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Abstract Background: Serious cardiac valve disease and left
ventricular hypertrophy occur in most untreated older children
with severe mucopolysaccharidosis type I. Although it is
assumed that early intervention prevents these processes,
evaluation of cardiac findings in these infants has not yet been
reported.

Methods: We reviewed echocardiograms of 13 untreated
infants < 1 year of age with severe mucopolysaccharidosis
type I who had undergone evaluation for hematopoietic cell
transplantation. We recorded left ventricular chamber dimen-
sions, septal and posterior wall thicknesses, ventricular
function, and aortic sinus diameters. We evaluated mitral
and aortic valves for increased thickness, regurgitation, and
stenosis.

Results: Average age (7M, 6F) was 221 (range 25–347)
days. Left ventricular chamber dimension was �2 SD
of normal in 3/13; wall thicknesses were �2 SD of normal
in 2/13 infants. Systolic function was normal. Mitral valves
were thickened in all infants; mitral regurgitation was present
in 9/13, but significant in only three infants. Aortic valves
were thickened in 10/13, but no infant had significant aortic
regurgitation. Neither mitral nor aortic stenosis occurred.
Aortic roots were dilated to �2 SD of normal in 5/13.

Conclusions: Characteristic cardiac features of severe
mucopolysaccharidosis type I can be seen in infancy. Mitral
and aortic valve thickening are nearly universally present,
even in the youngest infants. In 20–30 % of infants, other
abnormalities such as left ventricular dilation, increased wall
thickness, and mild mitral/aortic regurgitation may occur.
Aortic root dilation is a frequent finding. Early intervention
with enzyme replacement therapy may minimize the
incidence and severity of cardiac findings in these infants.

Summary: Serious cardiac valve disease and left ventric-
ular hypertrophy occur in most untreated older children
with severe mucopolysaccharidosis type I. Although it is
assumed that early intervention prevents these processes,
evaluation of cardiac findings in these infants has not yet
been reported. In our study of 13 infants with severe
untreated MPS I < 1 year of age, mitral and aortic valve
thickening was nearly universally present and aortic root
dilation was frequent. Despite this, we found a lower
incidence of left ventricular hypertrophy and both a lower
incidence and milder expression of mitral and aortic valve
dysfunction than previously reported in older children.
These findings suggest that earlier intervention, including
neonatal screening, may be of benefit to children with
severe MPS I.

Abbreviations
ASE American Society of Echocardiography
BSA Body surface area
ERT Enzyme replacement therapy
GAG Glycosaminoglycan
HCT Hematopoietic cell transplantation
IVSd Interventricular septal thickness in diastole
LVID Left ventricular internal dimension in diastole
LVIS Left ventricular internal dimension in systole
IVSd Intraventricular septal wall thickness in diastole
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LVPWd Left ventricular posterior wall thickness in
diastole

MPS I Mucopolysaccharidosis Type I
SD Standard deviation
SF Shortening fraction

Introduction

Severe mucopolysaccharidosis type I (MPS I, OMIM #
607014) is a lethal autosomal recessive disorder that is
caused by mutation of the genes encoding a-L-iduronidase
(IDUA), an enzyme responsible for the degradation of
glycosaminoglycan (GAG). GAGs are ubiquitous and
essential components of virtually all mammalian tissue
(Neufeld and Muenzer 2001). GAG deposition in severe
MPS I may occur in the central nervous system leading to
blindness, deafness, increased intracranial pressure, and
mental retardation; in the joints and bones leading to short
stature, dysostosis multiplex, and stiff and poorly mobile
joints; and in the airways and soft tissues leading to sleep
apnea and other respiratory difficulties. GAG deposition in
the heart is associated with myocardial hypertrophy, narrow-
ing of the coronary arteries, aortic root dilation, dilated
cardiomyopathy, and thickened aortic and mitral valves
resulting in stenosis and/or regurgitation (Braunlin 2012).

The progressive nature of severe MPS I is well
established (Neufeld and Muenzer 2001), and it is becom-
ing evident that neither hematopoietic cell transplant (HCT)
nor enzyme replacement therapy (ERT) can reverse some
pathological processes such as dysostosis multiplex
(Weisstein et al. 2004; Sifuentes et al. 2007), corneal
clouding (Gillingsrud et al. 1998), and cardiac valve
abnormalities (Braunlin et al. 2003, 2006) in older children.
The initiative for earlier diagnosis (e.g., newborn screening)
and treatment of severe MPS I has been motivated by
recent case reports which have shown that ERT, when given
to infants less than 1 year of age, may prevent, delay, or
attenuate the course of the disease (Gabrielli et al. 2010;
McGill et al. 2010; Tylki-Szymanska et al. 2012). The
success of this initiative will depend upon the incidence and
severity of cardiac pathology found in untreated infants < 1
year of age with severe MPS I; evaluating these issues
forms the basis of this study.

