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Abstract: Background: Pathogenic variants in TGFBR1, TGFBR2 and SMAD3 genes cause Loeys-Dietz
syndrome, and pathogenic variants in FBN1 cause Marfan syndrome. Despite their similar phenotypes,
both syndromes may have different cardiovascular outcomes. Methods: Three expert centers performed
a case-matched comparison of cardiovascular outcomes. The Loeys-Dietz group comprised 43 men
and 40 women with a mean age of 34 + 18 years. Twenty-six individuals had pathogenic variants
in TGFBR1, 40 in TGFBR2, and 17 in SMAD3. For case-matched comparison we used 83 age and
sex-frequency matched individuals with Marfan syndrome. Results: In Loeys-Dietz compared
to Marfan syndrome, a patent ductus arteriosus (p = 0.014) was more prevalent, the craniofacial
score was higher (p < 0.001), the systemic score lower (p < 0.001), and mitral valve prolapse less
frequent (p = 0.003). Mean survival for Loeys-Dietz and Marfan syndrome was similar (75 + 3
versus 73 + 2 years; p = 0.811). Cardiovascular outcome was comparable between Loeys-Dietz and
Marfan syndrome, including mean freedom from proximal aortic surgery (53 + 4 versus 48 + 3 years;
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p = 0.589), distal aortic repair (72 + 3 versus 67 + 2 years; p = 0.777), mitral valve surgery (75 + 4 versus
65 + 3 years; p = 0.108), and reintervention (20 + 3 versus 14 + 2 years; p = 0.112). In Loeys-Dietz
syndrome, lower age at initial presentation predicted proximal aortic surgery (HR = 0.748; p < 0.001),
where receiver operating characteristic analysis identified <33.5 years with increased risk. In addition,
increased aortic sinus diameters (HR = 6.502; p = 0.001), and higher systemic score points at least
marginally (HR = 1.175; p = 0.065) related to proximal aortic surgery in Loeys-Dietz syndrome.
Conclusions: Cardiovascular outcome of Loeys-Dietz syndrome was comparable to Marfan syndrome,
but the severity of systemic manifestations was a predictor of proximal aortic surgery.

Keywords: aorta; mitral valve; Loeys-Dietz; Marfan syndrome; TGFBR1; TGFBR2; SMAD3

1. Introduction

Loeys-Dietz syndrome (LDS) and Marfan syndrome (MFS) are thoracic aortic diseases that exhibit
numerous similarities. First, they are heritable with an autosomal-dominant mode. Second, nucleotide
variants in specific genes have been identified as causes of the respective disease. Third, both diseases
carry a high risk for aneurysm and dissection of the thoracic aorta. Finally, both Loeys-Dietz syndrome
and Marfan syndrome may manifest systemic features involving organ systems such as the heart
valves, the eyes, the skeletal system, the lungs, the skin and the dura [1].

Marfan syndrome was described for the first time in the late 19th century [2]. Diagnostic criteria
have been carefully defined, for the first time in 1986 and revised twice subsequently, based on growing
knowledge about the clinical and genetic background [3-6]. The current so-called revised Ghent
criteria define aortic root aneurysm and lens luxation as cardinal features of Marfan syndrome [5].
Manifestations in the skeletal, pulmonary and neurologic organ system are accounted for in a systemic
score which is also used in the diagnostic algorithm. This latest nosology for the first time also put
weight on the identification of pathogenic variants in the Fibrillin1 gene (FBN1) which is the causal
gene in Marfan syndrome. Loeys-Dietz syndrome was described for the first time in 2005/6 in patients
presenting with an apparently more aggressive aortic phenotype and additional clinical features that
are uncommon in typical Marfan syndrome including a bifid uvula or cleft palate, hypertelorism
and club feet [7,8]. In contrast to Marfan syndrome, lens luxation is not encountered in Loeys-Dietz
syndrome and hence is considered a distinguishing diagnostic feature. However, unlike in Marfan
syndrome, today there is no international consensus on diagnostic criteria of Loeys-Dietz syndrome.

Both Loeys-Dietz syndrome and Marfan syndrome are inherited as autosomal dominant traits.
The causal gene in Marfan syndrome is the FBN1 gene with pathogenic variants identified in more
than 90% of Marfan phenotypes. The initial description of Loeys-Dietz syndrome reported pathogenic
variants in the genes encoding for the transforming growth factor beta receptor 1 (ITFGBR1) and
2 (TGFBR2). Subsequently, at least four other genes involved in the TGFB signaling pathway have been
reported in patients presenting with thoracic aneurysm or dissection and systemic features. These
genes include the SMAD?2 [9], SMAD3 [10], TGFB2 [11] and TGFB3 [12] genes. In some individuals,
additional syndromes have been linked to these genes such as Aneurysm Osteoarthritis syndrome
for the SMAD3 gene [13] and Rienhof syndrome for the TGFB3 gene [14]. However, in all four genes
nucleotide variants were shown to share phenotypic features of Loeys-Dietz syndrome [15].

Survival of Loeys-Dietz syndrome and Marfan syndrome hinges on the cardiovascular
manifestations, where repair of the proximal or distal aorta for aneurysms or dissections, surgery
for dysfunction of the mitral valve, and surgical reinterventions have the strongest impact on
survival [8,16-26]. Early studies describe Loeys-Dietz syndrome as a severe variant of Marfan
syndrome [8], but recent investigations also described milder forms of the disease [17,22]. The rationale
of our study therefore was to assess if differences in the cardiovascular outcome of Loeys-Dietz
syndrome and Marfan syndrome could be confirmed by an age- and sex-matched comparison of both
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syndromes. Therefore, we performed this observational case-matched comparison of a Loeys-Dietz
syndrome group including 83 individuals with a pathogenic variant in the three most common genes
identified in Loeys-Dietz syndrome (TGFBR1, TGFBR2, and SMAD3) gene. To minimize selection bias,
we established an age- and sex-matched group with Marfan syndrome for comparison. We compared
clinical manifestations and outcomes both between the Loeys-Dietz syndrome versus Marfan syndrome
groups, and within the Loeys-Dietz syndrome group according to the pathogenic variant in the TGFBR1,
TGFBR2, and SMAD3 gene.

2. Methods

2.1. Patients

We recruited 166 consecutive individuals (86 males, mean age 39 + 18 years; range 4-86 years)
in this retrospective, observational case-matched comparison of Loeys-Dietz syndrome and Marfan
syndrome from 3 expert centers. Hamburg enrolled 105, Ghent 53, and Munich eight individuals.
The Loeys-Dietz syndrome group comprised 43 men and 40 women with a mean age of 38 + 18 years
(range 4-86 years). Genetic testing of the genes TGFBR1, TGFBR2, or SMAD3 was performed for
clinical suspicion of Loeys-Dietz syndrome in 45 individuals, and by cascade screening in families with
Loeys-Dietz syndrome in 38 individuals. The other 83 persons were age and sex-frequency matched
individuals fulfilling the Ghent criteria for Marfan syndrome. All subjects gave their informed consent
for inclusion before they participated in the study. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Hamburg, Ghent
and Munich (PV4906). We applied STROBE as guideline for study quality [27].

2.2. Clinical Manifestations

We analyzed patient charts to assess age at first and final contact to our centers. We assessed the
presence of congenital heart anomalies including atrial septal defect, patent ductus arteriosus, or a
bicuspid aortic valve based on surgical charts, institutional echocardiographic images or institutional
MR angiographies. All three expert centers utilize current echocardiographic and MR technology
with current diagnostic imaging criteria for left ventricular and valvular dimensions and functions as
specified recently [28,29].

We assessed all clinical features of Loeys-Dietz syndrome and Marfan syndrome in each patient
according to established clinical routines as detailed previously both for Loeys-Dietz syndrome [30] and
Marfan syndrome [31]. In all centers systemic score points were documented in the charts according to
the Ghent nosology [5], and craniofacial severity index points according to Loeys et al [8]. We used
the revised Ghent criteria to establish Marfan syndrome. In the absence of a family history of Marfan
syndrome, we diagnosed Marfan syndrome with aortic root dilatation combined with ectopia lentis, or
a causative FBN1 mutation, or a systemic score >7 points, or with the combination of ectopia lentis with
a FBN1 mutation known to cause aortic dilatation. In the presence of a family history, we diagnosed
Marfan syndrome with demonstration of ectopia lentis, or a systemic score >7 points, or aortic root
dilatation (Z-scores >2 standard deviations above the mean with age above 20 years, or Z-scores >3 SD
above the mean with age below 20 years [5,6].

There are no consensus criteria of Loeys-Dietz syndrome. However, we considered Loeys-Dietz
syndrome in all individuals with causative nucleotide change in one of the genes TGFBR1, TGFBR2,
SMAD3, TGFB2, TGFB3, or SMAD? [15]. We initiated genetic testing in 45 individuals with a clinical
suspicion of Loeys-Dietz syndrome, as defined by the presence of typical cardiovascular manifestations
of Loeys-Dietz syndrome or Marfan syndrome, or with systemic features of Marfan syndrome, or with
craniofacial features index. The other 38 individuals were identified through cascade screening for
a pathogenic variant found in the family. These individuals had milder phenotypes. Eight of these
individuals were adolescents from families with severe Loeys-Dietz syndrome, but without formally
defined clinical features of Marfan syndrome or Loeys-Dietz syndrome. These eight individuals
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underwent corroborative genetic testing because they presented with subclinical features such as mild
aortic dilatation (Z-score <2), tricuspid valve prolapse, or systemic clinical features not listed in the
Ghent systemic score or in the craniofacial severity score (Table 1). We excluded four individuals
with pathogenic variants in the TGFB2, TGFB3, or SMAD?2 gene, because this group was too small for
statistical comparison.

