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1. Abbreviations

ACE: angiotensin-converting enzyme
ACTA: actin alpha
ADAMTS: A  disintegrin  and
metalloproteinase with thrombospondin
motifs

ADAMTSL: ADAMTS-like protein
AP: anteroposterior

ATS: American Thoracic Society

BB: beta-blocker

CAT®: COPD Assessment Test

CBS: cystathionine beta-synthase
cDNA: complementary DNA

COL1AZ2: collagen type I alpha 2 chain
COL3AL: collagen type Il alpha 1 chain
COPD: chronic obstructive pulmonary
disease

CT: computed tomography

dHPLC: denaturing high-performance
liquid chromatography

DLCO: diffusing capacity of the lung for
carbon monoxide

ECCS: European Community of Coal
and Steel

EDS: Ehlers-Danlos syndrome

EGF: epidermal growth factor

FBNL1.: fibrillin-1 gene

FBN: fibrillin glycoprotein

FBN-1: fibrillin-1 glycoprotein

FBN-2: fibrillin-2 glycoprotein

FBN-3: fibrillin 3 glycoprotein

FEF25-75: forced expiratory flow
between 25 and 75% of FVC

FEV1: forced expiratory volume in 1
second

FRC: functional residual capacity
FTAA: familial

aneurysm syndrome

thoracic  aortic

FVC: forced vital capacity

GLI: Global Lung Functiosn Initiative
HR: heart rate

HRM: high resolution melting analysis
IVVC: inspiratory vital capacity

KCNJ: potassium inwardly rectifying
channel subfamily J

KLCO: diffusing capacity for carbon
monoxide

LF: lung function

LDS: Loeys-Dietz syndrome

LLN: lower limit of normal

Mf: patients with Marfan syndrome
without thoracic surgery

Mfop: patients with Marfan syndrome
who underwent major thoracic surgery
MFS: Marfan syndrome

MMRC: modified Medical Research
Council

MTS: major thoracic surgery

MYH: myosin heavy chain

NOTCH1:  Notch

translocation-associated

homolog 1,
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PEF: peak expiratory flow
PLOD1:

oxoglutarate 5-dioxygenase 1

procollagen-lysine,2-

PTX: pneumothorax

RV: residual volume

SCAPIS: Swedish CArdioPulmonary
biolmage Study

SEM: standard error of the mean
SLC2A10: solute carrier family 2
member 10

SpO2: blood oxygen saturation level
SSCP: single strand conformation

polymorphism

TGF-p: transforming growth factor beta
TGFBR: transforming growth factor
beta receptor

TLC: total lung capacity

TLCO: transfer factor of the lung for
carbon monoxide

TRV: transversalis

US/LS: upper segment/lower segment
ratio

VAS: Visual Analogue Scale

VC: vital capacity

6MWT: 6-minute walk test
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2. Introduction

2.1. Definition, molecular and genetic properties

Marfan syndrome (MFS) is a systemic connective tissue disorder, which predominantly
affects the skeletal, ocular and cardiovascular systems, but pulmonary manifestations are
also common. While most affected patients inherit the disease in an autosomal dominant
fashion, up to one-fourth of cases occur as a result of de novo mutations [1]. The disorder
was first described by the French paediatrician, Antoine Marfan, in 1896. He reported the
case of a 5-year old girl, Gabrielle, who had long, slender digits and other skeletal
abnormalities [2]. In 1991, the underlying changes of the glycoprotein fibrillin-1 (FBN-
1), encoded by the fibrillin-1 gene (FBN1) was established, which is located in
chromosome 15 at position 15g921.1 [3, 4]. A total of 3077 mutations in the affected gene
are currently known, of which more than 1300 lead to MFS [5].

Fibrillin (FBN) is a large glycoprotein which can be isolated from fibroblast cell cultures
and is a component of microfibrils that can be found everywhere in the connective tissue.
The FBN molecule was first cloned using a human placental complementary DNA
(cDNA) library from a pool of mixed oligonucleotides that included all FBN peptide
sequence options [6]. The amino acid sequence derived from the cDNA library revealed
a modular domain structure with primarily epidermal growth factor-like (EGF) and 8-
cysteine containing domains [7].

FBNs are large (~350 kDa) structural macromolecules, they contribute to the integrity
and function of all connective tissues. They are considered to be structural
macromolecules, because, like collagens, the FBNs form fibers that are visible in
transmission electron micrographs. Unlike collagens, FBNs form microfibrils with
uniform diameters (10-12 nm) that are not periodically cross-striated or “banded”.
Fibrillin microfibrils display a typical morphology consisting of light and dark or hollow

areas that give the appearance of railroad tracks (Figure 1.) [8, 9].
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b)

Figure 1. a) Electron microscopy image of isolated microfibrils; b) The two main models
currently proposed to explain the organisation of fibrillin within the microfibrils: a folded

back or extended structure. (Figure based on the work of [9].)

Microfibrils have a wide array of functions including the maintenance of elastic fibers
and anchoring epithelial cells to the interstitial matrix [10, 11]. They exist as large bundles
of short individual microfibrils (usually in close proximity to basal membranes, for
example on the endothelial cell side of the glomerular basement membrane), or as the
peripheral microfibril mantle around elastin in all elastic fibers [8]. The FBN network
forms a frame into which the elastin is deposited, creating elastic fibers [12]. Dynamic
connective tissues are created that can be stretched to a high degree while retaining their
elasticity [13]. If error occurs in the process of FBN synthesis, among others it causes
abnormality in the elasticity of the skeletal system and large vessels [14].

In the different types of connective tissue, fibrillin microfibrils are organized to best fit
to the function of the tissue: e.g., in skin, elastic fibers form a loose network of
interconnecting highways; in the dermis, the highways run parallel to the epidermis with
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turn-offs coursing perpendicularly up from the deeper elastic fibers to the basal membrane
at the dermal-epidermal junction, where bundles of microfibrils cross the lamina densa.
In tendons and perichondrium/periosteum, elastic fibers run parallel to the long axis; in
muscular arteries they infold the lumen [8].

So far, 3 different genes encoding FBN have been described in humans [15]. In MFS, the
affected gene is FBN1, which is responsible for the production of FBN-1 matrix protein.
FBN1 contains 65 exons and it is estimated to be 110 kilobases long [16]. The FBN-1
protein consists of 2871 amino acids and has a repetitive structure of functional motives
[17]. Mutations in the FBN1 gene have been shown to cause a wide spectrum of
microfibrilopathies, called ‘type-1 fibrillinopathies’, varying from isolated skeletal
characteristics of MFS or familial ectopia lentis to neonatal MFS [18]. Most abnormalities
associated with the syndrome can be explained by the structural malfunction of the
connective tissue. Based on the results of experiments in mouse models of MFS, an
increased production of transforming growth factor B (TGF- B) is most likely in the
presence of insufficient production of FBN-1. TGF-B indirectly regulates connective
tissue formation and structure development. This hypothesis is also supported by the fact
that TGF-f type II receptor mutations cause similar symptoms to MFS called Loeys-Dietz
syndrome (LDS) [19]. Habashi et al. demonstrated that aortic aneurysm in a mouse model
of MFS is associated with increased TGF- 8 signalling [20].

In addition to FBN1, the slightly different FBN2 and FBN3 are all related to the formation
and maintenance of the extracellular matrix (ECM) [21]. The FBN2 gene is located at the
5023.3 gene locus on chromosome 5 [22]. The product of FBN2 is the FBN-2 protein,
which is closely related to FBN-1. The domain structure, as well as the number and
sequence of motifs, are the same in the two proteins. Domains B and D of FBN-1 and
FBN-2 are 80% identical at the amino acid level. However, FBN-1 and FBN-2 also have
important differences, which may reflect to differing functional roles [23]. The mutations
of FBN2 lead to Beals-Hecht syndrome phenotype [24]. FBN3 is located at the 19p13.2
gene locus on chromosome 19. The gene is most highly expressed in foetal tissues and its
protein product is localized to extracellular microfibrils of developing skeletal elements,
skin, lung, kidney, and skeletal muscle. This gene is potentially involved in Weill-

Marchesani syndrome [25].
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2.2. Pathophysiology, epidemiology and clinical characteristics of MFS

2.2.1. Pathophysiology

Despite the progress that has been made in understanding MFS and other similar genetic
diseases in the last few decades, the exact molecular mechanism leading to the
development of different phenotypes is still not clearly understood [26]. At this time,
abnormal homeostasis of the ECM is thought to be the underlying cause of the various
manifestation of MFS. The reduced production or the malfunctioning FBN-1 lead to
altered mechanical properties in the tissues, increased TGF- activity and loss of cell-
matrix interactions [27]. Heterozygous patients are also known to have clinical
symptoms, which confirms the conclusion that many FBN1 mutations are expected to
exert a dominant negative effect, whereby mutant FBN-monomers impair the global
function of the microfibrils [23]. Homozygous and compound heterozygous cases are rare
and have been associated with severe clinical presentation [28].

