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Background: Patients with a bicuspid aortic valve (BAV) have an increased risk to develop aortic complications.
Many studies are pointing towards a possible embryonic explanation for the development of both a bicuspid
aortic valve as well as a defective ascending aortic wall in these patients. The fetal and newborn ascending aortic
wall has however scarcely been studied in bicuspid aortic valve patients. We hypothesize that early histopath-
ological defects might already be visible in the fetal and pediatric ascending aortic wall of bicuspid aortic valve
patients, indicating at an early embryonic defect.

Methods: Non-dilated BAV ascending aortic wall samples were collected (n = 40), categorized in five age groups:
premature (age range 17.5 weeks + days GA till 37.6 weeks + days GA) 2. neonate (age range 1 —21 days) 3. infant
(age range 1 month — 4 years) 4. adolescent (age range 12 years — 15 years) and 5. adult (age range 41 — 72 years).
Specimen were studied for intimal and medial histopathological features.

Results: The premature ascending aortic wall has a significantly thicker intimal and significantly thinner medial
layer as compared to all other age categories (p < 0.05). After birth the intimal thickness decreases significantly.
The medial layer increases in thickness before adulthood (p < 0.05) with an increasing number of elastic
lamellae (p < 0.01) and interlamellar mucoid extracellular matrix accumulation (p < 0.0001). Intimal athero-
sclerosis was scarce and medial histopathological features such as overall medial degeneration, smooth muscle
cell nuclei loss and elastic fiber fragmentation were not appreciated in the BAV ascending aortic wall of any age.
Conclusions: The main characteristics of a bicuspid ascending aortic wall are already present before adulthood,
albeit not before birth. Considering the early manifestations of ascending aortic wall pathology in bicuspid aortic
valve patients, the pediatric population should be considered while searching for markers predictive for future
aortopathy.

1. Introduction

A bicuspid aortic valve (BAV) is characterized by an aortic valve that
consists of two instead of the normal three cusps. Most BAV patients
have a significantly increased risk to develop ascending aortic wall pa-
thology [30]. To prevent the occurrence of lethal thoracic aortopathy in
BAV patients, the ascending aortic dimensions are followed during their
entire life. Once the aortic diameter reaches a predetermined threshold,
it is recommended to prophylactically replace the aorta. It however

remains difficult to determine which group of BAV individuals is at risk
to develop future aortic complications and would thus benefit most of an
open-heart surgery, and in which group of patients a preventive inter-
vention is not required. These uncertainties have led to several revisions
of the aortic guidelines over the past years [6,24]. Nevertheless, the
current approach is still generalized and does not take the individual
patient characteristics into account. Several studies have advocated a
personalized treatment approach in thoracic aortopathy [20,23]. By
studying the ascending aortic wall in non-dilated and dilated BAV
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Table 1
Study population.
Age category Bicuspid aortic valve Gender
Premature (<38 weeks gestational -N=5 Unknown
age) - 175WK,D(n=1) Unknown

- 19WKmn=1) Unknown
- 20WK (n=1) Unknown
- 36WK(@n=1) Unknown
- 376 WK,D(n=1)

Neonate (0 - <30 days) N=6 Unknown
-1D(n=2) Unknown
-2D(n=1) Unknown
- 11D(m=1) Unknown
-13D(n=1) Unknown
-21D(n=1)

Infant (1 month — < 4 years) N=8 Unknown
- 1MMm=1) Male
- 3M(@m=2) Unknown
- 4Mm=1) Unknown
- 55MMm=1) Unknown
- 11M@m=1) Unknown
-2Y(=1) Unknown
-4Y(m=1)

Adolescent (12 - < 18 years) N=4 Male
-12Y(n=2) Female
-13Y(n=1) Female
-15Y(n=1)

Adult (> 18 years) N=17 Female
-41Y(m=1) Male
-42Y(Mm=1) Male and Female
- 47Y(=2) Male
-49YMm=1) Female
-50YMn=1) Male
-51Y(n=1) Male
-52Y(Mm=1) Male
-54Ym=1) Female
-56Ynh=1) Female
-58YMm=1) Male
-62Y(n=1) Male
-64Y(n=1) Male
-65Y(n=1) Male
-70Y(n=2) Male
-72Y(m=1)

specimens, potential markers for future aortic complications have been
defined [9,15]. Comparison of adult non-dilated and dilated specimens
has broadened our knowledge on the pathogenesis of bicuspid aortop-
athy, although some primary questions remain unanswered. It has
recently been shown in the literature that the development of a bicuspid
aortic valve and abnormalities in the ascending aortic wall are linked to
each other through an early embryonic defect [19,27,28].