Table 1. Indication for corroborative genetic testing in 83 individuals of the Loeys-Dietz group.

Indication for Corroborative Genetic Testing

Variable
Clinical Suspicion Cascade Screening p
Total number of individuals 45 38
Cardiovascular features <0.001
No cardiovascular features 5 (11%) 16 (42%)
Isolated aortic features 6 (13%) 1 (3%)
Isolated mitral valve features 3 (7%) 6 (16%)
Isolated malformatior.l (A.SD, BAYV, or PDA, or 3 (7%) 3 (8%)
combinations)
Stroke 0 2 (5%)
Combination of these cardiovascular features 28 (62%) 10 (26%)
Systemic features 0.128
No formal systemic features 5 (11%) 11 (29%)
Isolated systemic features (according to Ghent score) 25 (56%) 18 (47%)
Isolated craniofacial features (according to Loeys et at.) 15 (33%) 9 (24%)
Cardiovascular plus systemic features <0.001
No formally defined clinical features ! 0 8 (21%)
Isolated systemic features (according to Ghent score) 4 (9%) 0
Isolated craniofacial features (according to Loeys et at) 5 (11%) 8 (21%)
Cardiovascular and systemic features 36 (80%) 22 (58%)

ASD identifies atrial septal defect; BAV, bicuspid aortic valve; and PDA, history of patent ductus arteriosus.
! Individuals with no formally defined clinical features of Marfan syndrome or Loeys-Dietz syndrome were
adolescents or younger adults who came from families with severe Loeys-Dietz syndrome. They underwent
corroborative genetic testing because they presented with subclinical features such as mild aortic dilatation
(<2 Z-scores), tricuspid valve prolapse, or systemic clinical features not listed in the Ghent systemic score or in the
craniofacial severity score.

We obtained echocardiographic variables according to Rybczynski et al [32], and mitral valve
prolapse criteria according to Freed et al [33], where we documented prolapse of the anterior, posterior
and both mitral valve leaflets. We assessed aortic root Z-scores according to Gautier et al [34] or
Devereux et al in children or adults, respectively. We derived aortic sinus diameters only in subjects,
who presented with a native aortic root (Table 2) [35].

Table 2. Clinical manifestations at initial presentation.

Variable Syndrome Group Loeys-Dietz Group by Causative Genes
Loeys-Dietz =~ Marfan p TGFBR1 TGFBR2 SMAD3 p
Total number of individuals 83 83 26 40 17
Age at initial contact (years) 34+18 34+18 0.873 34+17 34+18 35+22 0.983
Age at final contact (years) 38 +18 40+ 18 0.523 39 +17 38 + 18 37 +21 0.898
Male sex 43 (52%) 43 (52%) 1.000 12 (46%) 20 (50%) 11 (65%) 0.446
Previous 1“2‘531: neurologic ¢ g5 (g0 4 (5%) 0.538 2 (8%) 3/39 (8%)  1/15 (7%) 1.000
Atrial septal defect 4 (5%) 1/82 (1%) 0.367 1 (4%) 3 (8%) 0 0.812
History of patent ductus 7 (8%) 0 0.014 1(4%) 6 (15%) 0 0.178
arteriosus
Bicuspid aortic valve 5 (6%) 0 0.059 1 (4%) 2 (5%) 2 (12%) 0.591
Systemic score (points) 35+35 6.6+32 <0.001 34+38 42+37 21+21 0.176
Craniofacial severity index 5 4 g 0 <0.001 07+14 1642 1317 0.227
(points)
LV ejection fraction (%) 62+11 57 12 0.019 62 +10 60 +12 68+8 0.103

Indexed LVESD (mm/m?) 196 19+6 0.392 19+6 19+6 16 +3 0.345
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Table 2. Cont.

Variable Syndrome Group Loeys-Dietz Group by Causative Genes
Loeys-Dietz Marfan 4 TGFBR1 TGFBR2 SMAD3 P
Indexed LVEDD (mm/m?) 29+ 8 29 +8 0.867 29+7 30+ 10 27 +3 0.754
Indexed left atrial diameter 19 | 5 1946 0.663 18+5 20+6 1945 0.493
(mm/m?)
Aortic sinus dimensions at
initial presentation
Diameter (cm) 1 3.6+0.8 3.6+0.8 0.701 33+05 3.8+0.7 3.4+13 0.102
Z-score ! 22+32 24+29 0.761 1.8+19 22+3.6 2.5+3.6 0.675
Aortic sinus dimensions at
aortic surgery
Diameter (cm) 48+09 51+09 0.208 47+0.3 48+0.8 5.0 0.688
Z-score 5.0+32 6.7+ 3.1 0.091 53+15 48 +3.1 0.751
M"derate]f:sirhese"f MVRat 708 9%)  11/82 (13%) 0.457 2/25 (8%)  4/39 (10%)  1/14 (7%) 1.000
MV prolapse 28 (34%) 48 (58%) 0.003 5 (19%) 17 (43%) 6 (35%) 0.152
MV leaflet ng)apse location 19 38 0.063 5 1 3 0162
Isolated anterior 10 (53%) 11 (29%) 4 (80%) 6 (55%) 0
Isolated posterior 2 (11%) 1 (3%) 0 2 (18%) 0
Combined anterior and 7 (37%) 26 (68%) 1(20%) 3 (27%) 3 (100%)
posterior
Tricuspid valve prolapse 5/79 (6%) 33/82 (40%) <0.001 1/25 (4%) 4 (10%) 0/14 0.570

LV identifies left ventricle; LVEDD, LV end-diastolic diameter; LVESD, LV end-systolic diameter; MV, mitral valve;
MVR, MV regurgitation; and N, number of individuals. If less than total, we present the number of individuals with
available information behind a slash. ! Aortic root diameters were obtained at initial presentation to our centers
only in those 126 individuals who presented with native aortic roots.

2.3. Genetic Analyses

DNA was isolated from leukocytes by standard procedures. For Sanger sequencing, the coding
region and exon-intron boundaries of the gene of interest were amplified from genomic DNA. Amplicons
were directly sequenced using the ABI BigDye Terminator Sequencing Kit (Applied Biosystems, Foster
City, CA, USA) and an automated capillary sequencer (e.g. ABI 3500; Applied Biosystems). Sequence
electropherograms were analyzed using the Sequence Pilot software SeqPatient (JSI medical systems,
Ettenheim, Germany).

For targeted next-generation sequencing (NGS), enrichment of the regions of interest (ROI) was
performed with an Illumina Rapid Capture Custom Enrichment kit (Illumina, San Diego, CA, USA)
according to the manufacturer’s instructions. Briefly, following fragmentation of genomic DNA,
fragmented DNA was amplified and patient-specific (index) adapters were added by PCR. Samples
from 12 patients were combined into one single hybridization mix containing target-specific capture
probes. The DNA-probe hybrids were then captured with streptavidin beads, and non-targeted
DNA fragments as well as unspecific binding were removed by heated washes. Next, the captured
DNA library was eluted from the beads, purified and amplified by PCR. The concentration of each
library was measured by Qubit fluorometric quantification (Life Technologies, Carlsbad, CA, USA).
For generation of clusters and subsequent sequencing of the targeted DNA samples on a flow cell,
a sequencing reagent kit from Illumina was used. High-throughput NGS data were generated on
an Illumina sequencing platform. ROI sequences were aligned to the human reference genome
(hg19) and visualized and evaluated by the use of the Sequence Pilot module SeqNext (JSI Medical
Systems, Ettenheim, Germany) [36]. We classified sequence variants as pathogenic or likely pathogenic
variants according to the American College of Medical Genetics and Genomics and the Association
for Molecular Pathology standards and guidelines [37]. Molecular karyotyping (array comparative
genomic hybridization) was carried out on a clinical basis using the 180k Agilent array (Agilent, Santa
Clara, CA, USA) with a mean genome wide resolution of 100 kb (AMADID#027676, hg19/GRCh37).
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2.4. Clinical Events

We screened charts for major cardiovascular events comprising death of any cause, and all events
that required hospitalization for treatment of thoracic or abdominal aortic disease or heart valve
disorders. Events comprised death, and cardiovascular interventions, including proximal aortic surgery
with graft replacement involving the aortic root, distal aortic repair with endovascular or open repair,
and mitral valve surgery with reconstruction or replacement of the mitral valve. All aortic procedures
were carried out urgently with presence of dissection or rupture. All other aortic procedures were
elective, with timing according to the criteria of the current ESC guideline [38].