MFS patients develop extensive lesions in the tunica media of the aorta, such as
fragmentation, disorganization, and a progressive, subsequent remodelling of the lamina
elastica with the incorporation of glycosaminoglycans. In this layer areas with smaller
cell counts are formed. Accordingly, this lesion observed under the microscope was
previously also called “cystic media necrosis”. The term " cystic media necrosis " is
sometimes replaced by "cystic medial degeneration”, as necrosis is not always present in
the pathologic process and the latter can be the underlying factor responsible for a rupture
of the vasa vasorum [29-31]. This type of microscopic structural degeneration is
considered by some to be pathognomonic for MFS, however, it is not specific to the
disease; it can be observed in all thoracic aortic dissections [27]. The abnormal
homeostasis is thought to result in vascular remodelling, characterized by an exaggerated
elastolysis as a result of overexpression of matrix metalloproteinases (matrix

metalloproteinases 2 and 9), and increased hyaluronan content [32, 33].



DOI:10.14753/SE.2022.2572

2.2.2. Epidemiology

The prevalence of MFS is between 1.5-10.2/100000 [34, 35]. Based on these data, there
are approximately 1000 MFS patients in Hungary. The incidence of the disease is
~0.2/100000; accordingly there may be 20 newly diagnosed cases in Hungary per year.
[36]. There is no apparent enrichment in any ethnic or racial group and no sex preference

was observed [37].

2.2.3. Clinical characteristics

Due to the molecular and histopathological characteristics of MFS, it leads to systemic
connective tissue weakness with diverse symptoms. In contrast, some patients may be
asymptomatic [38].

In the following sections the most common organ abnormalities and symptoms caused by

the disease are summarized.

2.2.3.1. Musculoskeletal system

Disproportionate, excessive long-bone overgrowth (dolichostenomelia, Figure 2.) is one
of the most common symptom of MFS [1]. Normally, a person's arm span should be less
than their body height; an increased arm span to body height ratio of >1.05 is considered
as a positive sign for MFS.[39, 40]. Reduced upper segment/lower segment ratio (US/LS
or trunk vs. legs ratio) is also typical. This ratio is the value obtained by dividing the upper
body segment (total height minus sthe lower segment) by the lower segment. Lower body
segment is the measured distance from pubic bone to the floor in a standing position [41,
42]. However, this ratio can only be interpreted if there is no pronounced scoliosis (>20°)
[1, 43]. Still, scoliosis is present in 45-70% of the cases, which makes the US/LS
calculation uneasy in MFS patients (Figure 2., panel C/3) [44, 45]. Chest deformities
caused by the overgrowth of the ribs are common and push the ribs forwards or
backwards. Therefore, pectus carinatum (pigeon chest), pectus excavatum (funnel chest)
or chest asymmetry are frequent skeletal abnormalities in MFS. Arachnodactyly
(overgrowth of the fingers) is mostly a subjective finding. The combination of long

fingers and loose joints results in the Walker-Murdoch or wrist sign: full overlap of the
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distal phalanges of the thumb and fifth finger when wrapped around the contralateral wrist
(Figure 2., panel B/1,2). The Steinberg or thumb sign is present when the distal phalanx
of the thumb fully extends beyond the ulnar border of the hand when bended through the
palm (Figure 2, panel B/3) [1, 46].

Acetabular protrusion also occurs in MFS, and it might be asymptomatic in young
patients until hip osteoarthritis develops, but it can also lead to mild or moderate pain and
restricted range of motions [47, 48]. Flat fleet are frequently present and vary from
asymptomatic to severe form, in which the medial displacement of the medial malleolus
results in the loss of the medial longitudinal arch with reactive hip and knee disturbances
[1, 49]. While joint laxity and hypermobility can be often identified, in some cases joints
show no abnormality or even contractures occur. Reduced elbow extension (when the
angle between the upper and lower arm measures 170° or less upon full extension)
indicates major involvement of the musculoskeletal system [50]. Camptodactyly is a
frequent feature in the syndrome, particularly in children with severe and rapidly
progressive MFS. Craniofacial deformities are also often present, including long, narrow
skull (dolicocephaly), high-arched palate, tooth crowding, recessed lower mandible
(retrognathia), small chin (micrognathia), malar flattening, and downward-slanting

palpebral fissures [1].

2.2.3.2. Ocular system

In ~60% of MFS patients subluxation or even dislocation of the lens and subsequent
ectopia lentis develops due to the weakness of the ciliary zonules [51, 52]. However, it
should be emphasized, that this abnormality is not specific for MFS; it may also occur in
homocystinuria, Weill-Marchesani syndrome and familial ectopia lentis [53]. Other
ocular manifestations include severe, early-onset myopia, flat cornea, increased axial
length of the eye, iris and ciliary muscle hypoplasia [54]. Literature data confirm that in
MFS the lens is significantly thicker compared to healthy population [55]. Retinal
detachment, early cataract development and glaucoma may also occur [53]. Surgical
correction of ocular manifestations due to the special anatomy of the eye is therefore a

serious challenge [56].

10
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2.2.3.3. Cardiovascular system

The cardiovascular manifestations of the syndrome were first described by Victor A.
McKusick in 1955 [57]. Regarding heart abnormalities, the mitral valves are most
commonly affected. Thickening of the valve leaflets is often associated with prolapse of
the bicuspid and/or tricuspid valves with the possibility of consequent regurgitation [58,
59]. Calcification of the mitral annulus in individuals younger than 40 years may also
occur [1]. Progressive aneurysmal dilatation due to the inherent weakness of the aortic
wall may appear [60]. Higher incidence of supraventricular and ventricular arrhythmias
can also be observed, which may be a consequence of valvular insufficiency [61].
Literature data suggest, that development of long QT syndrome should also be considered
[62]. It has also emerged, that MFS patients are more likely to develop dilated
cardiomyopathy than healthy people. The study of Alpendurada et al. supported the
existence of primary cardiomyopathy in MFS, pointing out that not only secondary
cardiomyopathy can develop in this disease [63]. Aortic root dilatation and aortic
aneurism also occur frequently in patients with MFS (Figure 2, panel C/2.). The formation
and progression of these anomalies are age-dependent, therefore it is necessary to monitor
the heart regularly with ultrasound and other imaging methods, such as computed
tomography (CT). The most serious complication of this condition is the dissection of the
aorta, which, in severe cases, can develop in utero, while in other cases aortic dilation
never reaches a size that needs surgical intervention. Dilation is most common on the
aortic root, contrary to e.g. atherosclerotic aneurysm, which is mainly observed on the
abdominal aorta. In some cases, the carotid arteries may also be involved, which can lead
to neurological symptoms due to cerebrovascular insufficiency [1, 64]. Involvement of
the coronary arteries may cause myocardial infarction or sudden cardiac arrest. The
mechanism of death usually includes rupture into the pericardial sac with subsequent
pericardial tamponade [1, 65, 66]. Additionally, the main pulmonary artery diameter was
significantly larger in patients with MFS at all ages when compared with controls. In the
adult group (>14 years), a cut-off value of 23 mm is provided to define pulmonary artery
dilatation [67].

11
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2.2.3.4. Respiratory system

Several factors can lead to respiratory abnormalities in MFS, including pectus carinatum
and pectus excavatum, scoliosis, aortic root and ascending aorta dilation (which can even
change the respiratory mechanics), aortic dissection, spontaneous pneumothorax (PTX),
and the presence of apical blebs and bullae (Figure 2., panel C/3.) [44, 68, 69]. Blebs and
bullae affecting the distal airways play a role in the development of spontaneous PTX,
which occurs in 4-15% of the cases [70, 71]. The previously mentioned pectus excavatum
and progressive scoliosis may cause restrictive ventilatory defect [72]. Beside these
restrictive respiratory changes — which occur not only because of chest and spinal
deformities but also due to pulmonary fibrosis —, obstructive ventilatory pattern can also
be observed, caused by emphysema, airway collapse and sleep apnoea due to the
abnormal structure of FBN-1. The latter is due to upper respiratory tract involvement and
craniofacial lesions [73]. Therefore, it is of paramount importance to understand the
changes affecting the lungs and to study their effects on clinical outcome.

In a study of Corsico et al., only 37% of patients with MFS had normal lung function
(LF), while 19% showed a restrictive and 44% an obstructive pattern or an isolated
diffusion impairment or an isolated hyperinflation. All patients with PTX showed an
obstructive pattern and diffusion impairment [74]. These observations were also
confirmed by a study published by our working group [75]. Decreased carbon monoxide
diffusion capacity (DLCO) was also confirmed by observations from other centres [76,
77]. Lung abnormalities are evident in the immediate postnatal period and manifest as a

developmental impairment of distal alveolar septation [78, 79].

2.2.3.5. Skin and integument

The most common manifestations of the skin are striae atrophicae, which occurs in about
two- thirds of patients [70, 80]. Important cutaneous features of MFS are striae distensae,
a finding shared with LDS. However, Marfan patients typically have a normal texture and
elasticity of the skin in contrast to LDS and Ehlers-Danlos syndrome (EDS) [81]. Unusual

atrophic patches can be alarming symptoms of the disease [82].

12
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These stretch marks differ from those without connective tissue disorder, as that they
cannot be linked to obesity, rapid muscle mass gain, or pregnancy. Another manifestation
associated with connective tissue and skin weakness is inguinal hernia, which is often

recurrent and may occur at birth or later in adults [83].