Methods

Patients. This study was reviewed by the Institutional
Review Board of the University of Minnesota and deemed
an exempted study. The files of the University of Minnesota
Bone Marrow Transplant Database were reviewed for

patients with severe MPS I who were (1) treated with
HCT; (2) had undergone mutation analysis; (3) had an initial
echocardiogram obtained at < 1 year of age prior to any
therapy (e.g., ERT); and, (4) had an echo available for
review. Additional parameters assessed included urinary
GAG analysis and leukocyte enzyme analysis. Since 2005,
all patients referred for HCT have undergone mutation
analysis and cardiac ultrasounds have been digitally
recorded and stored. Height and weight were recorded
within 24 h of performance of ultrasound and body surface
area (BSA) was calculated according to the method of
Haycock (Lopez et al. 2010). Cardiac ultrasounds were
obtained in un-sedated infants using either Sonos 5500 or
iE33 cardiac ultrasound equipment (Phillips Corporation,
Bothell, Washington, USA) with 8 and 12 MHz transducers.
All echocardiograms were reviewed by two of the authors
(EB, JMB) and compared to the reports generated for the
medical record. Interpretation differences between the
original report and the reviews for this study were minimal
and resolved by discussion between the two authors.

Chamber dimensions and function. All studies included
two-dimensional imaging and M-mode measurement of left
ventricular chamber dimensions in diastole and systole
(LVID and LVIS, respectively) and left ventricular septal
and posterior wall thicknesses in diastole (IVSd and
LVPWd, respectively). Shortening fraction (SF) was calcu-
lated following standard guidelines (Lopez et al. 2010).
BSA-based Z-scores were determined for each infant’s
cardiac dimensions (LVID, LVPWd, and IVSd) using
standard methods (http://parameterz.blogspot.com), where,
for a given BSA, a Z-score of 0 indicates the mean value,
and a Z-score of +2 indicates a value 2 standard deviations
greater than expected.

Cardiac valves. Detailed two-dimensional and M-mode
imaging of mitral and aortic valves was performed to
evaluate for increased thickness, which was graded as absent
or present. Spectral and color-flow Doppler interrogation of
aortic and mitral valves was performed in standard views
(Lai et al. 2006). Mitral and aortic valve regurgitation was
qualitatively graded from color-flow images as absent, trace
(central color jet <5 % diameter and length of the left atrium
or ventricle, respectively), mild (central color jet between
5 % and 20 % diameter and length of left atrium or ventricle,
respectively), or moderate (central color jet >20 % diameter
and length of left atrium or ventricle, respectively). The
presence of mitral or aortic stenosis was determined by
comparison of pulsed-Doppler measurement of peak E-wave
flow signal across the mitral valve and peak systolic flow
signal across the aortic valve to established normal pediatric
values (Hatle and Angelsen 1985).

Aortic root. Measurement of the aortic root at the aortic
sinuses was performed during peak systole (inner wall to
inner wall) by two-dimensional imaging according to ASE
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guidelines (Lopez et al. 2010). BSA-based Z-scores were
calculated from each of these measurements, as previously
described.

Statistics. Analysis of differences between groups were
made using either Fisher’s exact test for analysis of 2 x
2 contingency tables and unpaired Student t-test for
continuous variables with significance found when
p < 0.05 (http://graphpad.com).

Results

Between 2005 and 2012, there were 13 infants (6F, 7M)
ranging from 25 to 347 (mean 221) days of age who
presented for evaluation prior to HCT and all fulfilled the
criteria for this study (Table 1). Males were older, but not
significantly so, than females (267 � 67 vs 165 � 116
days, p ¼ 0.0757). The mean heights of both male and
female infants (72.1 � 2.2 and 65.4 � 9.0 cm, respectively)
were at the 75th percentile for age. The mean weights for
males and females (8.8 � 1.4 kg and 7.3 � 2.4 kg,
respectively) corresponded to the 50th and 75th percentiles
for age. Urinary GAG excretion (N ¼ 10) was elevated and
leukocyte IDUA levels (N ¼ 13, range 0–2 nmol 4MU/h/
mg protein) were markedly low (Table 1) consistent with
the diagnosis of severe MPS I. IDUA analysis demon-
strated mutations known to be associated with severe MPS
I: 7 infants were homozygous for either W402X or Q70X;
2 were compound heterozygous for W402X/Q70X; 2 were

compound heterozygous for Q70X/c386-2A>G; and one
each with Q70X/35del12 and W402X/Y167X.