Proximal aortic surgery comprised aortic root replacement procedures including the
aortic-valve-sparing techniques according to David or to Yacoub, and composite valve grafting
procedures according to Bentall comprising aortic root replacement with a biological valve or with
a mechanical valve as described previously [39] (Table 3). Five of these procedures carried out in
Marfan syndrome extended into the aortic arch with usage of a frozen elephant trunk procedure in
three as described previously [40] (Table 3). For distal aortic repair we employed open techniques with
surgical placement of a prosthesis in the isolated thoracic aortic segment, or in the thoracoabdominal
segment, or in the abdominal aorta. We used endovascular techniques only in two individuals with
Marfan syndrome, as described previously [41] (Table 3). Surgery of the mitral valve was carried
out for severe regurgitation in all instances, with reconstruction of the valve whenever possible [42].
However, replacement with a biological or mechanical valve prosthesis was necessary in some
instances (Table 3). We assessed second events including death and reintervention with any second
cardiovascular intervention. We performed time to event analyses with baseline date as the date of
birth of each individual, and age at event, or age at final contact as recorded in the charts. Only for
time to reintervention analysis, we employed the date of initial intervention as baseline.

Table 3. Clinical events.

Outcome Variables Syndrome Group Loeys-Dietz Group by Causative Genes
Loeys-Dietz Marfan p TGFBR1  TGFBR2 SMAD3 p
Number of individuals 83 83 26 40 17
Deaths of any cause 8 (10%) 6 (7%) 0.781 2 (8%) 4 (10%) 2 (12%) 1.000
Deaths Of(;re‘;’rg‘l‘se byage 4 im 50 + 26 0.755 27-32 52 420 26-81 0570
Deaths by cause 0.867 0.829
Unknown 4 (50%) 2 (33%) 1 (50%) 2 (50%) 1 (50%)
Aorta-related 3 (38%) 2 (33%) 1 (50%) 2 (50%) 0
Heart—valvg related heart 1(13%) 1(17%) 0 0 1(50%)
failure
Heart failure of unknown 0 1(17%) 0 0 0
cause
Proximal aortic surgery 33 (40%) 37 (45%) 0.637 12 (46%) 18 (45%) 3 (18%) 0.119
Proximal aortic surgery by 34+14 35+16 0.864 31+10 36+ 17 39+7 0512
age (years)
Proximal aortic surgery by
indication/location
Urgent surgery o o o o o
(rupture/dissection) 11 (30%) 11 (30%) 0.800 5 (42%) 5 (28%) 1 (33%) 0.749
Surgery involving arch 2 2 (6%) 5 (14%) 0.434 2 (17%) 0 0 0.301
Proximal aortic surgery by 0.637 0153
technique
Aortic root reconstruction 23 (70%) 19 (51%) 8 (67%) 14 (78%) 1 (33%)
Aortic root replacement o o o o
(biological valve) 3 (9%) 3 (8%) 0 2 (11%) 1 (33%)
Aortic root replacement 7 (21%) 15 (41%) 4 (33%) 2 (11%) 1 (33%)

(mechanical valve)
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Table 3. Cont.

Outcome Variables Syndrome Group Loeys-Dietz Group by Causative Genes
Loeys-Dietz Marfan 4 TGFBR1 TGFBR2 SMAD3 4
Distal aortic repair 8 (10%) 7 (8%) 1.000 1 (4%) 7 (18%) 0 0.085
Distal aortic repairby age 4y, 45 38+ 11 0.536 23 43+14 0.272
(years)
Distal aortic repair by
indication/technique
Urgent surgery o o o
(rupture/dissection) 2 (25%) 2 (29%) 1.000 0 2 (29%) 0 1.000
Ele“‘lve surgery (true orfalse 50/ 5 (71%) 1 (100%) 5 (71%) 0
umen expansion)
Endovascu.lar (versus 0 2 (29%) 0.200 0 0 0
surgical)
Distal aortic repair by 0322 0500
location
Isolated thoracslc aortic repair 4 (50%) 4 (57%) 0.793 0 4 (57%) 0
Thoracoabdominal repair 1 (13%) 2 (29%) 0 1 (14%) 0
Isolated abdominal aortic 3 (38%) 1(14%) 1(100%) 2 (29%) 0
repair
Mitral valve surgery 6 (7%) 14 (17%) 0.093 0 3 (8%) 3 (18%) 0.063
Mitral valve surgery by age 7, 15 40+ 14 0.239 21-50 50-65 0.077
(years)
Mitral valve surgery by
indication
Urgent surgery 0 1(7%) 1.000 0 0 0
Mitral Valvelsurgery by 0.482 1.000
technique
Reconstruction 3 (50%) 9 (64%) 0 1 (33%) 2 (67%)
Biological valve prosthesis 1 (17%) 0 0 1 (33%) 0
Mechanical valve prosthesis 2 (33%) 5 (36%) 0 1 (33%) 1 (33%)
Number of events/individual 0.449 0.952
None 44 (53%) 41 (49%) 14 (54%) 20 (50%) 10 (59%)
One 28 (34%) 24 (29%) 10 (39%) 12 (30%) 6 (35%)
Two 7 (8%) 13 (16%) 1 (4%) 5 (13%) 1 (6%)
Three 3 (4%) 5 (6%) 1 (4%) 2 (5%) 0
Four 1(1%) 0 0 1 (3%) 0
First event in all individuals 39 (47%) 42 (51%) 0.756 12 (46%) 20 (50%) 7 (41%) 0.845
First event by age (years) 1 36 + 14 36 £ 16 0.977 31+10 37+16 45+ 13 0.141
First event by type 0.872 0.020
Death 2 (5%) 2 (5%) 0 1 (5%) 1 (14%)
Proximal aortic surgery 31 (80%) 36 (86%) 12 (100%) 16 (80%) 3 (43%)
Distal aortic intervention 2 (5%) 1(2%) 0 2 (10%) 0
Mitral valve surgery 4 (10%) 3 (7%) 0 1 (5%) 3 (43%)
First procedure by 37 40 12 19 6
Combined (versus isolated) 0 4(10%) 0116 0 0 0
procedure
Second event after non-lethal 11/37 18/40 o o o
et (30%) (45%) 0.239 212 (17%)  8/19 (42%)  1/6 (17%) 0.299
Second event by age (years) ! 46+ 19 40+ 15 0.387 23-32 47 +15 81 0.103
Second event by type 0.006 0.106
Death 3 (27%) 1 (6%) 1 (50%) 1 (13%) 1 (100%)
Proximal aortic surgery 2 (18%) 1 (6%) 0 2 (25%) 0
Distal aortic repair 6 (55%) 6 (33%) 1 (50%) 5 (63%) 0
Mitral valve surgery 0 10 (56%) 0 0 0
Distalaorticrepairby age 41,15 35411 0536 23 13+14 41+15 0272
(years)
Distal aortic repair as second 0318 1.000
event by indication
True aneurysm 3 (50%) 0 1 (100%) 2 (40%)
False lumen expansion after o o o
type A dissection 2 (33%) 4 (67%) 0 2 (40%)
False lumen expansion of 1(17%) 2 (33%) 0 1.(20%)

type-B dissection

! With less than four individuals per variable, we present the range of age, or the age of a single individual. 2 Three
of the five aortic arch procedures in Marfan syndrome (MFS) included a frozen elephant trunk procedure. 3 Two
of four isolated thoracic aortic repair procedures in Marfan syndrome were carried out as a combined arch and
descending aortic repair.
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2.5. Statistical Analyses

Unless otherwise specified, we expressed quantitative data as means + standard deviation and
qualitative data as numbers (percentage). We compared characteristics with the Kruskal-Wallis
test for continuous data and the generalized Fisher’s exact test for nominal and categorical data.
We investigated the influence of Loeys-Dietz syndrome versus Marfan syndrome, genetic cause,
systemic score points, and indication for genetic testing on the age at surgery with Kaplan-Meier
estimators to calculate the cumulative probability of event, with the Log rank to screen for meaningful
differences. For time-to-event analysis, we performed Cox regression analysis. We included variables
with p < 0.05 in a multivariable model to determine independent predictors with simple rather than
stepwise inclusion (Supplementary Tables). We employed receiver operating characteristic (ROC)
curve analysis to assess age, systemic score points, and aortic sinus diameters as discriminators of
increased versus lower risk for events (Figures S1-54). In this explorative study we considered p-values
as descriptive measures with values <0.05 only as indicators of inhomogeneity between groups, where
we did not apply methods such as cross validation or bootstrapping. We used IBM-SPSS software
(IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp) for
all statistical tests.

3. Results

3.1. Clinical Manifestations

In Loeys-Dietz syndrome, when compared to Marfan syndrome, a history of patent ductus
arteriosus was more prevalent, and mean craniofacial scores were higher. There was a trend towards
higher prevalence of a bicuspid aortic valve in Loeys-Dietz syndrome than in Marfan syndrome
(p = 0.059). Conversely, mitral valve prolapse and tricuspid valve prolapse were less prevalent, and
systemic score points were lower in Loeys-Dietz syndrome than in Marfan syndrome. Left ventricular
ejection fraction was higher in Loeys-Dietz syndrome compared to Marfan syndrome (p = 0.019), but
they did not differ with regard to other echocardiographic criteria (Table 2). Clinical manifestations
were comparable between the 3 causative genes in the Loeys-Dietz syndrome group (Table 2). Systemic
score points were lower in Loeys-Dietz syndrome detected by cascade screening than in Loeys-Dietz
syndrome detected by genetic testing performed for clinical suspicion of Loeys-Dietz syndrome.
However, all other clinical manifestations were distributed without incongruence between both groups
of indication for genetic testing (Table S1).