Lineage tracing studies have till date focused on the early develop-
ment of a bicuspid aortic valve [8,27], the ascending aortic wall has
scarcely been studied in fetal and newborn BAV patients. We hypothe-
size that histopathological ascending aortic wall defects in BAV patients
have an embryonic origin and are therefore already visible in the unborn
and pediatric patients. The aim of this study is to describe early histo-
pathological defects in the fetal and pediatric ascending aortic wall of
BAV patients, predictive for future aortopathy.

2. Material and methods
2.1. Patients, ascending aortic wall tissue and ethical approval

A total of 40 non-dilated ascending aortic wall specimens from
bicuspid aortic valve patients were included in this study (Table 1).
Inclusion criteria were an age of 18 years or above and being scheduled
for an elective surgery. Patients were excluded if they were known with
a genetic or connective tissue disorder. The cohort age categories were
derived from The World Health Organization classification: premature
< 38 weeks gestational age; neonate 0 < 30 days of age; infant 1 month
< 2 years; adolescent 12 < 18 years and adults > 18 years of age [7]. The
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age of the patients ranged from 17.5 weeks + days gestational age (GA)
till 72 years. Serial sections of postmortem premature fetal (n = 5),
neonate (n = 6) and infant (n = 8) ascending aortic tissue were selected
from the Leiden Collection of (malformed) hearts obtained from au-
topsies (Department of Anatomy and Embryology, LUMC, Leiden, the
Netherlands). Adolescent (n = 4) postmortem BAV specimens were
obtained from the Pathology Department (LUMC).

Adult non-dilated (diameter <45 mm) aortic specimens were ob-
tained during aortic surgery when the preferred stentless aortic root
replacement was performed in the LUMC. In all abovementioned age-
categories the aortic specimens were uniformly obtained from the aor-
totomy site.

Patients with a congenital cardiac anomaly besides a BAV were
excluded in this study (e.g., coarctation of the aorta, ventricular septal
defect, Tetralogy of Fallot).

The study was undertaken in accordance with the local ethics com-
mittee and the Dutch regulation for the proper use of human tissue for
medical research purposes. Written informed consent was obtained from
the adolescent and adult patients.

Premature fetal, neonatal, and infant aortic specimens which were
obtained from the Leiden Collection were preserved in ethanol and
glycerin dating from the 1950s in an era where no formal approval was
in effect. The material was anonymized, and no privacy rules were
violated. Due to the anonymization, gender of the premature, neonate
and infant patients was not known to the researchers. This study was
conducted in accordance with the LUMC institutional guidelines for the
use of human tissue and the Declaration of Helsinki.

2.2. Sample processing and routine histology

The sectioning and staining protocols are described previously [21].
All specimens were fixed in formalin, decalcified, embedded in paraffin,
and subsequently sectioned (4 pm). The sections were stained with
hematoxylin-eosin (HE), resorcin fuchsin (RF), and Movat pentachrome.

Characteristic histopathologic features were studied in the ascending
aortic wall of all patients. To describe the histopathological features in
the aortic wall in a standardized way, we used terms from the grading
system described in the aortic consensus paper and our own study [13,
22]. Features described in this scoring system are overall medial
degeneration (OMD), elastic fiber fragmentation and loss (EFF/L),
elastic fiber thinning (EFT), elastic fiber disorganization (EFD), mucoid
extra cellular matrix accumulation (MEMA), and smooth muscle cell
nuclei loss (SMCNL). All features were indexed as 0 (none), 1 (mild), 2
(moderate), or 3 (severe) on three predetermined locations (left, middle,
and right) of every section, which we refer to as “microscopic fields”
maintained in evaluation of all stainings on sister sections. The mean
index of each section was evaluated for statistical analysis.

We further studied the number of medial elastic lamellae and the
intimal architecture, intimal thickness and intimal atherosclerosis. The
absolute intimal thickness was defined as the area between the lamina
elastica interna and the endothelial cells. The severity of atherosclerosis
was graded in all patients and plaque morphology was classified ac-
cording to the modified AHA classification scheme proposed by Virmani
etal. [31].

All specimens were re-evaluated by an independent, experienced
histopathologists who was blinded to the clinical data and confirmed the
findings.

2.3. Statistical analysis

All numerical data are presented as mean =+ SD of three microscopic
fields on each stained slide. For comparison between the groups, sta-
tistical differences were evaluated with the one way ANOVA test. Sig-
nificance was assumed when p < 0.05 using Graphpad Prism 9.0
software program. Graphpad software was further used to create
graphics of statistical analysis.
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Fig. 1. Transverse histologic section of the

ascending aortic wall (4 um) in non-dilated
bicuspid aortic valve patients, stained with
recorsin fuchsin (A,D,G), MOVAT pentachrome
staining (B,E,H) and hematoxylin eosin (C, F, I).
The intimal layer thickness is significantly
greater in the premature age group (A-C) as
compared to the neonatal age (D-F) and the
adult age group (G-I). The intimal layer thick-
ness is indicated with the red line and arrow in

all figures (A-I). Abbreviations: BAV: bicuspid
aortic valve, GA: gestational age, HE: hema-
toxylin eosin, RF: recorsin fuchsin. Scale bars
shown in the figures.
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Fig. 2. The graph in Fig. 2 illustrates the differences in intimal thickness be-
tween the five age categories. The intimal layer thickness is significantly greater
in the premature age group as compared to the neonatal age p < 0.05 and the
adult age group, p < 0.01.The * p < 0.05, **p < 0.01.

