.	 Lavery C, Hendriksz C. Mortality in patients with Morquio syndrome A. 
JIMD Rep. 2015;15:59–66.

	20.	 Zanetti A, D’Avanzo F, Rigon L, Rampazzo A, Concolino D, Barone R, et al. 
Molecular diagnosis of patients affected by mucopolysaccharidosis: a 
multicenter study. Eur J Pediatr. 2019;178(5):739–53.

	21.	 Ferla R, Claudiani P, Savarese M, Kozarsky K, Parini R, Scarpa M, et al. Preva-
lence of anti-adeno-associated virus serotype 8 neutralizing antibodies 
and arylsulfatase B cross-reactive immunologic material in mucopolysac-
charidosis VI patient candidates for a gene therapy trial. Hum Gene Ther. 
2015;26(3):145–52.

	22.	 Moreira da Silva I, Froissart R, Marques dos Santos H, Caseiro C, Maire I, 
Bozon D. Molecular basis of mucopolysaccharidosis type II in Portugal: 
identification of four novel mutations. Clin Genet. 2001;60(4):316–8.

	23.	 Beesley CE, Concolino D, Filocamo M, Winchester BG, Strisciuglio P. 
Identification and characterisation of an 8.7 kb deletion and a novel 
nonsense mutation in two Italian families with Sanfilippo syndrome type 
D (mucopolysaccharidosis IIID). Mol Genet Metab. 2007;90(1):77–80.

	24.	 Sato Y, Fujiwara M, Kobayashi H, Yoshitake M, Hashimoto K, Oto Y, et al. 
Residual glycosaminoglycan accumulation in mitral and aortic valves of a 
patient with attenuated MPS I (Scheie syndrome) after 6 years of enzyme 
replacement therapy: Implications for early diagnosis and therapy. Mol 
Genet Metab Rep. 2015;8(5):94–7.

	25.	 Dierenfeld AD, McEntee MF, Vogler CA, Vite CH, Chen AH, Passage M, et al. 
Replacing the enzyme α-L-iduronidase at birth ameliorates symptoms in 
the brain and periphery of dogs with mucopolysaccharidosis type I. Sci 
Transl Med. 2010;2(60):60ra89.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Cardiac involvement in MPS patients: incidence and response to therapy in an Italian multicentre study
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	General characteristic of the population enrolled
	Description and evolution of cardiac pathology in the population examined in the three time-points considered
	Description and evolution of cardiac pathology in the different MPSs
	Cardiac damage in relation to ERT starting age
	Cardiac phenotype and genomic variants

	Discussion
	Conclusions
	Methods
	Acknowledgements
	References