3.2. Death of Any Cause

Fourteen deaths occurred with similar frequency and at a similar age in the Loeys-Dietz syndrome
and the Marfan syndrome group. The cause of death was unknown in six individuals. The other
deaths resulted from aortic complications in five, and from heart failure in three, where heart valve
dysfunction was identified as the cause of heart failure in two (Table 3). The mean overall freedom
from death in the Loeys-Dietz syndrome group (75 + 3 years; 95% confidence interval (95% CI) 68-81)
was comparable to the Marfan syndrome group (73 + 2 years, 95% CI 69-78; p = 0.811). Within the
Loeys-Dietz syndrome group, mean freedom from death was similar with TGFBR1 (70 + 3 years, 95%
Cl64-77), TGFBR2 (73 + 5 years, 95% CI 63-83), and SMAD3 pathogenic variants (76 + 6 years, 95%
CI 64-89; p = 1.000; Figure 1). In Loeys-Dietz syndrome, higher age at initial contact was the only
independent predictor of death (hazard ratio (HR) = 0.888; 95%CI 0.823-0.958; p = 0.002; Table S2).
ROC analysis identified that an age of >31.5 years distinguished higher (78 + 3 years, 95% CI 72-84)
from lower probability of survival (35 + 1 year, 95% CI 33-37; p < 0.001; Figure S1).
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Figure 1. Survival. Kaplan-Meier curve analysis displays the cumulative probability of freedom from
death with comparison of both Loeys-Dietz syndrome (LDS) versus Marfan syndrome (MFS; left panel),

and LDS within group according to genes TGFBR1, TGFBR2 and SMAD3 (right panel).

3.3. Proximal Aortic Surgery

Seventy individuals had undergone proximal aortic surgery. The frequency, age at surgery, and
technique of proximal aortic surgery was comparable, both between the Loeys-Dietz syndrome and
the Marfan syndrome group, and between the three causative genes within the Loeys-Dietz syndrome
group. Surgery was elective in 48, and urgent in 22 individuals, with similar distribution both between
the Loeys-Dietz syndrome and Marfan syndrome group, and between the three causative genes within
the Loeys-Dietz syndrome group (Table 3). In seven individuals, comprising two individuals with
TGFBR1 pathogenic variant, and five with Marfan syndrome, proximal aortic surgery was extended
into the arch. Of those five individuals with Marfan syndrome, three underwent a frozen elephant
trunk procedure. Freedom from proximal aortic surgery was comparable between the Loeys-Dietz
syndrome (53 + 4 years; 95% CI 46-60) and the Marfan syndrome group (48 + 3 years; 95% CI 43-53;
p = 0.589; Figure 2). Within the Loeys-Dietz syndrome group, mean freedom from proximal aortic
surgery was similar with TGFBR1 (48 + 5 years, 95% CI 38-58), TGFBR2 (49 + 5 years, 95% CI 39-58),
and SMAD3 pathogenic variants (68 + 6 years, 95% CI 55-80; p = 0.143; Figure 2).
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Figure 2. Proximal aortic surgery. Kaplan-Meier curve analysis displays the cumulative probability of
freedom from proximal aortic surgery, with comparison of both Loeys-Dietz syndrome (LDS) versus
Marfan syndrome (MFS; left panel), and LDS within group according to genes TGFBR1, TGFBR2 and
SMAD3 (right panel).

In Loeys-Dietz syndrome, lower age at initial contact (HR = 0.748; 95% CI 0.658-0.849; p < 0.001),
and increased aortic sinus diameters were independent predictors of proximal aortic surgery (HR =4.176;
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95% CI1.721-10.133; p = 0.002). Higher systemic score points related marginally to an increased risk of
proximal aortic surgery in our multivariate model (HR = 1.175; 95% CI 0.990-1.394; p = 0.065), and
genetic testing for clinical suspicion versus cascade screening exhibited only univariate association
with proximal aortic surgery (Table S3). ROC analysis identified that an age <33.5 years at initial
presentation distinguished lower (28 + 1 years, 95% CI 26-31) from a higher probability of freedom from
proximal aortic surgery (61 + 4 years, 95% CI 53-63; p < 0.001; Figure S2). ROC analysis also established
that a systemic score >2 points separated lower (45 + 4 years, 95% CI 36-53) from higher probability of
freedom from proximal aortic surgery (55 + 5 years, 95% CI 46-64; p = 0.041; Figure S3), whereas the
ROC-based cut-off of an aortic sinus diameter > 3.45 cm at initial presentation did not distinguish lower
from higher actuarial freedom from proximal aortic surgery (Figure S4). Mean freedom from proximal
aortic surgery was lower in Loeys-Dietz syndrome with genetic testing performed for clinical suspicion
than in Loeys-Dietz syndrome with cascade screening, whereas freedom from death, from distal aortic
repair, and from mitral valve surgery exhibited no inhomogeneity between both indications for genetic
testing (Figures S5 and S6).

3.4. Distal Aortic Repair

Fifteen individuals underwent distal aortic repair with a comparable frequency and at comparable
age in the Loeys-Dietz syndrome and the Marfan syndrome group. Repair was performed urgently for
aortic dissection or rupture in two individuals in the Loeys-Dietz syndrome group and in the Marfan
syndrome group, respectively. Conversely, repair was performed electively for true or false lumen
expansion in six individuals in the Loeys-Dietz syndrome group, and five in the Marfan syndrome
group. Distal aortic repair was limited to the thoracic aorta in eight patients, to the abdominal aorta in
four patients and involved the thoracoabdominal aorta in three patients. Frequencies were similar
in the Loeys-Dietz syndrome and Marfan syndrome group. Two individuals with Marfan syndrome
underwent distal aortic repair with endovascular techniques, while all others underwent open surgical
repair (Table 3). The Loeys-Dietz syndrome group (72 + 3 years, 95% CI 66-78) and the Marfan
syndrome group showed comparable freedom from distal aortic repair (67 + 2 years, 95% CI 63-71;
p = 0.777). Within the Loeys-Dietz syndrome group, freedom from distal aortic repair was lower with
pathogenic variants in the TGFBR2 gene (p = 0.036; mean freedom from distal repair was not calculated
because all cases were censored; Figure 3). In Loeys-Dietz syndrome, systemic score points (HR =1.215;
95% CI 1.021-1.445; p = 0.028), and the presence of tricuspid valve prolapse showed only univariate
association with distal aortic repair (HR = 6.818; 95% CI 1.305-35.610; p = 0.023; Table S4).
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Marfan 83 67 40 ? 4 0 TGFBR2 40 34 16 3 0
SMAD3 17 13 7 2 1

Figure 3. Distal aortic repair. Kaplan-Meier curve analysis displays the cumulative probability of
freedom from distal aortic repair, with comparison of both Loeys-Dietz syndrome (LDS) versus Marfan

syndrome (MFS; left panel), and LDS within group according to genes TGFBR1, TGFBR2 and SMAD3
(right panel).
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3.5. Mitral Valve Surgery

Twenty individuals underwent mitral valve surgery with a similar frequency, at comparable
age, and with similar techniques in the Loeys-Dietz syndrome and Marfan syndrome group. One
individual underwent urgent mitral valve repair for infective endocarditis, whereas all other surgical
interventions were elective (Table 3). The Loeys-Dietz syndrome group (75 + 4 years, 95% CI 67-83)
and the Marfan syndrome group showed comparable freedom from mitral valve surgery (65 + 3 years,
95% CI 59-71; p = 0.108). Within the Loeys-Dietz syndrome group, freedom from mitral valve surgery
was similar irrespective of the specific gene with pathogenic variant (p = 0.064; mean freedom from
distal repair was not calculated because all cases were censored; Figure 4). Cox regression analysis did
not identify predictors of mitral valve surgery in Loeys-Dietz syndrome (Table S5).

74 S O - . LDS vs MFS B o S

s Cien T

Cumulative event-free survival (%)

Age at any mitral valve related event (years) Age at any mitral valve related event (years)

Log-rank test P=.108 Log-rank test P=.064

Numbers at risk: Numbers at risk:
Loeys-Dietz 83 7 35 6 1 TGFBR1 26 24 1 3 0
Marfan 83 68 44 8 0 TGFBR2 40 34 16 2 1

SMAD3 17 13 7 1 0
Figure 4. Mitral valve surgery. Kaplan—-Meier curve analysis displays the cumulative probability of
freedom from mitral valve surgery, with comparison of both Loeys-Dietz syndrome (LDS) versus
Marfan syndrome (MFS; left panel), and within LDS group according to genes TGFBR1, TGFBR2 and
SMAD3 (right panel).