Mean Z-scores for left ventricular chamber dimensions
(LVID), left ventricular wall thicknesses (LVPWd, IVSd),
and aortic sinus internal dimensions were all within
2 standard deviations of normal (Table 2); mean shortening
fraction was within normal limits. Seven infants had values
more than 2 standard deviations greater than normal for one
or more of the dimensions (LVID, LVPWd, IVSd, or Aortic
Sinus diameter), but none were significantly related to
gender, age (�180 D vs >180 D), or specific mutation
(data not shown). The child with the greatest single Z-score
(Case 7, LVID-Z-score of 3.37) had a SF at the lower limits
of normal, but left ventricular performance appeared
depressed and this was confirmed by a depressed measured
ejection fraction of 36 %.

Table 1 Demographics, urinary GAGs, leukocyte a-L-iduronidase levels, and IDUA mutations of infants <1 year of age with severe untreated
MPS I

Patient Gender Age at echo (Days) u-GAG
IDUA activity
(nmol 4MU/h/mg protein) Mutation 1 Mutation 2

1 M 134 1645.44* 0 Q70X 35del12

2 M 262 114.7** 0 W402X W402X

3 F 212 135.4** 0 W402X W402X

4 M 319 172.4** 0 Y167X W402X

5 M 323 186** 2 W402X W402X

6 F 347 1300** 0.7 W402X W402X

7 M 320 N/A 1.1 Q70X Q70X

8 F 178 116** 0.5 Q70X W402X

9 F 57 N/A 0.6 Q70X Q70X

10 M 256 311** 0 Q70X c386-2A>G

11 F 180 80.9** 0.5 Q70X W402X

12 M 256 366-488* 0 Q70X C386-2A>G

13 F 25 N/A 0.5 W402X W402X

*mg GAG/g creatinine

**mg GAG/mmol creatinine

Table 2 Mean and range for Z-scores of left ventricular dimensions
and shortening fraction (SF) from cardiac ultrasounds in 13 infants <1
year of age with severe untreated MPS I

Parameter (number measured) Mean value
Range of
individual values

Mean Z-score LVID (13) 1.26 � 0.86 0.45–3.37

Mean Z-score LVPWd (13) 0.97 � 1.2 �1.11–2.61

Mean Z-score IVSd (13) 0.38 � 1.05 �1.47–2.25

Mean Z-score Aortic Sinus (13) 1.55 � 0.92 0.1–2.48

Mean SF (13) 35.1 � 4.8 29–45

JIMD Reports 89



Increased mitral valve thickness was universally present
(Table 3, Fig. 1a–c). Despite this finding, mitral regurgita-
tion was either absent or insignificant (trace) in 10/13
(77 %) patients. Significant (mild, or mild to moderate)

mitral regurgitation was documented in 3/13 (23 %) infants
(Fig. 2a–c), and was found as early as 25 days of age. Mitral
valve stenosis was not identified. Normal mitral inflow
patterns (E wave >Awave) were present in all infants (data

Table 3 Summary of mitral/aortic valve findings seen on cardiac ultrasounds in infants <1 year of age with severe untreated MPS I

Number affected Doppler velocity mean (range)

Mitral valve

Incidence thickened mitral valve 13/13 (100 %) -

Incidence of mitral regurgitation
None
Trace
Mild or moderate

4/13 (31 %)
6/13 (46 %)
3/13 (23 %)

-

Mitral valve stenosis
E-wave flow signal (m/s)

0/13 (0 %)
13 0.85 � 0.16 (0.6–1.1)

Aortic valve

Incidence thickened aortic valve 10/13 (77 %) -

Incidence aortic regurgitation
None
Trace

8/13 (62 %)
5/13 (38 %)

-

Aortic valve stenosis
Peak systolic flow signal (m/s)

0/11 (0 %)
11 0.84 � 0.22 (0.49–1.14)

a b c

Fig. 1 (a–c). Two-dimensional cardiac ultrasound images of mitral
valve in diastole from (a) normal 7 month old infant; (b) 25 day old
infant with severe untreated MPS I, and (c) 256 day old infant with

severe untreated MPS I. Note increased thickening of mitral valve,
especially in central portion of leaflets (arrows) when compared to
normal valve

a b c

Fig. 2 (a–c). Color Doppler images from the left ventricle showing moderate mitral regurgitation (arrows) in: (a) a 212 day infant; and mild
mitral valve regurgitation from: (b) a 212 day old infant and (c) a 25 day old infant, all with untreated severe MPS I
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not shown); mean E-wave inflow velocity of 0.85 m/s
(equivalent to a peak inflow gradient of 2.9 mmHg) was
well within the normal limits of 1.3 m/s (6.8 mmHg)
recognized in pediatrics (Hatle and Angelsen 1985).