2.2.3.6. Nervous system

Dural ectasia is widening of the dural sac, and is often observable in patients with MFS
[84]. It appears in 63-92% of the patients. The most common symptoms are lower back
pain, weakness, headache, numbness above and below the affected limb; however, in
most patients it is usually asymptomatic [85]. In this case, lumbosacral CT scan or
magnetic resonance imaging can confirm its existence [86, 87]. Sacral meningocele with
associated thinning of the sacral cortex, radiculopathy, constipation, urinary obstruction
and postural headaches are common symptoms associated with this abnormality [84, 88—
91].

13
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A: Photos of a patient with MFS. Note the characteristics of

the disease: dolichostenomelia and pectus excavatum (1).
Note the scar after surgical correction of the spine (2).
(Semmelweis University, Department of Pulmonology.)

ﬂ! ) |
)
| . / physical characteristios

B: Arachnodactyly (1), wrist sign (2) and thumb
of MFS

sign (3) of a MFS patient. (Semmelweis
University, Department of Pulmonology.)

!
L ! G e e Rl o T—— ba .‘ AL 3 i ‘*

-

C: X-ray image of scoliosis (1), aorta dilation (2) and apical bulla (3)
of a MFS patient. Note the sternal sutures after major thoracic
surgery. (Semmelweis University, Department of Pulmonology.)

Figure 2. Typical physical and radiological abnormalities in MFS.

14
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2.3. Clinical diagnosis of MFS

The diagnosis for MFS has evolved recently, as various clinical expressions of the disease
have been identified [92]. The Ghent nosology is applied worldwide to diagnose MFS.
New molecular techniques allow the detection of FBN1 mutations in ~97% of MFS
patients who fulfil the Ghent criteria [93, 94]. The genetic screening can be performed by
using direct (e.g. Sanger sequencing) or indirect sequencing methods [94]. Indirect
sequencing procedures include single strand conformation polymorphism (SSCP),
denaturing high-performance liquid chromatography (dHPLC), heteroduplex analysis
and high resolution melting analysis (HRM) [93, 95, 96].

2.3.1. Ghent nosology

To ease the diagnostic procedure, the clinical features of the syndrome were incorporated
into a unified nosology at the University of Ghent, which has since been the foundation
for establishing the diagnosis (Ghent nosology, 1996). The nosology consists of major
and minor criteria. Major criteria include skeletal, cardiovascular and ocular symptoms.
The co-existence of 2 major or 1 major and 2 minor criteria confirm the diagnosis (Table
1) [97].

Table 1. The Ghent nosology (1996) [97].
Organ system Major criteria Minor criteria

(involvement)

Skeletal pectus carinatum pectus excavatum of
pectus excavatum requiring surgery moderate severity
reduced upper to lower segment joint hypermobility

ratio OR arm span to height ratio
>1.05
wrist and thumb signs
scoliosis of >20° or high arched palate with

spondylolisthesis crowding of teeth

15
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Table 1. (Continued)
Organ system Major criteria Minor criteria

(involvement)

reduced extension at the elbows facial appearance
(<170°) (dolichocephaly, malar
medial displacement of the medial = hypoplasia, enophthalmos,
malleolus causing pes planus retrognathia, down- slanting
protrusio acetabuli of any degree palpebral fissures)
Cardiovascular = dilatation of the ascending aorta, mitral valve prolapse with
with or without aortic regurgitation, or without mitral valve
and involving at least the sinuses of regurgitation
Valsalva dilatation of the main
dissection of the ascending aorta pulmonary artery, in the

absence of valvular or
peripheral pulmonary
stenosis or any other
obvious cause (age<40
years)
calcification of the mitral
annulus (age<40 years)
dilatation or dissection of
the descending thoracic or

abdominal aorta younger

(age<50 years)
Pulmonary - spontaneous pneumothorax
apical blebs
Ocular ectopia lentis flat cornea

increased axial length of
globe
hypoplastic iris

hypoplastic m. ciliaris

16
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Table 1. (Continued)

Organ system

(involvement)

Major criteria Minor criteria

Skin and

integument

Dura
Family/genetic

history

- striae atrophicae (stretch
marks) without marked
weight gain, pregnancy, or
repetitive stress
recurrent or incisional
herniae
Lumbosacral dural ectasia -
having a parent, child, or sibling -
who meets these diagnostic criteria
independently
presence of a mutation in FBN1,
which is known to cause Marfan’s
syndrome
presence of a haplotype around
FBNL1, inherited by descent, known
to be associated with unequivocally
diagnosed Marfan’s syndrome in

the family

Abbreviations: FBN1: fibrillin-1 gene.

A revised Ghent nosology was published in 2010, which brought changes in the diagnosis

of MFS by abolishing the distinction of major and minor criteria, puts more weight on the

cardiovascular manifestations of the disorder and sets aortic root aneurysm and ectopia

lentis as cardinal features. emphasising the role of results of genetic tests, and introducing

a score system for the classification of skeletal and other systemic symptoms [98, 99].

17
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2.4. Differential diagnosis

The diverse manifestations of the syndrome overlap with numerous disorders; thus, the
diagnosis of the syndrome is a complex task. The most important differential diagnostic

diseases are summarized in Table 2. [98].

Table 2. Differential diagnosis of MFS [98].

Differential diagnosis Affected gene(s) Specific features
LDS TGFBRI Bifid uvula/cleft palate, arterial
TGFBR2 tortuosity, hypertelorism, diffuse

aortic and arterial aneurysms,
craniosynostosis, clubfoot,
cervical spine instability, thin and

velvety skin, easy bruising

Sphrintzen-Goldberg FBNI and other Craniosynostosis, mental
syndrome retardation
Congenital contractural FBN2 Crumpled ears, contractures
arachnodactyly
Weill-Marchesani FBNI Microspherophakia, brachydactyly,
syndrome ADAMTSI0 joint stiffness
Ectopia lentis syndrome FBNI Lack of aortic root dilatation
LTBP2
ADAMTSL4
Homocystinuria CBS Thrombosis, mental retardation
Familial thoracic aortic TGFBR1 Lack of Marfanoid skeletal features,
aneurysm syndrome TGFBR2 livedo reticularis, iris
(FTAA) ACTA2 flocculi
FTAA with bicuspid NOTCH]I Aortic valve calcification, other
aortic valve KCNJ2 congenital cardiac valve
other abnormalities
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Table 2. (Continued)

Differential diagnosis Affected gene(s) Specific features
FTAA with patent ductus MYH]I1 Aortic aneurism, patent ductus
arteriosus arteriosus
Arterial tortuosity SLC2410 Generalised arterial tortuosity,
syndrome arterial stenosis, facial
dysmorphism
Ehlers-Danlos syndromes COL3A41 Middle sized artery aneurysm,
(vascular, valvular, COLI1A2 severe valvular insufficiency,
kyphoscoliotic PLODI translucent skin, dystrophic scars,
type) facial characteristics

Abbreviations: FTAA: familial thoracic aortic aneurysm syndrome; TGFBR: transforming growth factor
beta receptor; FBN1, FBN2: fibrillin-1 and 2 genes; ADAMTS: A disintegrin and metalloproteinase with
thrombospondin motifs; ADAMTSL: ADAMTS-like protein; CBS: cystathionine beta-synthase; ACTA:
actin alpha; NOTCHL1: Notch homolog 1, translocation-associated; KCNJ: potassium inwardly rectifying
channel subfamily J; MYH: myosin heavy chain; SLC2A10: solute carrier family 2 member 10; COL3AL:
collagen type IlI alpha 1 chain; COL1A2: collagen type | alpha 2 chain; PLOD1: procollagen-lysine,2-
oxoglutarate 5-dioxygenase 1.

2.5. Therapeutic approaches in MFS

The general therapeutic approach of the syndrome is exercise reduction,
pharmacotherapy, surgery, and, if necessary, endocarditis prophylaxis [100].

Due to the athletic, extremely tall stature and long limbs of MFS patients, many of them
participate in athletic sports such as volleyball and basketball [101]. However, high levels
of exercise, competitive athletics, and isometric exercise in particular increase the
likelihood of aortic dissection, ocular problems, and skeletal complications [1]. Several
guidelines have been made to optimize exercise levels in patients with the syndrome.
Most studies recommend avoiding isometric exercise altogether, such as lifting heavy
weights, and prefer to perform moderate forms of aerobic exercise, such as running,

swimming. Most patients, however, should be encouraged to remain active with aerobic
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activities performed in moderation. This will promote skeletal, cardiovascular, and
psychosocial health in the long term [38, 102].

Beta-blockers (BBs) are widely used to prevent or reduce the development of aortic
aneurysms, which are common in MFS patients. This therapeutic approach was first
proposed in 1971 by Halpern et al. [103]. The effect of BBs is based on the role of
hemodynamic stress in the progressive enlargement of the proximal aorta. They also have
negative inotropic and chronotropic effect, which is also beneficial in the syndrome [104].
Several retrospective studies have demonstrated the effectiveness of BBs in slowing
aortic root growth [105-107].