3.6. Combined Procedures and Reinterventions

We performed combined procedures in four individuals with Marfan syndrome that all comprised
proximal aortic surgery in conjunction with mitral valve surgery. Thirty-nine individuals with
Loeys-Dietz syndrome, and 42 with Marfan syndrome experienced an initial event comprising death or
intervention. Among 77 survivors of initial events, 18 (45%) with Loeys-Dietz syndrome, and 11 (30%)
with Marfan syndrome experienced a second event. The most frequent reintervention was distal aortic
repair in the Loeys-Dietz syndrome group (55%), and mitral valve surgery in the Marfan syndrome
group (56%, p = 0.006). Distal aortic repair was necessary for false lumen expansion after previous type
A dissection in six, for false lumen expansion in chronic type B dissection in three, and for expansion of
true thoracic aneurysm in 3 other individuals in the Loeys-Dietz syndrome or in the Marfan syndrome
group (p = 0.318; Table 3). Mean freedom from reintervention was 20 + 3 years (95% CI 11-40) with
Loeys-Dietz syndrome, and 14 + 2 years (95%CI 9-18) with Marfan syndrome (p = 0.112). Within the
Loeys-Dietz syndrome group, mean freedom from reintervention was comparable irrespective the
specific gene with pathogenic variant (p = 0.124; mean freedom from reintervention was not calculated
because all cases were censored; Figure 5).



J. Clin. Med. 2019, 8, 2079 12 0f 18

LDS vs MFS N (5 LDS ONLY
MFS L TGFBR1
16

Cumulative event-free survival (%)

o 10 EY E) “© 0 10 ) ©

Years from first intervention to second intervention Years from first intervention to second intervention

Log-rank test P=.112 Log-rank test P=.124
Numbers at risk: Numbers at risk:
Loeys-Dietz 34 8 - ) | TGFBR1 11 3 1 0
Marfan 39 12 1 0 TGFBR2 18 4 2 0
SMAD3 5 1 0 0
Figure 5. Reinterventions. Kaplan—Meier curve analysis displays the cumulative probability of freedom
from reintervention, with comparison of both Loeys-Dietz syndrome (LDS) versus Marfan syndrome

(MFS; left panel), and within LDS group according to genes TGFBR1, TGFBR2 and SMAD3 (right panel).
4. Discussion

This multicenter study compared cardiovascular outcome in a large group of Loeys-Dietz syndrome
patients to a matched group of individuals with Marfan syndrome. We applied a case-matched design
to minimize selection bias in the composition of the Marfan syndrome control group. Loeys-Dietz
syndrome was specifically associated with a history of patent ductus arteriosus and increased
craniofacial scores. Loeys-Dietz syndrome had lower systemic score points and a lower prevalence of
mitral valve prolapse and tricuspid valve prolapse than Marfan syndrome. Our study demonstrated
similar risk of death, proximal aortic surgery, distal aortic repair, mitral valve surgery, and cardiovascular
reinterventions in Loeys-Dietz syndrome and Marfan syndrome. An increased risk of Loeys-Dietz
syndrome for proximal aortic surgery was related to age <33.5 years at initial presentation, to systemic
score >2 points, and to a genetic testing performed for clinical suspicion of Loeys-Dietz syndrome
rather than for family screening of Loeys-Dietz syndrome.

4.1. Clinical Manifestations

As confirmed in the literature, a history of patent ductus arteriosus as well as increased craniofacial
scores were common features of Loeys-Dietz syndrome but not of Marfan syndrome. Previous
investigations suggested aortic rupture at smaller aortic diameters in Loeys-Dietz syndrome than in
Marfan syndrome [5,8]. However, our case-matched study yielded comparable aortic sinus diameters
without aortic rupture or dissection, both in Loeys-Dietz syndrome and Marfan syndrome. Our high
prevalence of mitral valve prolapse in Loeys-Dietz syndrome confirmed findings in a previous series of
TGFBR1- and TGFBR? pathogenic variants [17,22]. In Marfan syndrome, the prevalence of mitral valve
prolapse varied widely across studies, which reflects the use of a wide range of echocardiographic
methods and criteria [32]. Therefore, in the current study we uniformly applied standard criteria of
mitral valve prolapse [33], and echocardiography was performed exclusively by expert examiners, with
joint off-line interpretation of imaging material together with at least one additional board-certified
cardiologist. A bicuspid aortic valve was present in 6% of our Loeys-Dietz syndrome group, and in
6% in a surgical series of Loeys-Dietz syndrome in the literature [24]. Our Marfan syndrome group
did not include individuals with a bicuspid aortic valve. However, some investigators identified a
bicuspid aortic valve in up to 5% of individuals with Marfan syndrome [43,44]. Our study observed
preserved systolic left ventricular function and normal left ventricular dimensions in a large group of
individuals with Loeys-Dietz syndrome, but myocardial dysfunction and diffuse myocardial fibrosis is
known to occur in Loeys-Dietz syndrome [45].
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4.2. Death of Any Cause

In our study mean freedom from death was strikingly similar in Loeys-Dietz syndrome (75 + 3 years)
and Marfan syndrome (73 + 2 years). Recent literature corroborated similar survival in individuals
with TGFBR2 and FBN1 pathogenic variants [17], and showed no difference between TGFBR1 und
TGFBR?2 pathogenic variants [22]. Earlier studies of Loeys-Dietz syndrome were likely to include
younger individuals with malignant phenotypes who had not undergone structured management
revealing significant attrition due to systemic complications during the follow-up [8]. In our study,
death resulted from aortic complications or from heart failure, but the cause of death was unknown
in 50% of Loeys-Dietz syndrome. The literature confirmed aortic disease as a leading cause of death
in Loeys-Dietz syndrome [22,25], but it also underpinned that the cause of death was unknown in
a large number of cases [23,24]. In our study, the only predictor of death was increased age, where
we established >31.5 years at initial presentation as threshold of increased risk. Individuals with
delayed initial presentation had limited prospect of survival because they had already experienced
complications such as acute aortic dissection.

4.3. Proximal Aortic Surgery

In our study the frequency and mean age at proximal aortic surgery was similar in both syndromes.
Recent studies corroborate a similar frequency of aortic surgery in Loeys-Dietz syndrome and Marfan
syndrome, which is carried out at a similar age in both syndromes [17,24,25]. In both groups,
Loeys-Dietz syndrome and Marfan syndrome, 30% of surgeries of the proximal aorta were carried out
urgently for acute dissection and rupture. The prevalence of type A aortic dissection in Loeys-Dietz
syndrome was as high as 64% in some clinics [21], but most high-volume centers report frequencies of
type A dissection between 15% and 20% [22,23]. In our centers, in all individuals with acute dissection
or rupture of the proximal aorta the diagnosis of Loeys-Dietz syndrome was unknown prior to urgent
surgery. This finding reflects the problem of time delay in the diagnosis of rare diseases such as
Loeys-Dietz syndrome or Marfan syndrome [6]. Finally, in our series, 17% of TGFBR1 pathogenic
variants required extension of proximal aortic surgery into the aortic arch, where others reported aortic
arch replacement in 11%, 18% and 45% of Loeys-Dietz syndrome patients [21,24,25]. A surgical series
of Loeys-Dietz syndrome confirmed high rates of proximal aortic surgery, where 18% with TGFBR1,
48% with TGFBR2, and 27% with SMAD3 pathogenic variants underwent surgery [25].

Besides enlarged aortic sinus diameters, our study identified (i) higher systemic score points, (ii)
lower age at initial presentation, and (iii) genetic testing performed for clinical suspicion of Loeys-Dietz
syndrome as potential risk factors of proximal aortic surgery. These predictors were likely to reflect
more severe phenotypes of Loeys-Dietz syndrome, where (i) higher systemic score points indicated
severe systemic manifestations of Loeys-Dietz syndrome. Accordingly, presence of more severe
phenotypes may have prompted both (ii) lower age at presentation, and (iii) clinical suspicion of
Loeys-Dietz syndrome as indication for genetic testing.

4.4. Distal Aortic Repair

In our study, 10% of Loeys-Dietz syndrome and 8% of Marfan syndrome required distal aortic
repair. The literature reports surgery of the descending in 4% of TGFBR2 and in 2% of FBN1 pathogenic
variants carriers, which is similar to our findings [17]. In our study, distal aortic repair was carried out
urgently for acute aortic dissection or rupture in 25% of Loeys-Dietz syndrome, and 29% of Marfan
syndrome. The literature reported acute dissection of the descending aorta in 3% [23] and 13% [25] of
Loeys-Dietz syndrome. In our study, distal aortic repair involved the thoracic or the thoracoabdominal
part of the descending aorta in 1% with Loeys-Dietz syndrome and 2% with Marfan syndrome, where
others reported thoracoabdominal repair in 4% with Loeys-Dietz syndrome [24]. All of our Loeys-Dietz
syndrome patients underwent open surgical repair, but placement of stent grafts was reported in these
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patients [46]. Our study demonstrated freedom from distal aortic repair until 72 + 3 and 67 + 2 years
of age in Loeys-Dietz syndrome and Marfan syndrome, respectively.