Increased aortic valve thickness occurred in 10/13
infants (77 %) (Table 4, Fig. 3a–c), but aortic regurgitation
was either absent (8 infants; 62 %) or insignificant/trace
(5 infants; 38 %) (Fig. 4). Aortic valve stenosis was not
present. The mean value for peak flow across the aortic
valve of 0.84 m/s (equivalent to a gradient of 2.8 mmHg)
was well within normal limits of 1.8 m/s (13 mmHg)
recognized in pediatrics (Hatle and Angelsen 1985).

There were five infants who were �180 days of age at
first echo (Table 4). The mean Z-score for IVSd was
significantly less for these infants (p ¼ 0.0215) when
compared to infants >180 days of age, but there was no
other significant difference between these two groups for
any other parameters (LVID, LVPWd, aortic sinus diameter,
or left ventricular function). There was no significant
difference in the incidence of Z-scores more than 2 standard
deviations greater than normal nor was there a significant
difference in the incidence of significant mitral regurgita-
tion between the two groups (data not shown).

Discussion

Previously, little information was available regarding the
cardiac status of infants with severe untreated MPS I. In
this report, we describe a lower incidence of ventricular
hypertrophy and both a lower incidence and a milder
expression of cardiac valve dysfunction than previously
reported in older children with untreated MPS I (Leal et al.
2010; Wippermann et al. 1995). Comparison of the
incidence of ventricular hypertrophy between infants and
older children is best made with Leal’s study, since it also
uses Z-scores. Left ventricular hypertrophy occurred in 2/
13 (15 %) infants from our study as compared to 5/6
(83 %) in older children (Table 5). Unfortunately, Leal’s
study does not differentiate between severe and attenuated
MPS I, so it may not be representative for either the
incidence of hypertrophy or valve findings in patients with
a clear severe phenotype. The incidence of cardiac valve
findings in Wippermann’s study of older children with
severe MPS I is a good comparison to our infant study
since color Doppler was used in all of his echocardio-
grams. While increased mitral valve thickness occurred
universally in both our infants and Wippermann’s older
children, only 3/13 (23 %) of our infants had mitral
regurgitation compared to 10/12 (82 %) of his older
children. Mitral regurgitation was only mild or mild/
moderate in our three infants, but was moderate or severe
in the majority of his older children. Mitral stenosis did
not occur in our infants but was seen in 2/12 (17 %) of this
older cohort. While increased aortic valve thickness
occurred commonly in both our infants and Wippermann’s
older children, significant aortic valve regurgitation or
stenosis did not occur in our infants but was present in 4/
12 (25 %) of the older children.

Although cardiac pathology appeared milder, clinical
expression of MPS was already evident in infancy as
supported by the presence of increased mitral valve

Table 4 Comparison of mean Z-scores of cardiac dimensions and
cardiac function between infants >180 days and those �180 days of
age with severe untreated MPS I

Parameter
� 180 D
(N ¼ 5)

> 180 D
(N ¼ 8) p-value

Age 114.8�70.7 286.9�46.6 0.0002

BSA 0.33�0.05 0.44�0.03 0.0005

Mean Z-score LVID 0.97�0.66 1.44�0.96 0.3568

SF 33.6�2.7 36�5.7 0.4043

Mean Z-score LVPWd 0.57�1.27 1.22�1.17 0.3727

Mean Z-score IVSd �0.42�0.93 0.88�0.80 0.0215

a b c

Fig. 3 (a–c). Two-dimensional short axis images of: (a) normal aortic
valve in 3 month old infant; and thickened aortic valves in (b) 25 day
old infant and (c) 256 day old infant, both with severe untreated MPS I.

Compare the thin, nearly transparent aortic leaflets (arrow) in (a) with
those of (b) and (c)
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thickness in all infants (Braunlin et al. 2011). In addition,
significant mitral valve regurgitation was present in 23 % of
these infants and was seen as early as 25 days of life.
Although our numbers are small, there did not appear to be
a relationship between valve regurgitation and early or late
infancy, gender, or mutation. It is unknown at present
whether early intervention can arrest or reverse the
pathological process within these very young cardiac valves.