3. Results

The ascending aortic wall specimens were divided in 5 age cate-
gories: 1. Premature (age range 17.5 weeks + days GA till 37.6 weeks +
days GA) 2. Neonate (age range 1 — 21 days) 3. Infant (age range 1 month
— 4 years) 4. Adolescent (age range 12 years — 15 years) and 5. Adult (age
range 41 — 72 years).

3.1. The ascending aortic intima

The intimal layer thickness differed considerably across the age
groups of the BAV patients (Fig. 1). The premature, fetal intimal layer
had a mean thickness of 89.80 + 55.37 um (Fig. 1A-C), which was
significantly greater as compared to the aortic intimal layer in the
neonatal (mean thickness 31.67 + 18.35 um) (Fig. 1D,F,G) and adult
(mean thickness 33.53 + 30.20 um) (Fig. 1H-J) patient group (p < 0.05
and p < 0.01 respectively) (Fig. 1).

The intimal layer was devoid of atherosclerosis in nearly all patients.
Only three patients in the adult group showed moderate atherosclerotic
plaques, defined as pathological intimal thickening in two patients
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Fig. 3. Transverse histologic section of the
ascending aortic wall (4 pm) in adult non-
dilated bicuspid aortic valve patients, stained
with MOVAT pentachrome staining. Athero-
sclerosis was scarcely seen in the BAV popula-
tion, two patient showed pathological intimal
thickening (2 A), and one patient had a thin-
ning cap fibroatheroma. Pathological intimal
thickening is characterized by the presence of
lipid pools deep within the intima near the
intimal medial border with overlying vascular
smooth muscle cells (black arrow). Scale bars
shown in the figures.

fibroatheroma

Fig. 4. Transverse histologic section of the
ascending aortic wall (4 um) in non-dilated
bicuspid aortic valve patients, stained with he-
matoxylin eosin (3 A,B), resorcin fuchsin (3 C,
D) and MOVAT pentachrome staining (3E,F).
MOVAT pentachrome stains collagen and
reticulin in yellow, glycosaminoglycans in light
blue, muscle in red, elastic fibers in dark purple,
and nuclei in black. The premature ascending
aortic wall is shown in Fig. 3A, C and E, while
the adult ascending aortic wall is demonstrated

in Fig. 3B, D and F. The medial layer was

thinnest before birth and increased significantly
in thickness throughout life (Fig. 3A,B). A sig-
nificant increase in the number of elastic
lamellae is further observed across the age
categories (Figure C,D). Mucoid extracellular
matrix accumulation was almost absent in the
premature ascending aortic wall (Fig. 3E,
whereas a significant amount is seen in the
adult aortic wall, which is revealed by the light
blue MOVAT staining between the elastic
lamellae (Fig. 3E,F).Scale bars shown in the

figures.

(Fig. 2A) and thin cap fibroatheroma in one patient (Fig. 2B).

3.2. The ascending aortic media

In contrast to the intimal layer, the medial layer was thinnest before
birth and increased significantly in thickness throughout life (Fig. 3A-C).
From the premature stage till infanthood a trend to increasing medial
thickness is seen, albeit not significant. In adolescence the medial

thickness is significantly greater as compared to the premature
(p < 0.01) and the neonatal stage (p < 0.05). In the adult specimen
medial thickness is greatest as compared to all other age categories
(p < 0.001) (Fig. 3A-C). In line with the increase in medial thickness an
increase in the number of elastic lamellae and amount of mucoid extra
cellular matrix was observed across the age categories (Figure D-F). The
mean number of elastic lamellae before and directly after birth was 45.4
+ 5.5 and 47 + 5.5 respectively. The number increased significantly
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between every age category after the neonatal phase (p < 0.01) and was
highest in the adolescent and adult phase 76.0 + 7.4 and 71 £+ 5.6
respectively (Fig. 3F). The elastic fibers not only grew in numbers, a
significant amount of thinning was also appreciated in adulthood
(p < 0.0001). .

Mucoid extracellular matrix accumulation was almost absent in the
first three life phases, after which a significant amount was encountered
in the adolescent and adult life phase (p < 0.001), Fig. 3G,H).

The pathological features smooth muscle cell nuclei loss, overall
medial degeneration and elastic fiber degradation, fragmentation or loss
were not appreciated in any age category of the bicuspid patients.