4.5. Mitral Valve Surgery

In our study, the prevalence of mitral valve prolapse was lower in Loeys-Dietz syndrome than in
Marfan syndrome, but the frequency of mitral valve surgery was similar in both groups. Our study
identified a somewhat higher frequency of mitral valve surgery with SMAD3 (18%) compared to
TGFBR2 (8%), and TGFBR1 (0%) pathogenic variants. Similarly, a Norwegian series of Loeys-Dietz
syndrome found only individuals with SMAD3 pathogenic variants to require mitral valve surgery,
with a high frequency of 5 out of 11 individuals [23].

4.6. Combined Procedures and Reinterventions

In our study, combined procedures were performed in 10% of Marfan syndrome, but not in
Loeys-Dietz syndrome. However, a surgical series of 33 individuals with Loeys-Dietz syndrome and
aortic surgery reported a broad spectrum of concomitant procedures including mitral valve surgery and
coronary artery bypass grafting in two individuals, respectively, and septal myectomy and atrial septal
aneurysm repair in one patient, respectively [25]. Our study showed that the frequency of reintervention
was slightly lower and freedom from reintervention tended to be longer with Loeys-Dietz syndrome
compared to Marfan syndrome. Previous studies emphasized a high frequency of reintervention
in Loeys-Dietz syndrome [21,24,25], but Patel et al confirmed considerable (47.8%) freedom from
subsequent operations after cardiovascular surgery in Loeys-Dietz syndrome at 10 years after initial
surgery in 79 individuals with Loeys-Dietz syndrome [24]. In our study, reintervention was necessary
at the distal aorta for false lumen expansion after dissection rather than for true aneurysm formation.

4.7. Study Limitations

The sample size of our study was limited, and larger multicenter studies are needed for better
generalization of study results. However, all three participating centers recruited their patients from the
populations of their respective metropole area or country, who represented a relatively unbiased cohort
of consecutive individuals with Loeys-Dietz syndrome and Marfan syndrome. The outcome variables
death of any cause, distal aortic repair, and mitral valve surgery exhibited less than 10 events, and
therefore hazard ratios of Cox regression analysis needed to be considered with caution. However, we
double checked associations of variables with events also with Kaplan-Meier curve analysis, where we
employed ROC-based thresholds for continuous variables. Unlike with Marfan syndrome, there is no
international consensus guideline on diagnostic criteria of Loeys-Dietz syndrome, which may account
for variability of Loeys-Dietz syndrome phenotypes with heterogeneous cardiovascular outcomes
across different cohorts of Loeys-Dietz syndrome reported in the literature. Finally, we did not consider
genes encoding TGF-beta ligands TGFB2 and TGFB3, or SMAD?2, although these were described
recently to contribute to Loeys-Dietz syndrome [15]. The main reason was that only four individuals
in our three centers exhibited nucleotide variants in these genes which was not enough for statistical
analysis in this study.

5. Conclusions

Cardiovascular outcome of Loeys-Dietz syndrome was comparable to Marfan syndrome, but
the severity of systemic manifestations is a predictor of proximal aortic surgery. However, large
multicenter studies may be necessary to further elucidate the impact of aortic and systemic features on
cardiovascular outcome in Loeys-Dietz Syndrome.



J. Clin. Med. 2019, 8, 2079 150f18

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/12/2079/s1,
Figure S1: ROC analysis of age as discriminator of risk for death; Figure S2: ROC analysis of age as discriminator
of risk for proximal aortic surgery; Figure S3: ROC analysis of systemic score points as discriminator of risk
for proximal aortic surgery; Figure S4: ROC analysis of aortic sinus diameters as discriminator of risk for
proximal aortic surgery; Figure S5: Kaplan-Meier curve analysis of death and proximal aortic surgery according
to indication for genetic testing; Figure S6: Kaplan-Meier curve analysis of distal aortic repair and mitral valve
surgery according to indication for genetic testing; Table S1: Clinical manifestations according to indication
for genetic testing in the Loeys-Dietz group; Table S2: Death of any cause in 83 individuals with Loeys-Dietz
syndrome (LDS); Table S3: Proximal aortic surgery in 83 individuals with Loeys-Dietz syndrome (LDS); Table S4:
Distal aortic repair in 83 individuals with Loeys-Dietz syndrome (LDS); Table S5: Mitral valve surgery in 83
individuals with Loeys-Dietz syndrome (LDS).

Author Contributions: Conceptualization, Y.V.K., ].B. (Jiirgen Berger) and H.K.; Data curation, K.M., Y.VK., KK.
and ].B. (Jiirgen Berger); Formal analysis, Y.V.K,, ].B. (Jiirgen Berger) and K.S.; Funding acquisition, Y.V.K. and
H.K,; Investigation, K.M., ].D.B., LM.M,, ].B. (Jens Brickwedel), E.G., TSM., N.T,, A.S.,, HS.,, AM.B,, TK,, C.D,,
K.S. and HK.; Methodology, YVK., AM,, ].B. (Jiirgen Berger) and C.D.; Project administration, Y. VK., AM.,
L.S., K.S. and HK; Supervision, ].D.B., Y.VK., K.K,, J.B. (Jiirgen Berger) and H.K.; Validation, ].D.B. and K.K;
Visualization, K.M.; Writing—original draft, KM., Y.VK. and K.S.; Writing—review & editing, KM., ].D.B., Y.VK,,
KK., L.MM,, ].B. (Jens Brickwedel), E.G., TS.M., AM., N.T., AS,, LS., HS., AM.B., S.B.,, TK.,C.D.,, K.S. and HK.

Funding: Julie De Backer is funded as Senior Clinical Researcher by the Research Foundation Flanders and
obtained funding from a grant from the Ballet Latour Funds

Conflicts of Interest: The authors declare that no competing interests exist.

References

1. Pyeritz, R.E. Heritable thoracic aortic disorders. Curr. Opin. Cardiol. 2014, 29, 97-102. [CrossRef] [PubMed]
Marfan, A.B.-J. Un cas de déformation congenital des quatre membres plus pronouncée aux extrémitiés
charactérisée par 'allongement des os avec un certain degré d’amonassesment. Bull. Mem. Soc. Med. Hop.
1896, 13, 220-226.

3. Beighton, P.; De Paepe, A.; Danks, D.; Finidori, G.; Gedde-Dahl, T.; Goodman, R.; Hall, ].G.; Hillister, D.W.;
Horton, W.; McKusick, V.A ; et al. International nosology of heritable disorders of connective tissue, Berlin,
1986. Am. |. Med. Genet. 1988, 29, 581-594. [CrossRef] [PubMed]

4. De Paepe, A.; Devereux, R.B.; Dietz, H.C.; Hennekam, R.C.; Pyeritz, R.E. Revised diagnostic criteria for the
Marfan syndrome. Am. J. Med. Genet. 1996, 62, 417-426. [CrossRef]

5. Loeys, B.L,; Dietz, H.C.; Braverman, A.C.; Callewaert, B.L.; De Backer, J.; Devereux, R.B.; Hilhorst-Hofstee, Y.;
Jondeau, G.; Faivre, L.; Milewicz, D.M.; et al. The revised Ghent nosology for the Marfan syndrome. J. Med.
Genet. 2010, 47, 476-485. [CrossRef]

6. von Kodolitsch, Y.; De Backer, J.; Schiiler, H.; Bannas, P.; Behzadi, C.; Bernhardt, A.M.; Hillebrand, M.;
Fuisting, B.; Sheikhzadeh, S.; Rybczynski, M.; et al. Perspectives on the revised Ghent criteria for the
diagnosis of Marfan syndrome. Appl. Clin. Genet. 2015, 8, 137-155. [CrossRef]

7. Loeys, B.L.; Chen, ].; Neptune, E.R.; Judge, D.P.; Podowski, M.; Holm, T.; Meyers, J.; Leitch, C.C.; Katsanis, N.;
Sharifi, N.; et al. A syndrome of altered cardiovascular, craniofacial, neurocognitive and skeletal development
caused by mutations in TGFBR1 or TGFBR2. Nat. Genet. 2005, 37, 275-281. [CrossRef]

8.  Loeys, B.L.; Schwarze, U.; Holm, T.; Callewaert, B.L.; Thomas, G.H.; Pannu, H.; De Backer, J.E; Oswald, G.L.;
Symoens, S.; Manouvrier, S.; et al. Aneurysm syndromes caused by mutations in the TGF-beta receptor. N.
Engl. ]. Med. 2006, 355, 788-798. [CrossRef]

9. Micha, D.; Guo, D.C.; Hilhorst-Hofstee, Y.; van Kooten, E; Atmaja, D.; Overwater, E.; Cayami, FK;
Regalado, E.S.; van Uffelen, R.; Venselaar, H.; et al. SMAD2 Mutations are associated with arterial aneurysms
and dissections. Hum. Mutat. 2015, 36, 1145-1149. [CrossRef]

10. van de Laar, LM.; Oldenburg, R.A.; Pals, G.; Roos-Hesselink, ].W.; de Graaf, B.M.; Verhagen, ].M.;
Hoedemaekers, Y.M.; Willemsen, R.; Severijnen, L.A.; Venselaar, H.; et al. Mutations in SMAD3 cause a
syndromic form of aortic aneurysms and dissections with early-onset osteoarthritis. Nat. Genet. 2011, 43,
121-126. [CrossRef]