While the mean left ventricular chamber dimensions and
left ventricular wall thicknesses were all within 2 SD

of normal, there were outliers (infants with Z-scores
>2 SD normal). Two infants had wall thickness Z-scores
>2 SD of normal and three others had Z-scores for left
ventricular chamber dimension >2 SD of normal. Similarly,
mean shortening fraction was normal in all infants although
the measured ejection fraction in a single infant (Case #7)
was moderately depressed. These parameters are known to
respond favorably to either ERT or HCT (Braunlin et al.
2003, 2006; Wiseman et al. 2012) and this was true as well
for Case 7 whose ejection fraction normalized after a period
of ERT. Surprisingly, dilation of aortic sinus diameter to
>2 SD of normal occurred in 5/13 (38 %) infants within the
first year of life. The arrest or reversibility of this finding
with early treatment is unknown.

The presence of significant coronary artery involvement
is an important feature of severe MPS I even in infancy
(Brosius and Roberts 1981; van den Broek et al. 2011) but
has not been investigated in this, or other, reported series. It
has been shown that critical coronary artery disease can
occur very early in life in severe MPS I and may be a
limiting factor even in the early treatment of this syndrome
(van de Broek et al. 2011).

The incidence and severity of ventricular hypertrophy,
depressed function, and valve pathology in MPS has been
the subject of many reports over the past 35 years (Dangel
1998; Schieken et al. 1975; Gross et al. 1988; Fesslova
et al. 2009; Mohan et al. 2002). It is important to recognize
that during this time echo technology has evolved from the
initial grainy M-mode images seen in 1975 to the high-
resolution two-dimensional images of today. In addition,
both spectral and color Doppler were developed, with color
Doppler being the more recent technology. The presence of

Fig. 4 Color Doppler image from left ventricle showing trace aortic
regurgitation in 178 day old infant with severe untreated MPS I. Note
narrow central jet (arrow) extending into left ventricular outflow tract
only

Table 5 Comparison of infants with severe, untreated MPS I cardiac data with published studies of older cohorts

Current study Leal et al. 2010 Wippermann et al. 1995

Mean age (years) 0.6 6.8 3.8

Incidence Z-score > 2 SD
wall thickness

2/13 (15 %) 5/6 (83 %) Not reported

Mitral valve

Incidence thickened mitral valve 13/13 (100 %) 5/6 (83 %) 12/12 (100 %)

Incidence of mitral regurgitation
None
Trace
Mild
Moderate
Severe

4/13 (31 %)
6/13 (46 %)
3/13 (23 %)
0/13 (0 %)
0/13 (0 %)

1/6 (17 %)
0/6 (0 %)
5/6 (83 %)
0/6 (0 %)
0/6 (0 %)

2/12 (17 %)
0/12 (0 %)
4/12 (33 %)
4/12 (33 %)
2/12 (17 %)

Aortic valve

Incidence thickened aortic valve 10/13 (77 %) 5/6 (83 %) 6/12 (50 %)

Incidence aortic regurgitation
None
Trace
Mild
Moderate
Severe

8/13 (62 %)
5/13 (38 %)
0/13 (0 %)
0/13 (0 %)
0/13 (0 %)

3/6 (50 %)
0/6 (0 %)
3/6 (50 %)
0/6 (0 %)
0/6 (0 %)

8/12 (67 %)
0/12 (0 %)
3/12 (25 %)
1/12 (8 %)
0/12 (0 %)
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cardiac valve stenosis or regurgitation can be difficult to
assess by spectral Doppler, but both are easily identifiable
by color Doppler. Thus, when reporting the incidence of
valve dysfunction in MPS, studies such as Wippermann’s
utilizing color Doppler for all individuals within the study
are likely the most accurate. Similarly, the use of Z-scores
to assess the difference of a particular value from normal
has been a relatively recent addition to the complete
pediatric cardiac echo report (Lai et al. 2006) enabling an
assessment not only of the presence of an abnormality but
also its extent. Studies such as Leal’s use these metrics to
permit a more accurate comparison of abnormalities of
chamber dimensions and wall thicknesses between studies
from various institutions.

For the younger patients with severe MPS I included in
this study, the incidence of pathology was less than that of
older patients and the severity milder, but it was not absent.
The outcome of cardiac valve pathology when treatment
with ERT and HCT is begun early in life is currently
unknown. The absence of cardiac valve disease after ERT
was started at 5 months of age and continued for 5 years as
described in the infant reported by Gabrielli et al., while
encouraging, may be related in part to the fact that
attenuated, rather than severe, MPS I was present in this
child. In severe MPS I, there may be some infants with
early-onset valve regurgitation or rapidly progressing
coronary disease, in whom even early treatment may be
too late; however, it would seem reasonable to think that
intervention within the first year of life, facilitated by
newborn screening, will improve long-term outcomes in
severe MPS I for most infants.
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