Side effects of BBs are common and are much more pronounced in higher doses [108,
109]. Although with the use of cardioselective BBs higher tolerance can be achieved,
some patients still do not tolerate any medications from this substance group. In these
cases, a small number of clinical evidences support the efficacy of verapamil. This
calcium channel blocker is intended to reduce the inotropy and chronotropy of the heart
in these patients [105].

Another effective pharmaceutical therapy for pathological aortic root dilation is the use
of angiotensin converting enzyme (ACE) inhibitors. They have been reported in the

literature to increase aortic distensibility (dilatation) and reduce aortic stiffness [110].

Successful surgical treatment of the aortic root is perhaps the main reason for the
significant increase in the life expectancy of MFS patients [111, 112]. In 1968, Bentall
and DeBono revolutionized the cardiovascular surgery of aortic root dilation. The point
of this type of surgery is that in case of aortic valve, aortic root and ascending aorta
abnormality, they are replaced with a so-called ,,conduit”, which is a 21-29 mm wide graft
with inserted valve prosthesis [113]. Lifetime anticoagulant therapy is necessary in
patients who have undergone valve replacement surgery [114]. In the last years a better
understanding of benefits and risks of the various types of prostheses has resulted in a
growing number of patients, even in a younger population, who prefer to choose a
“biologic solution”. There are several reasons for this trend. First, patients who receive
biologic composite conduit (bio-Bentall) do not need lifelong anticoagulation therapy.
Another important aspect is that the most recent prostheses available will last longer, as

they are designed with new technologies and anti-calcification treatments. The valve-in-

20



DOI:10.14753/SE.2022.2572

valve approach using endovascular techniques may offer an effective, less invasive
treatment for patients with valvular dysfunction of bioprostheses [115]. Finally, aortic
valve-sparing interventions are established alternatives for patients with aortic root
aneurysms, associated with reduced cardiac mortality and valve-related complications
[116]. Elective surgery of the aortic root is performed when its maximum diameter
exceeds 45 mm [117].

Individuals with MFS often have multiple abnormal cardiac valves. Abnormalities
include myxomatous thickening with prolapse and regurgitation of the mitral and
tricuspid valves, as well as dilatation of the aortic and pulmonary roots, with insufficiency
of these valve leaflets. Accordingly, these individuals are at greater risk of bacterial
endocarditis than those without structural heart disease. Antibiotic prophylaxis was

recommended to diminish the likelihood of infective endocarditis in this setting [118].

2.6. Prognosis of MFS

Successful surgical treatment of the aortic root might be the main factor of the
significantly increased life expectancy in MFS. As many organ systems are involved in
the syndrome, the prognosis is highly variable. According to the publication of Murdoch
etal. in 1972, the life expectancy of individuals with MFS is about two-thirds as compared
to healthy people [119]. Data in 1995 suggested that life expectancy in MFS is nearly the
same as in healthy population, and is increased in those who underwent aortic root surgery
after 1980 [111]. As stated in a review article by Pyeritz in 2019, the life expectancy in
MFS has essentially doubled over the past four decades [120]. The 5 and 10-year survival
after the diagnosis is approximately 95% and 88%, and the five and 10 year complication

free survival was 78% and 66%, respectively [121].

2.7. Pulmonary aspects of MFS - LF testing

The implementation of different examinations, tests and the use of already known and

frequently used measurements are not challenging for those with average
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anthropometrical parameters. At the same time, physicians may encounter cases, where

the suitability of the measurement methods needs to be questioned.

2.7.1. LF testing in pulmonary diagnostics

LF testing is the basis of pulmonary diagnostics; its results must be accurate as they might
have therapeutic consequences. Although most LF analysing methods are well
established and widely employed, there are still many remaining questions regarding how
tests should be performed, how to ensure reliable data, what reference values and rules
should be used, and how LF testing should be interpreted to trustworthily support clinical
decision making [122]. Even if the LF measurements are made in accordance with the
highest technical requirements, their results can only be clinically valid if it is based on
relevant and reliable reference values. There are more than 400 reference equations in the
field of spirometry alone. Consequently, the default values set by the manufacturers are
accepted regardless of whether they correspond to the ethnic or age group of the subject
being studied [123]. Differences between equations origin from factors such as selection
of healthy individuals, number of subjects involved, equipment, testing protocols, quality
control, and statistical approach used to derive equations [124-127]. Consequently, the
calculation of valid LF values in patients with above-average height poses challenges for
clinicians: including 50% of the MFS patients who are above the 97th percentile including
both sexes [128, 129].

2.7.1.1 Effect of age, sex, weight and height

LF reference values are traditionally based on anthropometric factors, such as height, sex,
and age. Although weight is not a determining factor of lung size or function, body mass
index (BMI) may influence LF results. [129].

In childhood until puberty, LF increases linearly in proportion to overall growth, which
is at least partly determined by age and sex [130, 131]. The growth spurt in early
adolescence is associated with the increased rate of general development and the rate of
increase in static and dynamic LF parameters. Generally, girls achieve the maximum

height and therefore the maximal lung volume earlier than boys [130]. There is a plateau
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phase in LF between the ages of 20 and 30 years. However, some have a LF peak in their
early 20s, while others, particularly men, may have the peak in their mid-30s [132].

In the general population the forced expiratory volume in 1 second (FEV1) decreases ~30
ml/year. Over the course of life, the total lung capacity (TLC) remains intact, as vital
capacity (VC) decreases, while residual volume (RV) increases [133].

2.7.1.2 Effect of height and weight on LF

Taller persons have larger thoracic cage than shorter persons. Consequently, taller
persons have larger lung volumes, higher maximal flow rates and higher DLCO. TLC,
VC, RV, FVC and FEV1 are affected by height since they are proportional to body size.
This means that a tall individual will experience greater decrease in lung volumes as they
get older [129]. As an example, VC %predicted of a 40-year-old man who is 193 cm tall
is 6 litres, while that of a man who is 163 cm tall is 4 litres. Therefore, the accurate
measurement of standing height is very important in LF testing [129]. The use of
alternative measures to determine height may cause errors in the predicted pulmonary
function. There are many conditions and anthropometric features that might influence the
LF results [133-135]. Height, BMI, hip circumference and body surface area are the
strong determinants of pulmonary function [134]. Vertebral deformities are prevalent in
chronic obstructive pulmonary disease (COPD) patients and may cause excessive loss of
height. As height is used for calculating reference values in LF testing, larger than normal
height reduction could cause overestimation of LF. As an example, the study of Kjensli
et al. concluded that LF may be overestimated in a large proportion of COPD patients at
relatively modest height [136]. Thus, the methodology of LF testing in patient populations
with special anthropometric features should be questioned. The European Respiratory
Society (ERS) advises to use arm span if the standing height of a patient cannot be
measured due to certain conditions, e.g. kyphosis and kyphoscoliosis which appears often
in MFS [137]. For the re-calculation of height from arm span in homogeneous Caucasian
populations, the following equations are recommended by Parker et al.:

Males: Height (m) = 68.74 + 0.63008-Arm span (m) — 0.1019*Age;

Females: Height (m)=33.14+0.79499-Arm span (m) [138].
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Body weight is much less important than standing height when predicting most LF values;
as a result, weight should not be included into spirometric prediction equations. However,

extremes in weight are associated with changes in lung volumes [139-142].

2.7.1.3 Reference equations in LF testing

The reference equations should be selected to best represent the characteristics of the
patients tested. Reference equations should not be used in patients whose age or height is
outside the range of subjects in the reference study [143].

In 1960 the European Community of Coal and Steel (ECCS) was the first organization to
issue recommendations for spirometry and released equations for calculations of
reference values [144, 145]. In Hungary the ECCS was used until recently, where height
and age are major determinant of LF reference equations, and corrections are necessary
for height in special patient populations. ECCS spirometry reference calculations are the
following: FVC men: 5.76H - 0.026A - 4.34; FVC women: 4.43H - 0.026A - 2.89 and
FEV1 men: 4.30H - 0.029A - 2.49; FEV1 women: 3.95H - 0.025A - 2.69; (H—height in
meters, A—age in years) [75].

Large reference studies for spirometry have been performed in healthy subjects in Europe
and in the United States [146-148]. These studies, the National Health and Nutrition
Examination Survey and the Global Lung Function Initiative (GLI), have been used to
generate reference equations for LF results [146], [123].

In 2012, the Global Lung Function Initiative (GLI) published spirometric prediction
equations for ages between 3 and 95 years for ethnic and geographic groups in 26
countries comprising individuals of Caucasian, African American, North Asian, and
Southeast Asian descent. These reference equations are endorsed by ERS, American
Thoracic Society (ATS), American College of Chest Physicians, the Australian and New
Zealand Society of Respiratory Science, Thoracic Society of Australia and New Zealand,
and Asian Pacific Society for Respirology [143, 144, 149, 150]. The GLI equations apply
a rigorous, age-appropriate methodology and are based on large sample populations that

include older age groups and minority representation [148, 151].
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2.7.1.4 Upper and lower limits of normality

Based on the recommendation if the ERS/ATS, the 5" percent is used as the lower limit
of the normal range (LLN). This means, that 5% of healthy population have LF values
below LLN [147]. For spirometry, LLN was calculated from reference equations that
incorrectly assumed a linear relationship between predictor variables (age and height) and
spirometric measures incorrectly assumed a normal distribution and constant variability
for reference values [146, 152—-155].