11. Boileau, C.; Guo, D.C.; Hanna, N.; Regalado, E.S.; Detaint, D.; Gong, L.; Varret, M.; Prakash, SK,; Li, A H.;
d’Indy, H.; et al. TGFB2 mutations cause familial thoracic aortic aneurysms and dissections associated with
mild systemic features of Marfan syndrome. Nat. Genet. 2012, 44, 916-921. [CrossRef] [PubMed]


http://www.mdpi.com/2077-0383/8/12/2079/s1
http://dx.doi.org/10.1097/HCO.0000000000000023
http://www.ncbi.nlm.nih.gov/pubmed/24284977
http://dx.doi.org/10.1002/ajmg.1320290316
http://www.ncbi.nlm.nih.gov/pubmed/3287925
http://dx.doi.org/10.1002/(SICI)1096-8628(19960424)62:4&lt;417::AID-AJMG15&gt;3.0.CO;2-R
http://dx.doi.org/10.1136/jmg.2009.072785
http://dx.doi.org/10.2147/TACG.S60472
http://dx.doi.org/10.1038/ng1511
http://dx.doi.org/10.1056/NEJMoa055695
http://dx.doi.org/10.1002/humu.22854
http://dx.doi.org/10.1038/ng.744
http://dx.doi.org/10.1038/ng.2348
http://www.ncbi.nlm.nih.gov/pubmed/22772371

J. Clin. Med. 2019, 8, 2079 16 of 18

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Bertoli-Avella, A.M.; Gillis, E.; Morisaki, H.; Verhagen, ] M.A_; de Graaf, B.M.; van de Beek, G.; Gallo, E.;
Kruithof, B.P.T.; Venselaar, H.; Myers, L.A ; et al. Mutations in a TGF-beta ligand, TGFB3, cause syndromic
aortic aneurysms and dissections. J. Am. Coll. Cardiol. 2015, 65, 1324-1336. [CrossRef] [PubMed]

van de Laar, LM.; van der Linde, D.; Oei, E.H.; Bos, PK.; Bessems, J.H.; Bierma-Zeinstra, S.M.; van
Meer, B.L.; Pals, G.; Oldenburg, R.A.; Bekkers, J.A.; et al. Phenotypic spectrum of the SMAD3-related
aneurysms-osteoarthritis syndrome. J. Med. Genet. 2012, 49, 47-57. [CrossRef] [PubMed]

Kuechler, A.; Altmuller, J.; Nurnberg, P.; Kotthoff, S.; Kubisch, C.; Borck, G. Exome sequencing identifies a
novel heterozygous TGFB3 mutation in a disorder overlapping with Marfan and Loeys-Dietz syndrome.
Mol. Cell Probes. 2015, 29, 330-334. [CrossRef]

Schepers, D.; Tortora, G.; Morisaki, H.; MacCarrick, G.; Lindsay, M.; Liang, D.; Mehta, S.G.; Hague, J.;
Verhagen, J.; van de Laar, I; et al. A mutation update on the LDS-associated genes TGFB2/3 and SMAD2/3.
Hum. Mutat. 2018, 39, 621-634. [CrossRef]

Engelfriet, PM.; Boersma, E.; Tijssen, ].G.; Bouma, B.J.; Mulder, B.J. Beyond the root: Dilatation of the distal
aorta in Marfan’s syndrome. Heart 2006, 92, 1238-1243. [CrossRef]

Attias, D.; Stheneur, C.; Roy, C.; Collod-Beroud, G.; Detaint, D.; Faivre, L.; Delrue, M.A.; Cohen, L.;
Francannet, C.; Beroud, C.; et al. Comparison of clinical presentations and outcomes between patients with
TGFBR2 and FBN1 mutations in Marfan syndrome and related disorders. Circulation 2009, 120, 2541-2549.
[CrossRef]

Girdauskas, E.; Schulz, S.; Borger, M.A.; Mierzwa, M.; Kuntze, T. Transforming Growth Factor-Beta Receptor
Type II Mutation in a patient with bicuspid aortic valve disease and intraoperative aortic dissection. Ann.
Thorac. Surg. 2011, 91, e70-e71. [CrossRef]

Iba, Y.; Minatoya, K.; Matsuda, H.; Sasaki, H.; Tanaka, H.; Morisaki, H.; Morisaki, T.; Kobayashi, J.; Ogino, H.
Surgical experience with aggressive aortic pathologic process in Loeys-Dietz syndrome. Ann. Thorac. Surg.
2012, 94, 1413-1417. [CrossRef]

Kari, FA.; Russe, M.E,; Peter, P; Blanke, P.; Rylski, B.; Euringer, W.; Beyersdorf, E.; Siepe, M. Late complications
and distal growth rates of Marfan aortas after proximal aortic repair. Eur. J. Cardiothorac. Surg. 2013, 44,
163-171. [CrossRef]

Williams, J.A.; Hanna, J.M.; Shah, A.A.; Andersen, N.D.; McDonald, M.T.; Jiang, Y.H.; Wechsler, S.B.;
Zomorodi, A.; McCann, R.L.; Hughes, G.C. Adult surgical experience with Loeys-Dietz syndrome. Ann.
Thorac. Surg. 2015, 99, 1275-1281. [CrossRef] [PubMed]

Jondeau, G.; Ropers, J.; Regalado, E.; Braverman, A.; Evangelista, A.; Teixedo, G.; De Backer, J;
Muino-Mosquera, L.; Naudion, S.; Zordan, C.; et al. International registry of patients carrying TGFBR1 or
TGFBR2 Mutations: Results of the MAC (Montalcino Aortic Consortium). Circ. Cardiovasc. Genet. 2016, 9,
548-558. [CrossRef] [PubMed]

Krohg-Sorensen, K.; Lingaas, P.S.; Lundblad, R.; Seem, E.; Paus, B.; Geiran, O.R. Cardiovascular surgery in
Loeys-Dietz syndrome types 1-4. Eur. ]. Cardiothorac. Surg. 2017. [CrossRef] [PubMed]

Patel, N.D.; Crawford, T.; Magruder, J.T.; Alejo, D.E.; Hibino, N.; Black, J.; Dietz, H.C.; Vricella, L.A;
Cameron, D.E. Cardiovascular operations for Loeys-Dietz syndrome: Intermediate-term results. J. Thorac.
Cardiovasc. Surg. 2017, 153, 406—412. [CrossRef] [PubMed]

Aftab, M.; Cikach, ES.; Zhu, Y.; Idrees, ]J.J.; Rigelsky, C.M.; Kalahasti, V.; Roselli, E.E.; Svensson, L.G.
Loeys-Dietz syndrome: Intermediate-term outcomes of medically and surgically managed patients. J. Thorac.
Cardiovasc. Surg. 2019, 157, 439-450. [CrossRef]

Hostetler, E.M.; Regalado, E.S.; Guo, D.C.; Hanna, N.; Arnaud, P.; Muino-Mosquera, L.; Callewaert, B.L.;
Lee, K.; Leal, S.M.; Wallace, S.E.; et al. SMAD3 pathogenic variants: Risk for thoracic aortic disease and
associated complications from the montalcino aortic consortium. J. Med. Genet. 2019. [CrossRef]

von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gotzsche, P.C.; Vandenbroucke, J.P. The Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) Statement: Guidelines for reporting
observational studies. Int. J. Surg. 2014, 12, 1495-1499. [CrossRef]

Kiihne, K.; Keyser, B.; Groene, E.E,; Sheikhzadeh, S.; Detter, C.; Lorenzen, V.; Hillebrand, M.; Bernhardt, A.M.].;
Hoffmann, B.; Mir, T.S.; et al. FBN1 gene mutation characteristics and clinical features for the prediction of
mitral valve disease progression. Int. J. Cardiol. 2013, 168, 953-959. [CrossRef]


http://dx.doi.org/10.1016/j.jacc.2015.01.040
http://www.ncbi.nlm.nih.gov/pubmed/25835445
http://dx.doi.org/10.1136/jmedgenet-2011-100382
http://www.ncbi.nlm.nih.gov/pubmed/22167769
http://dx.doi.org/10.1016/j.mcp.2015.07.003
http://dx.doi.org/10.1002/humu.23407
http://dx.doi.org/10.1136/hrt.2005.081638
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.887042
http://dx.doi.org/10.1016/j.athoracsur.2010.12.060
http://dx.doi.org/10.1016/j.athoracsur.2012.05.111
http://dx.doi.org/10.1093/ejcts/ezs674
http://dx.doi.org/10.1016/j.athoracsur.2014.11.021
http://www.ncbi.nlm.nih.gov/pubmed/25678502
http://dx.doi.org/10.1161/CIRCGENETICS.116.001485
http://www.ncbi.nlm.nih.gov/pubmed/27879313
http://dx.doi.org/10.1093/ejcts/ezx147
http://www.ncbi.nlm.nih.gov/pubmed/28541520
http://dx.doi.org/10.1016/j.jtcvs.2016.10.088
http://www.ncbi.nlm.nih.gov/pubmed/27955909
http://dx.doi.org/10.1016/j.jtcvs.2018.03.172
http://dx.doi.org/10.1136/jmedgenet-2018-105583
http://dx.doi.org/10.1016/j.ijsu.2014.07.013
http://dx.doi.org/10.1016/j.ijcard.2012.10.044

