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Abstract

Mucopolysaccharidoses (MPS) are disorders characterized by impaired glycosaminoglycan (GAG) catabolism as a conse-
quence of a deficiency or the absence of lysosomal enzymes directly involved in their degradation. Multiple organ systems
are involved in MPS, including the cardiovascular system. Recently, aortic root dilatation (ARD) has been described in these
patients. Thus, we reviewed aortic root diameter measurements in 69 MPS patients from a single center from 2000 to 2016.
Aortic root diameter z scores were calculated based on data published by Colan et al. according to the body surface area
(BSA) determined using the Haycock formula. The overall incidence of ARD in MPS patients was 39.1%. Higher mean z
scores were present in patients with MPS IVA and VI when compared to MPS I and II. Aortic root z scores were higher in
older MPS IVA patients, which may suggest a progressive ARD change in this MPS type. No significant differences were
found before and after enzyme replacement therapy (ERT) in 11 patients with available data (2 with MPS I; 4 with MPS II;
2 with MPS IVA, and 3 with MPS VI). This work provides further evidence that ARD is common in different types of MPS,

being especially evident in MPS IVA, but with a significant occurrence also in MPS VI.
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Introduction

Mucopolysaccharidoses are characterized by impaired
glycosaminoglycan (GAG) catabolism resulting from a
deficiency in lysosomal enzymes directly involved in their
degradation. Eleven different MPS disorders are currently
described in humans, each with a different enzyme defect.
Five main types of GAG accumulation occur in MPS
patients depending on the enzyme defect: heparan sulfate,
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dermatan sulfate, keratan sulfate, chondroitin sulfate, and
hyaluronan.

The severity of MPS I and Il is well defined; patients with
a severe phenotype present cognitive decline. In MPS IV
and VI, some patients present more rapid deterioration than
others, but cognitive abnormalities are not usually found.
Cardiovascular problems are among the main manifesta-
tions observed in patients with both severe and attenuated
phenotypes, being described in all MPS types except MPS
IX. Furthermore, cardiovascular problems, respiratory infec-
tions, and restrictive pulmonary disease are among the main
causes of mortality [1].

The great vessels may be affected in MPS by thickening
of their walls and can be constricted or dilated. Histological
abnormalities that are observed in the aortic walls include
aortic wall thickening, accumulation of GAGs, and disrup-
tion of elastin fibers [2—4]. ARD is frequently found in ani-
mal models of MPS I, resulting in the effacement of the
sinotubular ridge [2]. Although initial analyses failed to find
the same pattern of ARD in humans [2], more recent studies
have identified that ARD may also occur in MPS patients,
especially those with MPS IVA [5-8].
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Enzyme replacement therapy (ERT) has been avail-
able for MPS 1, 11, and VI since the mid-2000s, and more
recently approved for MPS IVA and MPS VII. However,
studies in animal models suggest that the recombinant
enzyme often fails to reach the aorta and thus has limited
impact on this aspect of the disease [9, 10].

Therefore, we aimed to assess ARD occurrence and
patterns in a larger sample of patients with different types
of MPS collected over the last 16 years. In addition, we
assessed the impact of enzyme replacement therapy on
the aortic dilatation observed in these diseases.

Materials and methods
Data collection

Following institutional ethical approval, we performed
a chart review of patients with MPS that had performed
echocardiograms from January 2000 to June 2016. In all
cases, we used only the measurement obtained at the sinus
of Valsalva (SoV). Aortic root diameter z scores adjusted
for BSA were calculated as previously described [11] and
confirmed using the method of Dallaire et al. [12]. BSA
was determined using the Haycock formula [13]. Aortic
root dilatation was defined as a z score > 2.0.

For comparison between MPS types, only the last
echocardiogram of the patients was included in the analy-
sis. All patients with more than one available echocardio-
gram were included in the analysis of z score variation
over time.

Patients with available measurements before ERT (up
to 5 years before ERT was started) and at least 8 months
after that date (up to 5 years after ERT was started) were
analyzed for the assessment of pre- and post-treatment z
scores.

Statistical analysis

All data were entered into PASW Statistics 18.0 for Win-
dows (SPSS Inc., Chicago, IL, USA) and subjected to spe-
cific statistical analyses. Z score distribution was assessed
with the Shapiro—Wilk and Kolmogorov—Smirnov tests, and
as normal distributions were observed, parametrical tests
were used in all subsequent analyses. Mean z score compari-
sons between MPS groups were calculated using ANOVA
with Tukey’s post hoc test. Linear regression and Pearson’s
correlation coefficient were used to assess z score variation
over time. Z score variation over time for individual patients
with each type of MPS was assessed using a mixed model
analysis corrected for treatment status (with or without
ERT), including all patients with more than one available
echocardiogram. A paired ¢ test was used to compare pre-
and post-treatment z scores. Bonferroni correction was used
for multiple comparisons. A p value <0.05 was considered
significant.