In the past, 80% of the predicted values were determined as LLN in most LF testing
methodologies. Besides, even though no women had been tested, the ECCS issued
reference values for females: using simply 80% of the values for males [144, 145]. This
standard might work in case of defining FVC, FEV1, transfer factor of the lung for carbon
monoxide (TLCO) and DLCO in middle-aged individuals, but in case of FEV1/FVC it
gives false positive or false negative results especially when used for adolescents and
adults over the age of 60 years [156]. The use of the LLN rather than a pre-set cut off
(e.g. FEV1/FVC 0.7) to define airway obstruction reduces the misclassification that
occurs by using a fixed ratio. The fixed ratio may neither be accurate in younger
individuals (underdiagnosis) nor in older individuals (overdiagnosis) with airway
obstruction. LLN incorporates the changes in FEV1/FVC that occur with age, hence
decreases the chance for misclassification [157-161].
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3. Objectives

As presented above, the interpretation of pleuropulmonary abnormalities and the
identification of LF changes in patients with special anthropometric parameters can be
challenging. In my doctoral thesis my aim was to detail the pulmonary assessment of
patients in MFS, to determine the frequency of pulmonary symptoms and
pleuropulmonary anomalies in this special patient population. | also examined the
abnormalities in the patients’ LF in the whole patient group and the individual LF changes

using 2 different set of reference values.

In particular, the aim of my research was to assess the following:

1. Determination of pleuropulmonary abnormalities and their frequency in
Hungarian MFS patients.

2. Investigation of LF abnormalities in MFS patients who have undergone major
thoracic and/or spinal surgery (MTS) and in patients who did not need the

procedure.

3. Recalculation of LF results with arm span corrected height (Hcorrected) and the
comparison of these results with the values calculated with the original measured
standing height (Hmeasured)-

4. Investigation of correlation between the patients’ LF values and the extent of their

scoliosis.
5. Comparison of LF results calculated with ECCS and GLI reference equations in

the whole patient group and the analysis of the patients’ own outcomes using

ECCS and GLI reference equations.

6. Comparison of LF results in MFS patients: assessing better suitability of ECCS

reference values by using Hcorrected OF GLI calculated with Hmeasured.
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4. Results

4.1 Determination of pleuropulmonary abnormalities and their frequency in
Hungarian MFS patients

The study had a cross-sectional design. After a written inquiry, 55 Caucasian patients
from the National Marfan Registry (established and supervised by the Hungarian Marfan
Foundation) agreed to participate in the study [162]. All pulmonary examinations were
voluntary. Exclusion criteria were age < 16 years and MTS within 6 months prior to the
assessment. MTS was usually prophylactic aortic root surgery or intervention due to chest
wall deformity and spine correction [163, 164]. Data on pleuropulmonary symptoms
(dyspnoea, cough, sputum, chest pain), history of smoking, sex, age, standing height,
bodyweight, BMI and arm span (cm) were collected. All patients have undergone earlobe
arterialised capillary blood gas, chest X-ray and fluoroscopy, laboratory testing and
electrocardiography. The 6-minute walk test (6MWT) was performed to measure exercise
capacity according to ATS guidelines [165].

Patient characteristics are summarised in Table 3. The average age was 38.1+ 13.1 years.
Most patient had no history of smoking. The operated patients (Mfop) have undergone
MTS predominantly due to cardiac causes. Height correction resulted in significantly
lower values in patients who did not need MTS procedure (Mf); however, this difference

only appeared in men.
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Table 3. Patient characteristics.

All Mf Mfop p-value
patients group group Mf vs.
(n=55) (n=32) (n=23) Mfop
Age (years) 38.1+13.1
Men 32.6£11.6 | 32.4+11.0 33.9+11.1 n.s.
Women 40.8+x13.2# 37.9+£109 45.1+14.8 n.s.
Gender
Men, n (%) 20 (36) 11 (34) 9 (39) n.s.
Women, n (%) 35 (64) 21 (66) 14 (61) n.s.
Weight (kg) 71.7£17.5
Men 79.1£22.2 | 79.8420.3 | 80.4+£23.3 n.s.
Women 67.1£12.2 = 68.1£14.5 @ 67.448.9 n.s.
Height (cm)
a) Measured 182.3+10.0 183.1+8.5 181+11.8 n.s.
b) Corrected 179.5+7.4#%# 180.4+6.4# | 177+£8.4 n.s.
Men
a) Measured 191.7£7.9  191.6£9.1 | 191.7+7.3 n.s.
b) Corrected 186.3+6.5  187.0+6.6# | 185.2+6.6 n.s.
Women
a. Measured 176.5£6.2 = 178.6£3.6 = 173.9+8.3 n.s.
b. Corrected 176.0£5.0  177.3+3.2  174.0+6.6 n.s.
BMI (kg/m?) 21.544.5
Men 21.5+£5.7 21.1+4.7 | 23.0+6.2 n.s.
Women 21.5+£3.7 21.1+44 | 223428 n.s.
Arm span (cm) 185.1+£9.3
Men 191.8£10.2 193.0+£10.2  190.3+9.9 n.s.
Women 181.7£6.8 | 183.3x4.4 179.1£8.7 n.s.
Smoking habit
Never smoker, n (%) 40 (73) 25 (78) 15 (65) n.s.
Former-smoker, n (%) 11 (20) 5 (16) 6 (26) n.s.
Current smoker, n (%) 4(7) 2 (6) 2(9) n.s.
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Table 3. (Continued)

All Mf Mfop p-value
patients group group Mf vs.
(n=55) (n=32) (n=23) Mfop
Major thoracic surgery
indication
Cardiac, n (%) 19 (35) 0 19 (35) Not
Chest or spine deformity, n 4(7) 0 4(7) analysed
(%)

Abbreviations: Mf: patients with Marfan syndrome without thoracic surgery; Mfop: patients with Marfan

syndrome who underwent major thoracic surgery; n.s.: not significant; BMI: body mass index.

# significant difference compared to the value above

Thoracic deformities and respiratory symptoms are summarised in Table 4. Respiratory

symptoms were present in >20% of the patients. Mfop patients reported dyspnoea, cough

and chest pain significantly more frequently compared to Mf group participants. Changes

in lung structure confirmed by chest CT scans were rare. Scoliosis was significantly more

frequent in the Mfy, as patients in the Mf group.
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Table 4. Chest deformities and respiratory symptoms in patients with MFS.
All Mf Mfop  p-value
patients group  group @ Mfvs.
(n=55) (n=32) (n=23) Mfop

Chest deformities

Pectus carinatum, n (%0) 24 (48) 12 (38) 12 (52) n.s.
Pectus excavatum, n (%) 14 (28)  6(19) 6 (26) n.s.
Scoliosis, n (%) 36(72)  15(47)  21(91) <0.01
Asymmetric chest, n (%0) 19(38) 11(34) 8(35H) n.s.
Structural abnormalities of the lung
Spontaneous PTX, n (%) 5 (10) 3(9) 2(9) n.s.
Apical blebs and bullae, n (%) 4 (8) 3(9) 1(4) n.s.
Pleuropulmonary symptoms
Cough, n (%) 11 (20) = 5(16) 6 (26) <0.01
Sputum, n (%) 5(9) 1(3) 4 (17) n.s.
Dyspnoea, n (%) 10 (18) 3(9) 7 (30) <0.01
Chest pain, n (%) 9 (16) 2 (6) 7 (30) 0.03

Abbreviations: Mf: patients with Marfan syndrome without thoracic surgery; Mfgp: patients with Marfan

syndrome who underwent major thoracic surgery; PTX: pneumothorax; n.s.: not significant.