J. Clin. Med. 2019, 8, 2079 17 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Weinrich, ].M.; Lenz, A.; Girdauskas, E.; Adam, G.; von Kodolitsch, Y.; Bannas, P. Current and emerging
imaging techniques in patients with genetic aortic syndromes. RoFo 2019. [CrossRef]

Sheikhzadeh, S.; Brockstaedt, L.; Habermann, C.R.; Sondermann, C.; Bannas, P.; Mir, T.S.; Staebler, A.;
Seidel, H.; Keyser, B.; Arslan-Kirchner, M.; et al. Dural ectasia in Loeys-Dietz syndrome: Comprehensive
study of 30 patients with a TGFBR1 or TGFBR2 mutation. Clin. Genet. 2014, 86, 545-551. [CrossRef]
Rybczynski, M.; Bernhardt, A.M.; Rehder, U.; Fuisting, B.; Meiss, L.; Voss, U.; Habermann, C.; Detter, C.;
Robinson, PN.; Arslan-Kirchner, M.; et al. The spectrum of syndromes and manifestations in individuals
screened for suspected Marfan syndrome. Am. ]. Med. Genet. A 2008, 146, 3157-3166. [CrossRef] [PubMed]
Rybczynski, M.; Mir, T.S.; Sheikhzadeh, S.; Bernhardt, A.M.; Schad, C.; Treede, H.; Veldhoen, S.; Groene, E.F.;
Kuhne, K.; Koschyk, D.; et al. Frequency and age-related course of mitral valve dysfunction in the Marfan
syndrome. Am. J. Cardiol. 2010, 106, 1048-1053. [CrossRef] [PubMed]

Freed, L.A.; Levy, D.; Levine, R.A.; Larson, M.G.; Evans, J.C.; Fuller, D.L.; Lehman, B.; Benjamin, E.J.
Prevalence and clinical outcome of mitral-valve prolapse. N. Engl. ]. Med. 1999, 341, 1-7. [CrossRef]
[PubMed]

Gautier, M.; Detaint, D.; Fermanian, C.; Aegerter, P.; Delorme, G.; Arnoult, F; Milleron, O.; Raoux, F;
Stheneur, C.; Boileau, C.; et al. Nomograms for aortic root diameters in children using two-dimensional
echocardiography. Am. J. Cardiol. 2010, 105, 888-894. [CrossRef] [PubMed]

Devereux, R.B.; de Simone, G.; Arnett, D.K.; Best, L.G.; Boerwinkle, E.; Howard, B.V.; Kitzman, D.; Lee, E.T,;
Mosley, T.H., Jr.; Weder, A.; et al. Normal limits in relation to age, body size and gender of two-dimensional
echocardiographic aortic root dimensions in persons >15 years of age. Am. |. Cardiol. 2012, 110, 1189-1194.
[CrossRef] [PubMed]

Renner, S.; Schuler, H.; Alawi, M.; Kolbe, V.; Rybczynski, M.; Woitschach, R.; Sheikhzadeh, S.; Stark, V.C.;
Olfe, J.; Roser, E.; et al. Next-generation sequencing of 32 genes associated with hereditary aortopathies and
related disorders of connective tissue in a cohort of 199 patients. Genet. Med. 2019. [CrossRef]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.;
Spector, E.; et al. Standards and guidelines for the interpretation of sequence variants: A joint consensus
recommendation of the American college of medical genetics and genomics and the association for molecular
pathology. Genet. Med. 2015. [CrossRef]

Erbel, R.; Aboyans, V.; Boileau, C.; Bossone, E.; Bartolomeo, R.D.; Eggebrecht, H.; Evangelista, A.; Falk, V.;
Frank, H.; Gaemperli, O.; et al. 2014 ESC Guidelines on the diagnosis and treatment of aortic diseases. Eur.
Heart J. 2014, 35, 2873-2926.

Bernhardt, A.M.; Treede, H.; Rybczynski, M.; Sheikzadeh, S.; Kersten, J.F.; Meinertz, T.; von Kodolitsch, Y.;
Reichenspurner, H. Comparison of aortic root replacement in patients with Marfan syndrome. Eur. .
Cardiothorac. Surg. 2011, 40, 1052-1057. [CrossRef]

Detter, C.; Demal, T.].; Bax, L.; Tsilimparis, N.; Koelbel, T.; von Kodolitsch, Y.; Vettorazzi, E.; Reichenspurner, H.;
Brickwedel, J. Simplified frozen elephant trunk technique for combined open and endovascular treatment of
extensive aortic diseases. Eur. ]. Cardiothorac. Surg. 2019. [CrossRef]

Kolbel, T.; Tsilimparis, N.; Mani, K.; Rohlffs, F.; Wipper, S.; Debus, E.S.; Kodolitsch, Y.V.; Wanhainen, A.
Physician-modified thoracic stent-graft with low distal radial force to prevent distal stent-graft-induced new
entry tears in patients with genetic aortic syndromes and aortic dissection. J. Endovasc. Ther. 2018. [CrossRef]
[PubMed]

Bernhardt, A.M.; Treede, H.; Detter, C.; Rybczynski, M.; Sheikhzadeh, S.; Wagner, EM.; Von Kodolitsch, Y.;
Reichenspurner, H. Results of modern mitral valve repair in patients with Marfan syndrome. Thorac.
Cardiovasc. Surg. 2014, 62, 35-41. [PubMed]

Nistri, S.; Porciani, M.C.; Attanasio, M.; Abbate, R.; Gensini, G.F,; Pepe, G. Association of Marfan syndrome
and bicuspid aortic valve: Frequency and outcome. Int. J. Cardiol. 2012, 155, 324-325. [CrossRef] [PubMed]
Holmes, K.W.; Silberbach, G.M.; Liliana, P.; Maslen, C.L.; Dietz, H.C.; Ravekes, W.J.; LeMaire, S.A.;
Milewicz, D.M.; Devereux, R.; Roman, M.J.; et al. Abstract 13178: Bicuspid aortic valve and marfan
syndrome: Two strikes? Circulation 2019, 128, A13178.


http://dx.doi.org/10.1055/a-0914-3321
http://dx.doi.org/10.1111/cge.12308
http://dx.doi.org/10.1002/ajmg.a.32595
http://www.ncbi.nlm.nih.gov/pubmed/19012347
http://dx.doi.org/10.1016/j.amjcard.2010.05.038
http://www.ncbi.nlm.nih.gov/pubmed/20854973
http://dx.doi.org/10.1056/NEJM199907013410101
http://www.ncbi.nlm.nih.gov/pubmed/10387935
http://dx.doi.org/10.1016/j.amjcard.2009.11.040
http://www.ncbi.nlm.nih.gov/pubmed/20211339
http://dx.doi.org/10.1016/j.amjcard.2012.05.063
http://www.ncbi.nlm.nih.gov/pubmed/22770936
http://dx.doi.org/10.1038/s41436-019-0435-z
http://dx.doi.org/10.1038/gim.2015.30
http://dx.doi.org/10.1016/j.ejcts.2011.02.018
http://dx.doi.org/10.1093/ejcts/ezz082
http://dx.doi.org/10.1177/1526602818774795
http://www.ncbi.nlm.nih.gov/pubmed/29737239
http://www.ncbi.nlm.nih.gov/pubmed/23839872
http://dx.doi.org/10.1016/j.ijcard.2011.12.009
http://www.ncbi.nlm.nih.gov/pubmed/22225761

J. Clin. Med. 2019, 8, 2079 18 of 18

45. Karur, G.R; Pagano, ].J.; Bradley, T.; Lam, C.Z; Seed, M.; Yoo, S.J.; Grosse-Wortmann, L. Diffuse myocardial
fibrosis in children and adolescents with marfan syndrome and loeys-dietz syndrome. J. Am. Coll. Cardiol.
2018, 72, 2279-2281. [CrossRef] [PubMed]

46. Minatoya, K.; Inoue, Y.; Seike, Y.; Omura, A.; Uehara, K.; Sasaki, H.; Matsuda, H.; Kobayashi, J.
Thoracoabdominal aortic replacement in patients aged 50 and younger. Gen. Thorac. Cardiovasc. Surg. 2019,
67,53-58. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.jacc.2018.07.095
http://www.ncbi.nlm.nih.gov/pubmed/30360836
http://dx.doi.org/10.1007/s11748-018-0917-y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Patients 
	Clinical Manifestations 
	Genetic Analyses 
	Clinical Events 
	Statistical Analyses 

	Results 
	Clinical Manifestations 
	Death of Any Cause 
	Proximal Aortic Surgery 
	Distal Aortic Repair 
	Mitral Valve Surgery 
	Combined Procedures and Reinterventions 

	Discussion 
	Clinical Manifestations 
	Death of Any Cause 
	Proximal Aortic Surgery 
	Distal Aortic Repair 
	Mitral Valve Surgery 
	Combined Procedures and Reinterventions 
	Study Limitations 

	Conclusions 
	References