Results

A total of 69 patients with MPS were included (25 with
MPS I, 21 with MPS 11, 16 with MPS IVA, and 7 with MPS
VI) (Table 1). In total, 27 of the 69 patients (39.1%) met
the criteria for ARD. Higher mean z scores were present in
patients with MPS IVA and VI when compared to MPS 1
and II (Table 1). ARD was found more frequently in the for-
mer group. Among patients with MPS 1, 5 (20.0%) met the
criteria for ARD, and 6 (28.6%), 11 (68.8%), and 5 (71.4%)
for MPS II, MPS IVA and MPS VI, respectively (Fig. 1).
Moreover, patients with the severe MPS I phenotype had
higher z scores when compared to those with an attenuated
phenotype (Fig. 2).

Aortic root z scores were higher in older MPS IVA
patients, which may suggest that ARD is progressive in

Table 1 Demographic

Jer . Overall MPS I MPS II MPSIVA  MPS VI p

characteristics and aortic root

measurements among MPS (N=69) (n=25) (n=21) (n=16) (n=7)

patients Age (years) 14.4 (9.9) 14.6 (12.1) 13.0 9.1) 158(8.9) 150(54)  0.852
Weight (kg) 30.5 (16) 30.9 (19.3) 35(16.6)  25.6(9.3) 27.1(11.8) 0333
Height (cm) 1147 (21.1)  117.527.3)  122.3(174)  1022(9.7)  110(11.3)  0.023°
BSA (m?) 1(0.3) 1(0.4) 1.10.3) 09(02)  09(0.2) 0206
SoV (cm) 2.3 (0.4) 2.2(0.4) 2.3 (0.4) 25(04) 2304  0.137
Z score 1.7 (1.6) 1.1 (1.6) 1.2 (1.4) 31(1.5)  2.1(L.1)  0.001°

Values are mean (+SD)

BSA body surface area. SoV aortic root diameter at the sinus of Valsalva
*MPS IVA different from the other groups
"MPS IVA and VI are different from MPS T and II
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Fig.1 Mean aortic root diameter in different MPS types. Only the
final measurement was included in this analysis. **p <0.01. ANOVA
and Tukey’s post hoc

this type of MPS (Fig. 3c). The mean MPS IVA z score
increase was 0.058 per year (95% CI 0.004-0.113). A posi-
tive linear regression slope was also observed in the MPS
VI group, but the correlation was not statistically signifi-
cant (Fig. 3d).

An inverse correlation was observed between aortic root
z scores and age in MPS I and MPS II (Fig. 3a, b), but this
may be due to the presence of attenuated phenotypes in the
older patients. When only including patients with severe
phenotypes, we did not observe a significant change with
age, which is possibly due to the small number of patients
(data not shown).

Pre- and post-ERT z score data were available for 11
patients (2 with MPS I; 4 with MPS 1II; 2 with MPS IVA,
and 3 with MPS VI). There was no statistically signif-
icant variation in the z scores between the two periods
(p=0.697; Figs. 4a—d). For all of the presented analyses,
comparable results were obtained when using the Dellaire
et al. [12] method to calculate z scores (data not shown).
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Fig.2 Aortic diameter according to disease severity. Mean aortic
root diameter is higher in MPS I patients with Hurler (severe) than
Hurler—Scheie and Scheie (attenuated) phenotypes. In MPS II, there
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Discussion

In this study, we evaluated aortic root diameter in 69 patients
with MPS, which represents the largest collection of MPS
patients to date. Our results confirm previous reports show-
ing a significant proportion of MPS patients with ARD
(39.1% in this study; 35.3% of 36 patients in a previous
report [8]). In addition, we report for the first time that a
large proportion of MPS VI patients have aortic dilatation.
Considering that MPS are progressive disorders, aortic
pathology is also expected to be progressive. However, vari-
ation in aortic root diameter over time was not observed in
the mixed models analysis for any of the MPS types (data
not shown). This may reflect either a slow progression rate,
which could not be measured in our sample, or the fact that
aortic root diameter ceases to dilate beyond a certain point.
Supporting the former hypothesis, aortic root z scores were
higher in older patients, at least in MPS IVA. This finding
is consistent with a previous report identifying a correlation
between age and aortic root dimensions in MPS IVA [6].
We confirmed that ARD is found predominantly in
patients with the severe MPS I phenotype (Hurler syndrome)
[5], which may explain the inverse correlation between age
and z scores in these patients. Hurler syndrome is character-
ized by developmental delay/intellectual disability. Somatic
manifestations are also more severe in these patients, espe-
cially when compared to the most attenuated phenotype
(Scheie syndrome). Some patients are situated in the middle
of the spectrum with more prominent somatic involvement
and little-to-no intellectual dysfunction, which is classi-
fied as Hurler—Scheie syndrome. A binary classification of
severe (Hurler syndrome) and attenuated (Hurler—Scheie and
Scheie syndromes) phenotypes is also used. As patients with
the severe phenotype have a lower life expectancy, older
MPS 1 patients are mostly represented by those with the
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Mean Aortic Root Z Score
»
| o‘ 6|
o
o
[ ]