4.2 Investigation of LF abnormalities in Mf and in Mfop patients

Evaluation of LF included measurements FVC, FEV1, FEV1/FVC, forced expiratory
flow between 25 and 75% of FVC (FEF25-75), TLC, RV and functional residual capacity
(FRC) by means of electronic spirometer and body plethysmography according to the
ERS/ATS guidelines [166]. Three technically appropriate manoeuvres were performed
and the highest value of them was used. TLCO and diffusing capacity for carbon
monoxide (KLCO) were measured with single breath method. LF result are expressed as
percentage of predicted values. We used the database of ECCS as baseline reference
values, set by the spirometry manufacturer [167]. Reference equations using Hmeasured,
may be inappropriate in MFS patients due to their special skeletal features, especially

after thoracic surgery. In order to avoid any measurement bias or inaccuracy due to chest
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and/or spine deformities, we used arm span to correct height (Hcorrected) based on ERS
recommendation [168]. We recalculated the LF values based on Hcorrected With the
application of the original ECCS reference equations. The range of accuracy in the
recommendations for forced expiratory manoeuvres FVC and FEV1 is+3% of reading
or+0.050 L, depending on which one was the greater. The LF testing data using the ECCS
reference and Hmeasured are summarised in Table 5. Mfop patients had significantly lower

FVC, IVC (inspiratory vital capacity) and TLC as compared to Mf patients. Typically,
IVVC should be higher than FVC, but in 31 cases of the whole patient group we detected
higher FVC than IVC values. Some investigators have reported slightly higher FVC than
IVC in normal subjects and in patients with COPD [169, 170]. However, we cannot
exclude that this phenomenon might be related to chest deformities which occur
frequently in MFS. FEV1/FVC values were suggestive for an obstructive ventilatory
pattern in Mfqp patients. Obstruction severity in Mfqp, expressed as %predicted FEV1,
were in line with moderate changes. Airway obstruction in Mfe, patients was proved by
significantly declined FEF25-75 values compared to Mf patients. Increased RV and FRC,
both indicating hyperinflation, were observed in both groups. Diffusion (TLCO and
KLCO), blood gas parameters, 6MWT data or quality of life did not differ between
groups. The CAT® score is a patient-completed instrument to assess and quantify health-
related quality of life and symptom burden in COPD patients. It comprises 8 questions,
each is presented as a semantic 6-point (0-5) differential scale, providing a total score out
of 40. Scores of 0-10, 11-20, 21-30, 31-40 represent mild, moderate, severe or very severe
clinical impact, respectively [171-173]. The Medical Research Council (mMRC)
dyspnoea score is a 5-point (0-4) scale based on the severity of dyspnoea [174]. CAT®
and mMRC tests indicated elevated values in the Mfo, group with more respiratory
symptoms. To assess general quality of life, the Visual Analogue Scale (VAS) was used.
VAS is a 100-point numeric rating scale to measure the general condition of the patients.
Zero point means the worst imaginable condition, while 100 points symbolises the best
possible general condition [175]. According to the result of VAS, there was no significant
difference between the Mf and Mfo, groups regarding their general condition. The results

of quality of life measurements are summarized in Table 5.
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Table 5. LF testing in Mf and Mfqp using Hmeasured for the ECCS equations.

All patients Mf group Mfop group p-value
(n=55) (n=32) (n=23) Mf vs.
Mfop
FVC (L) 4.20+1.10 4.53+1.06 3.75+1.02 p=0.01
FVC (%) 93.38+17.54 97.55+15.66 86.48+18.05 p=0.02
FEV1 (L) 3.24+0.10 3.60+0.93 2.76+0.79 p<0.01
FEV1 (%) 84.13+£18.52 91.06+17.02 75.06£16.69 p<0.01
FEF25-75 (L/s) 2.96+1.24 3.40+1.20 2.35+0.99 p<0.01
FEF25-75 (%) 71.49+29.50 80.324+31.16 59.40+21.18 p=0.01
PEF (L/s) 6.25+1.72 6.56+1.63 5.90+1.81 n.s.
PEF (%) 74.25+18.08 77.39+£18.77 70.99+16.79 n.s.
RV (%) 125.86+30.42 = 128.45+34.67 @ 124.03+27.01 n.s.
FRC (%) 122.70+26.42  120.85+27.66 = 124.03+25.45 n.s.
TLC (L) 5.90+1.26 6.27+1.20 5.41+£1.20 p=0.01
TLC (%) 87.83+14.51 = 92.97+11.41  82.57+16.33 = p<0.01
IVC (L) 4.16+1.08 4.43+1.06 3.80+1.03  p=0.03
IVC (%) 87.25+16.82 = 91.27+1529  82.72+17.82 = p=0.05
FEV1/FVC 0.77£0.10 0.80+0.11 0.74+0.08 p=0.03
FEV1/IVC 0.80+0.16 0.82+0.12 0.71+0.18 p<0.01
TLCO
(mmolimin/kPa) 10.01+2.83 10.74+2.82 9.24+2.68 n.s.
TLCO (%) 89.55+18.43 94.64+17.97 85.17£18.02 n.s.
KLCO
mmolimin/kPaiL] 1.72+0.32 1.77+0.30 1.68+0.34 n.s.
KLCO (%) 80.57+17.11 80.69+19.00 81.50+14.68 n.s.
Blood gases
pH 7.424+0.02 7.41+0.02 7.424+0.01 n.s.
pO2 (MmHg) 83.28+7.02 83.88+6.24 82.4148.09 n.s.
pCO2 (mmHgQ) 37.42+3.21 37.13+0.02 37.84+3.19 n.s.
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Table 5. (Continued)
All patients Mf group Mfop group p-value

(n=55) (n=32) (n=23) Mf vs.
Mfop
6MWT
Distance (m) 566.7£99.06  584.28+92.82  542.22+104.27 n.s.
AHR (1/min) 34.40+12.65 40.03+11.20 26.57+7.43 n.s.
ASpO2 (%) 1.02+8.36 1.53£2.4 0.30+1.36 n.s.
Quality of life
VAS (1-100) 78.39+19.67  81.37+18.01 74.16+21.61 n.s.
CAT (0-40)8 7 (0-22) 7 (0-22) 10 (0-22) n.s.
MMRC (0-4)8 0 (0-3) 0 (0-2) 1(0-3) n.s.

Abbreviations: Mf: patients with Marfan syndrome without thoracic surgery; Mfop: patients with Marfan
syndrome who underwent major thoracic surgery; n.s.: not significant; FVC: forced vital capacity; FEV1
forced expiratory volume in 1 second;:FEF25-75: forced expiratory flow between 25 and 75% of FVC;
PEF: peak expiratory flow; RV: residual volume; FRC: functional residual capacity; TLC: total lung
capacity; I\VVC: inspiratory vital capacity; TLCO: transfer factor of the lung for carbon monoxide; KLCO:
diffusing capacity for carbon monoxide; pO2: partial pressure of oxygen; pCO2: partial pressure of carbon
dioxide; 6MWT: 6-minute walk test; AHR: heart rate change; ASpO2: blood oxygen saturation level
change; VAS: Visual Analogue Scale; CAT®: COPD Assessment Test; mMRC: modified Medical

Research Council.

§ data expressed as median (range)

4.3 Recalculation of LF results based on Hcorrected

With the application of Heorrected, FVC and FEV1 %predicted values increased in every
patient groups (Table 6.). FEV1% remained in the pathological range in Mfop patients

(<80% predicted) and remained significantly lower compared to Mf group.
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Table 6. Lung function parameters using ECCS with Hmeasured @nd Hcorrected In MFS

patients.
All Mf Mfop p-value
patients group group Mf vs.
(n=55) (n=32) (n=23) Mfop

ECCS Hmeasured 93.38+£17.54 97.55£15.66 H 86.48+18.05 p=0.02

FVC%
ECCS Hcorrected 96.68+18.09 | 101.99+15.18 | 88.02£19.15  p=0.01
ECCS Hmeasured | 84.13+18.52  91.06£17.02  75.06+£16.69 p<0.01

FEV1%

ECCS Hecorrected 86.41+23.49  93.27£16.68 | 77.25+18.92 p<0.01

Abbreviations: Mf: patients with Marfan syndrome without thoracic surgery; Mfop: patients with Marfan
syndrome who underwent major thoracic surgery; ECCS: European Community of Coal and Steel; GLI:

Global Lung Function Initiative.

4.4 Correlation between the patients’ LF values and the extent of scoliosis

Scoliosis is a common feature in MFS. In our patient group significantly more individuals
suffered from scoliosis in the Mfo, group compared to Mf group. Significant negative
correlation between the extent of scoliosis and FVC% (= —0.414, [95% CI-0.617
to—0.159], p=0.0023) and FEV1% (r= —0.401, [95% CI-0.607 to—0.144], p=0.003) were
noted. Likewise, FVC% after calculating with Hcorrected (r= —0.463, [95% CI-0.661
t0—0.206], p<0.001) and FEV1% (1= —0.386, [95% CI-0.599 to—0.125], p=0.005)
confirmed the association. The correlation between the LF parameters and scoliosis is

presented in Figure 3.
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Figure 3. Correlation between the extent of scoliosis and Hcorrected FVC% (panel A) and
FEV1% (panel B).

4.5 Comparison of LF results calculated with ECCS and GLI reference equations

In our further investigation from the pre-selected 55 patients, we chose individuals who
did not have any coexistent pulmonary disease, did not use any pulmonary medications
and had no acute respiratory symptoms (dyspnoea, cough, sputum and chest paint that
was unusual in comparison to the chest complaints the patients had in the everyday life
due to their chest deformities) during the assessment.

Investigation of LF parameters was performed in 32 asymptomatic adult MFS patient.
We used the database of the ECCS set by the spirometry manufacturer as baseline
reference values [167].

Recalculation of LF results with GLI equations was performed with the “GLI-2012
Desktop Software for Individual Calculations” software [176]. Mandatory data for the
recalculation were sex, age, ethnicity, height, FVC and FEV1 values given in litres.
Systemic score of the patients has been also evaluated (Table 7.). The systemic

involvement can be confirmed when the score is >7 points [98, 177].
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Table 7. Calculation of the systemic score in MFS [98].