4. Discussion

Patients with a BAV have an increased risk to develop thoracic
aortopathy. Currently, risk stratification and treatment strategies are
based on the aortic dimensions, which necessitates lifelong follow up
with imaging modalities. A personalized approach is crucial for the
adequate timing of prophylactic aortic replacement in BAV patients with
an increased susceptibility for thoracic aortopathy.

Several studies have focused on markers which could distinguish the
group of vulnerable BAV patients, ranging from molecular biological to
hemodynamic factors. The adult ascending aortic wall has thereby been
extensive studied. The pediatric ascending aortic wall has garnered less
attention so far. Bicuspidy is a congenital cardiac disorder, with an
embryonic defect as the most likely cause of a combination of a defective
aortic valve and inherent weakness of the ascending aortic wall [16]. It
is therefore interesting to study which histopathological features char-
acteristic for BAV aortopathy are already present in the pediatric aortic
wall.

The BAV ascending aortic wall hardly shows any signs of pathology
in the medial layer such as smooth muscle cell nuclei loss, overall medial
degeneration, elastic medial degradation, and atherosclerosis in any age
category. The described less pathological features in the pediatric aortic
media are in line with previously reported ascending aortic wall features
of adult bicuspid aortic patients, in which specimen was compared to the
tricuspid population [14,19,26]. The intimal layer is significantly
thicker in the premature phase as compared to any other age group,
whereas the medial layer increases in thickness throughout life with an
increase in number of lamellae and interlamellar mucoid extracellular
matrix. The significantly thinner intimal layer has been noted as a risk
factor for future aortic complications, and is common between genetic
and congenital cardiac diseases with an inherent risk for thoracic aort-
opathy. In adult Marfan syndrome, type A aortic dissections and

bicuspid aortic valve patients the intimal layer is only a few cell layers
thick [11,18,21].

Our previous study revealed a difference in the timing of intimal
development in BAV and TAV patients [17]. In TAV, the expansion of
the intimal layer is apparent in the neonatal phase (4 months), the
subendothelial layer thereafter increases in thickness till the age of six,
after which the intimal layer stabilizes for a few years and again in-
creases in thickness during adulthood [17]. In TAV the early increase in
intimal thickness is regarded as a normal physiological process, impor-
tant for strengthening of the vessel wall and can be seen as a remarkable
ability to adapt to injury and/or regeneration and cope with high and
pulsatile blood pressure [10].

In the BAV the intimal thickening started in early gestation demon-
strating an intimal thickness comparable to the newborn intima in TAV.
Strikingly, after birth the intima decreased in thickness to remain as a
significantly thinner layer throughout life.

It is hypothesized that the lack of intimal layer development is
caused by a combination of a differentiation defect of the vascular
smooth muscle cells and endothelial dysfunction.

On the one hand, the early embryonic defects could protect the
bicuspid population against the development of atherosclerosis as both
vascular smooth muscle cells and endothelial cells play an integral role
in the development of plaques. The lack of atherosclerosis has also been
shown clinically in non-dilated and dilated BAV patients [1,3-5]. On the
other hand, the significantly thinner intimal layer, which also lacks the
potential of physiological adaptive intimal thickening, is mechanically
weaker to withstand pathological environmental stimuli such as varia-
tions in flow and wall tension [29].

Transforming growth factor beta (TGF-f) is an important factor in
vessel wall maintenance and pathology. Among the known BAV he-
reditary genes there are a number involved in TGF-f signaling (FBN1,
TGFBR2, TGFB2, SMAD6) [25]. TGF-f plays a role in endothelial to
mesenchymal transition, and is a potent activator of endothelial cells
and enhances intimal hyperplasia through the production of extracel-
lular matrix proteins while it suppresses smooth muscle cell activation
[2]. Furthermore, TGF-p is critical for cardiac valve formation and
smooth muscle differentiation. It thus seems obvious that TGF-§ plays a
central role in the pathology encountered in the adult bicuspid aortic
valve being a lack of intimal thickening, thick medial layer with an
abundance of mucoid extracellular matrix and the earlier described
smooth muscle cell differentiation defects [20]. In this study the role of
hemodynamics has not been considered. Earlier studies showed no
relevant effect of increased stress on the histopathology of the aortic
wall, but these studies have only been conducted in adult specimen so
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far [12].

We conclude that the main characteristics of a bicuspid ascending
aortic wall are already present before adulthood, albeit not before birth.
Directly after birth the intimal thickness layer decreases significantly
and an increase in the number of elastic lamellae and mucoid extracel-
lular matrix is seen before adulthood. Considering the early manifesta-
tions of ascending aortic wall pathology in bicuspid aortic valve
patients, the pediatric population should be taken into account while
searching for markers predictive for future aortopathy.
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