'2 T T
Neuro Non-neuro

is no significant difference in aortic root diameter between neurono-
pathic and non-neuronopathic patients. Only the final measurement
was included in this analysis. *p <0.05, Student’s ¢ test
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Fig.3 Aortic root dilation versus age. Aortic root diameter z score values at different ages in MPS I (a), MPS 1I (b), MPS IVA (c), and MPS VI
(d). Multiple measures were obtained from the same patients at different ages when available
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attenuated phenotype who would also be expected to have a
less prominent involvement of the aorta [14].

No significant association was observed between aortic
root diameter and disease severity in MPS II patients. A sim-
ilar pattern was found along the severity spectrum (Fig. 2).
Similar to MPS I, the classification of the disease in MPS 11
depends on the presence (neuronopathic form) or absence
(non-neuronopathic form) of intellectual disability. Further-
more, as in MPS I, patients with the neuronopathic form
have more severe somatic involvement. In fact, increased
somatic burden and decreased neurocognitive ability were
shown to be correlated even in patients with attenuated
MPS I and MPS II phenotypes [15]. Thus, it is reasonable
to believe that the same association identified in MPS I is
also present in MPS 1II patients, although this could not be
clearly demonstrated herein.

ARD identification has clinical importance, as it may
progress to aortic dissection [16]. Aortic dissection gener-
ally occurs in older patients (mean age 62 years), although
it may occur earlier in high-risk groups, including patients
with Marfan or Turner syndromes [17, 18]. Although MPS
patients have not been shown to be at increased risk for this
uncommon life-threatening condition, it is known that the
GAG content increases in dissecting aneurysms of the tho-
racic aorta in humans [19, 20].

Currently, elective aortic surgery is indicated for adult
patients with an aortic root diameter >55 mm with the
objective of preventing aortic dissection [21]. In Marfan
syndrome, the threshold for this indication is 50 mm, and in
the presence of additional risk factors (i.e., family history
of dissection, progressive dilatation >2 mm/year, severe
aortic or mitral regurgitation, and desire for pregnancy) it is
reduced to 46 mm [22]. While recommendations for surgery
based on z score values are lacking, it is generally assumed
that a value <4.0 does not represent an imminent risk for
aortic dissection [18]. In their cohort, Bolourchi et al. [8] did
not observe any case of aortic dissection. This complication
was also not observed in this study and only one MPS I and
four MPS IVA patients had z scores > 4.0 (Fig. 1). None of
our patients had an absolute aortic root dimension greater
than 45 mm.

We did not observe any effect of ERT on aortic root
measurements. This is in accordance with findings of other
authors [6, 8]. However, in the case of MPS IVA, this eval-
uation can be especially difficult because ERT was only
recently approved [6]. While it is still unclear if ERT can
prevent or treat ARD in MPS patients, studies in mouse
models demonstrate that this abnormality can be respon-
sive to losartan [23]. The same medication also promotes
improvements in left ventricle diameter, shortening, fraction,
and craniofacial aspects in animal models [23, 24].

This work has some limitations. Although this is the larg-
est cohort of MPS patients reported to-date, the aortic root
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measurement was not performed in the controlled environ-
ment of a clinical trial due to retrospective data being used.
Furthermore, for a single patient, different echocardiographers
were involved during the follow-up period, which may have
affected the results. Regardless, our results are consistent with
the literature. Another limitation is that we relied on echocardi-
ography data to obtain the aortic root measurements (as other
published studies in patients with MPS have). The use of more
precise methods, such as cardiac MRI, may allow more robust
analyses of the entire thoracic aorta. Nevertheless, risks related
to sedation in young children should be considered. Finally,
using z score parameters in short-stature patients may likely
overestimate the parameter, pointing to the existence of aortic
dilatation in a setting where the growth of the aorta is similar
to age-matched individuals, although disproportional to the
patient’s height and thorax dimensions. In Turner syndrome,
a condition in which both aortic root dilatation and short stat-
ure are observed, a disease-specific parameter was recently
developed [25]. As there is no such parameter for MPS, we
managed to reduce this bias using an additional multivariate
formula recently published and used for Turner syndrome [12,
26]. The results were unaffected.

In summary, this work supports evidence that ARD is
a clinical manifestation of different types of MPS. It also
confirms that this finding is particularly prominent in MPS
IVA patients. Moreover, it identifies a significant involve-
ment in patients with MPS VI for the first time. ERT did not
reduce aortic diameters, and ancillary therapies, such as the
use of losartan, may be needed for MPS patients with aortic
dilatation.
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