Symptom Score Number of
affected patients,
n (%)
Wrist AND thumb sign 3 25 (78.1)
Wrist OR thumb sign 1 28 (87.5)
Pectus carinatum deformity 2 15 (46.9)
Pectus excavatum or chest asymmetry 1 14 (43.8)
Hindfoot deformity 2 5 (15.6)
Plain pes planus 1 14 (43.8)
Pneumothorax 2 2 (6.3)
Dural ectasia 2 2 (6.3)
Protrusio acetabuli 2 0 (0)
Reduced US/LS AND increased arm/height AND no 1 8 (25.0)
severe scoliosis
Scoliosis or thoracolumbar kyphosis 1 25 (78.1)
Reduced elbow extension 1 8 (25.0)
Facial features (3/5) (dolichocephaly, enophtalmos, 1 4 (12.5)
downslanting palpebral fissures, malar hypoplasia,
retrognathia)
Skin striae 1 21 (65.6)
Myopia > 3 dioptres 1 21 (65.6)
Mitral valve prolapse (all types) 1 26 (81.2)

Abbreviations: US/LS: upper segment/lower segment ratio.

Clinical data and parameters of the patients are shown in Figure 4. Vast majority of the

patients were never smokers. There were significantly more men in the ever smoker group

as compared to women (p=0.02). Only 2 women had positive smoking history.
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Figure 4. Graphic summary of individual clinical data.
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LF results are summarized in Table 8. There were no significant differences between
sexes regarding FVC% and FEV1% calculated with ECCS. Using GLI resulted in lower
FVC% and FEV1% values, however the difference was not significant when compared
with ECCS results. By using GLI LLN abnormal FVC% values could be observed twice
as often as using ECCS. Airway obstruction appeared significantly more frequently with
GLI LLN in men as compared to women. Obstruction severity expressed by FEV1%

predicted (<80% reference or <LLN) was more pronounced in men using GLI equations.

Table 8. Lung function parameters using ECCS and GLI equations in MFS patients.

All Men Women p-value
patients (n=12) (n=20) Men vs.
(n=32) Women
ECCS 97.1£16.9 93.4+12.4 99.3+19.0 n.s.
GLI 87.0+£16.6* | 82.7+15.5*% | 89.4+£17.1% n.s.
FVC%
<HENGLL 9 (28) 5 (42) 4 (20)
n.s.
n (%)
ECCS 88.0£19.1 83.4+17.9 90.7+18.1 n.s.
GLI 79.6£18.9* | 78.7£15.6§ | 80.2+21.2* n.s.
FEV1%
<LLNGLL, 11 (34) 6 (50) 5 (25)
n.s.
n (%)
ECCS 77.1+8.7 73.1£9.3 79.5+7.1 0.04
GLI 71.0£2.7 70.24+2.4 71.5£2.8 n.s.
FEV1/FVC
<LLNGLL, 8 (25) 6 (50) 2 (10) 0.03
n (%) '

Abbreviations: FVC: forced vital capacity; FEV1 forced expiratory volume in 1 second; ECCS: European

Community of Coal and Steel; GLI: Global Lung Function Initiative; LLN: lower limit of normal.

n.s.= not significant (p-value >0.05).
*=p-value<0.01 vs. ECCS, §= p-value=0.02 vs. ECCS.
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There were also below threshold values regarding FEV1% (Figure 4., individual data).
Patients were divided into 2 different groups based on their systemic scores: one group
without (<7 points) and the other with systemic involvement (>7 points). We compared
FEV1/FVC using both ECCS and GLI in the 2 groups. In patients with systemic
involvement the FEV1/FVC values were significantly lower when using GLI as
compared to ECCS (Figure 5.).

p<0.01
1.0 : .
| | 3 No systemic involvement
0.9 B3 Systemic involvement
9 |
1 0.8 T
=
= | L
EO.?— l - -
0.6
0.5

ECCS -
GLI A
ECCS -
GLI -

Figure 5. FEV1/FVC values calculated with ECCS and GLI in MFS patients with no
systemic involvement and in MFS patients with systemic involvement.

Data were presented as mean =+ standard deviation.

Relationship between the systemic score and FEV1/FVC values did not confirm
association regardless of reference equation used (p>0.05 in all cases). However, GLI
seemed to be more sensitive in showing obstructive ventilatory pattern in low systemic

score patients (Figure 6).
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Figure 6. Association between MFS systemic score and FEV1/FVC when calculating
with ECCS and GLI reference equations. The blue broken line marks the 70% of
FEV1/FVC.

4.6 Comparison the conduciveness of height correction to arm span and GLI
reference equations for LF measurements

In our first study about LF evaluation in MFS we used ECCS reference equations, which
are routinely applied in Hungary. Yet we suspected that the measurements would be
biased due to the disproportionate body height of the patients [128, 178]. After using
Hcorrected, higher LF % predicted results were obtained from the patients. However, since
ECCS is already considered to be inaccurate in several large studies, in our later study we
used GLI methodology, which is recently recommended in the international literature
[179]. Its application confirmed obstructive and restrictive tendency both with or without
height correction in our MFS patients, which is consistent with the disease characteristics
(Figure 7.). FVC% estimated with ECCS Hmeasurea Was significantly higher when
calculating with GLI Hmeasured (96.8+3.1 vs. 87.0+3.0 % predicted), and the same tendency
could be noticed when calculating with ECCS and GLI using Hcorrected (99.5+3.5 vs.
90.6+3.1 % predicted). Similar results were obtained when comparing FEV1% between

the 2 methods: using ECCS and GLI with Hmeasured, GLI resulted significantly lower
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values (83.6+3.4 vs. 79.0+3.4 % predicted) as well as calculating with Hcorrected (85.7+3.7
vs 81.3+3.5 % predicted).
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Figure 7. Comparison of FVC% (A) and FEV1% (B) values in MFS with and without
height correction by using ECCS and GLI. The dotted lines represent 100%.

Data were presented as mean + standard error of the mean.

41



DOI:10.14753/SE.2022.2572

5. Discussion

MFS is a connective tissue disorder that can affect many organ systems and manifests
itself in a wide variety of symptoms during all phases of life [180, 181]. Our study has
the largest cohort of patients with MFS who have been fully assessed for respiratory
involvement and whose LF results have been evaluated with 2 different reference
equations. More than 20% of the whole patient group had pulmonary complaints. Cough,
shortness of breath and chest pain were common, mainly observable in Mfo, patients.
Quality of life test results correlated with the symptoms.

LF values are usually based on age, sex and standing height, which may be misleading in
MFS, where the length of the lower limbs contributes disproportionally to height [182].
We used Hecorrected t0 OVercome the height measurement bias. It resulted in a significant
reduction in the standing height values of MFS patients, which led to significant shrinkage
in the LF results in the Mf group, mainly in men. This led us to the conclusion that in
many MFS patients the standard and widely used LF reference equations underestimate
the LF values of these patients.

In 1960, the ECCS was the first organisation to release recommendations for the
calculation of reference values [145]. These reference values were based on male coal
miners and steel workers. This was not a representative basis as reference and later in
practice the predicted values were considered to be too high. Besides, no women had been
tested and ECCS calculated the reference values for females by using 80% of the values
for men [144].

Our data confirmed airway obstruction in MFS, mainly affecting the lower airways.
Similar result had been previously published by Streeten et al. [76]. It has a great clinical
importance to ensure suitable LF testing during or following extensive thoracic
interventions. As a majority of Mfqp patients had scoliosis, it is not surprising that the
measured and corrected heights did not differ in these patients. However, calculating with
Hcorrected it revealed abnormal FVC% and FEV1% values. The moderate airway
obstruction in this young patient population might be a consequence of connective tissue
malfunction. In the background early emphysema and/or increased tendency towards
airway collapse might be suspected [77]. Due to the aberrant structure of FBN-1,

emphysema is a common finding in MFS. Robbesom et al. demonstrated the that an
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aberrant FBN-1 staining in lung specimens was significantly associated with the three
most important morphometric parameters for emphysema: alveolar destruction, the
airspace enlargement, and the emphysema-related morphological abnormalities [183].
Experimental data in murine models proved widening of the distal airspaces in MFS, as
well [184]. Hogg et al. described that emphysema affects mainly those parts of the lungs,
where obstruction is pronounced; areas with trapped air may develop emphysema over
time [185, 186]. In MFS there is a tendency for small airway collapse. It can be assumed
that due to the connective tissue weakness, air trapping starts in the small airways and
later develops into emphysema. From the 55 patients 6 had asthma, 5 of them were well-
controlled (Mf n=3, Mfq, n=2) and had no respiratory changes at the time of our
assessment. One patient waiting for MTS had mixed ventilatory pattern. Scoliosis appears
frequently in MFS, and most often may cause restrictive ventilatory defect due to the
anatomical distortion of the chest, resulting in reduced lung volumes [187]. It is unusual,
but literature also mentions bronchial obstruction, caused by the compression of the
deformed spine [188]. In our patients, the grade of scoliosis showed significant negative
correlation with FVC% and FEV1%, implying restrictive changes due to thorax
abnormalities. Shortly after the publication of our results regarding the correlation
between LF values and scoliosis, a study performed in children with MFS confirmed these
findings [75, 189].

LF evaluation in patients with atypical anthropometrical features can be difficult. The
equations used in LF testing might give different results and it would be beneficial to
reassess results in those who have unusual physical features.

As of the time, the reference equations available for the estimation of LF results have had
several inaccuracies: they are often based on rather weak samples of normal individuals;
they use mathematical models that are not effective in describing the changes of LF over
age; there are different equations for children, adolescents and for adults: they define the
results only as %predicted and do not provide a good indication of the statistical
significance of any difference that may exist between a measured values and its reference
values. GLI does not have these disadvantages. The GLI equations are used to define a
reference value, LLN as threshold value and a z-score that takes age, sex, size and, for
some LF calculations, ethnicity into account [190]. Several studies concluded that GLI

seems to be the most accurate method for the evaluation of LF results [191-193].
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Regarding LF parameters, GLI seems to be more adequate as compared to other reference
equations regardless of sex, age, ethnicity and anthropometric features. In the Swedish
CArdioPulmonary biolmage Study (SCAPIS) the DLCO values of healthy partakers were
examined. As conclusion, SCAPIS reported that their findings emphasise the clinical
importance of adequate reference values and the need of evaluating the GLI-based
reference values in specific populations [194]. Other studies supported the advantages of
using GLI reference equations, as well [195].

To evaluate the adequacy of the ECCS reference equation in our patient group, we
selected 32 MFS patients who had no respiratory symptoms. One-fourth of these patients
had airway obstruction, 28% showed restrictive ventilatory pattern including 9%, who
had mixed ventilatory disorder. Mixed functional abnormalities are defined in the
guideline when FEV1/VC and TLC are below the 5th percentiles of their relevant
predicted values [147]. We recalculated their LF results by using GLI reference equations,
as - based on the above outlined benefits regarding literature data — we considered that
they might be useful in our patient group as well. In our research we proved that with the
use of GLI LLN over FEV1/FVC appeared to be more appropriate in the definition of
subclinical airway obstruction, especially in MFS men. When interpreting spirometric
data, measured values are expressed as percent of predicted. This method may be applied
after the recommendation of Bates and Christie, who declared that a suitable general rule
is that a deviation of 20% from the predicted normal value is most likely significant [196].
Eighty percent is commonly accepted as LLN, but it is only valid if the scatter around the
predicted value is proportional to the value itself: small, if the value is small and
proportionally larger is it the predicted value is larger [144]. In contrast, respiratory data
lack proportionality, which leads to inappropriate interpretation of the results [146, 148,
157, 197-199]. In 2012 Quanjer et al. urged the necessity of more precise LF calculations
[200, 201]. Potential misidentification of respiratory disease, especially in aging
population is of major public health concern. Previous studies in more than 10000 COPD
patients (COPDGene) emphasizes the importance of GLI defined Z-score of 1.64
defining LLN at the 5™ percentile of distribution [131]. As an example, GLI defined
normal values suggested the absence of clinically meaningful respiratory disease
compared to Global Initiative for Chronic Obstructive Lung Disease (GOLD) spirometry

classification. Discordant classification by GOLD but normal LLN might result in
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misidentification of emphysema as COPD [202]. Graded associations were found
between the type and severity of GLI-defined spirometric impairment and respiratory-
related phenotypes, including dyspnoea, poor respiratory health-related quality of life,
poor exercise performance, bronchodilator reversibility, and computed tomography—
diagnosed emphysema and gas trapping. These results suggest that GLI-defined
spirometric impairment establishes clinically meaningful respiratory disease [200]. In the
background cardiovascular mechanism, respiratory muscle weakness, obesity and
kyphoscoliosis were identified as possible contributors. In our study individual
presentation of LF values using the two reference equations were discordant in 6.3%,
while concordant data were seen in 21.9% for airway obstruction. FVC% decline as a
marker of restrictive ventilatory disorder was present in only 4 patients using ECCS while
28.1% (n=9) were under LLN using GLI reference. Identification of mixed ventilatory
disorder was more common when using GLI 9.4% (n=3). Several prediction equations
are based on data collected decades ago, leading to inaccurate LF results in many patient
groups [144]. It was considered being too difficult to calculate the LLN for the
FEV1/FVC, thus the GOLD group decided that it was easier to adopt a fixed LLN of 0.7
and a lot of criticism has been published about the unscientific method and the lack of
evidence that obstructive lung disease using fixed LLN can be properly diagnosed [148,
201, 202]. This can lead to false negative finding regarding the prevalence of obstructive
lung diseases, particularly in younger individuals, while to higher prevalence in older
patients [144]. GLI uses a unified method interpreting LF in different races across all ages
and sexes [148]. In adults FEV1/FVC ratios differ from those of GLI as compared to
ECCS [205]. This is mainly due to the fact that GLI equations consider that the ratio is
inversely related to standing height, while the ECCS equations take only age into account.
This was also supported by the study of Kuster et al. This study also endorses the use of
arm span to evaluate height, e.g. in case of e conditions that hamper the standing position
[206]. Hence, GLI reference equations should be used instead of the ECCS predicted
values as it already has been validated in several studies [207, 208]. Patients with special
anthropometric feature, like MFS patients, may have false positive or false negative
values if extrapolations are distorted by height [75]. In our research we applied two
methods to calculate the LFs: ECCS and GLI calculations and the results were more

consistent with the use of GLI. This agrees with the findings of Stanojevic et al., and is
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also subsequently endorsed by the ATS and other respiratory societies worldwide [148].
Important to note that individuals with MFS are more prone to airway obstruction and by
using GLI FEV1% was more sensitive to detect early changes in asymptomatic, young
patients, especially in men. Fragoso et al. observed that GLI often defined normal (>LLN)
spirometry in patients classified as COPD by GOLD [200].

In MFS, sensitive LF reference equations are crucial due to the special physical features.
Kyphoscoliosis and emphysema often result in mixed (restrictive-obstructive) ventilatory
defect in MFS [209]. Our data confirmed that GLI is more sensitive to detect airway
obstruction in patients with unique anatomic properties and should be used as standard
way of evaluation as compared to height correction in MFS. With the application of GLI
calculation method, the daily clinical practice in respiratory care can be improved and it
can be applied for patient groups with uncommon physical characteristics.

A future imaging study is planned in order to analyse the extent of air trapping and
emphysema in our patients with MFS. Longitudinal evaluation of LF using GLI would

be also beneficial to assess the lung aging process in MFS.
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6. Conclusions

We investigated the LF changes with complex respiratory functional assessment of a large
cohort of MFS. Based on the results described above, the following conclusions were

made:

1. Chest deformities appeared in more than 70% of the patients and were more
frequent in the Mfqp group as in Mf patients, while pulmonary complaints emerged
in 20% of the patients and were also more common in Mf,p partakers.

2. LF changes were more common in Mfop patients as compared to the Mf group
and airway obstruction occurred more frequently in the Mfop group compared to

the Mf group.

3. Height correction revealed decreased FVC% and FEV1% values in Mfop
patients compared to Mf patients more in line with their clinical symptoms.

4. There is a negative correlation between the extent of scoliosis and the FVC%
and FEV1% results.

5. The use of GLI LLN for FEV1/FVC appeared to be more appropriate in the
definition of subclinical airway obstruction, as compared to ECCS reference

values, especially in MFS men.

6. With the use of GLI methodology, significantly lower FVC% and FEV1% values
were proved as compared to the originally measured LF results and was less
sensitive for height correction. In contrast, when calculating with ECCS Hmeasured
and ECCS Hcorrected, the data were incongruent and were not in line with the

clinical characteristics of MFS.
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7. Summary

MFS has diverse systemic manifestations. Beside musculoskeletal and cardiovascular
alterations, respiratory changes are also common. [210] Due to the special anthropometric
features of the patients (tall, thin physique), LF testing is particularly challenging in this
patient group. [211] Only scarce literature data is available about the LF changes in MFS
and none of them had fully investigated the pulmonological abnormalities.

Our aim was to maximize the accuracy of the respiratory evaluation in patient with MFS,
as it has a great clinical importance, e.g. in the preoperative assessment of their respiratory
status and in the follow-up of their condition.

There was a significant difference in the frequency of pulmonary complaints, symptoms
and LF values between Mf and Mfq, patients: Mfop patients had significantly more
complaints and pleuropulmonary symptoms as compared to Mf group, which highlights
the importance of close follow-up after MTS in these patients.

Extrapolation of Hcorrected from the arm span of MFS patients was also performed, after
which LF values were recalculated in every individual using Hcorrected. Increased LF
results could be seen in every patient group after the correction, however FEV1% still
stayed in the pathological range in Mfop patients.

The grade of scoliosis was also measured in every patient. Correlation analysis confirmed
a negative correlation between the extent of scoliosis and the FVC% and FEV1% values
after height correction.

Following the re-evaluation of the LF results in every MFS patient who had no pulmonary
complaints, we could determine that GLI is more suitable to detect asymptomatic airway
obstruction, especially in men. GLI results are also more in line with the clinical severity
of the disease.

Based on these data, we propose carefully organized LF measurements and the use of

GLI methodology in patients with special anthropometric features.
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