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Comparison of microstructural alterations in the proximal
aorta between aortic stenosis and regurgitation
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Johannes Neumann, MD,b,c Nimrat Grewal, MD,d Thomas Kuntze, MD,e Stefan Blankenberg, MD,b,c

Hermann Reichenspurner, MD, PhD,a,c Dirk Westermann, MD,b,c and Evaldas Girdauskas, MDa,c
ABSTRACT

Objective:We aimed to analyze the association among flow patterns, gene expres-
sion, and histologic alterations of the proximal aorta in patients with aortic valve dis-
ease.

Methods: A total of 131 patients referred for aortic valve replacement were group-
ed by valve dysfunction (aortic stenosis vs aortic regurgitation) and valve
morphology (bicuspid vs tricuspid). On the basis of magnetic resonance imaging,
aortic tissue from outer and inner curvature was collected for gene expression
and histologic analysis. To identify differences in aortic remodeling, age- and sex-
adjusted data for inflammation (CCL2, VCAM1, inflammation and atherosclerosis)
and medial degeneration (COL1A1, ELN, fibrosis, elastin fragmentation, and cystic
medial necrosis) were compared.

Results: First, we compared all patients with aortic regurgitation (n ¼ 64) and pa-
tients with aortic stenosis (n ¼ 67). In patients with aortic regurgitation, COL1A1
expression and all histologic markers were significantly increased. With respect
to aortic diameter, all subsequent analyses were refined by considering only individ-
uals with aortic diameter 40 mm or greater. Second, patients with bicuspid aortic
valve were compared, resulting in a similar aortic diameter. Although patients with
aortic regurgitation were younger, no differences were found in gene expression or
histologic level. Third, valve morphology was compared in patients with aortic
regurgitation. Although aortic diameter was similar, patients with regurgitant
bicuspid aortic valve were younger than patients with regurgitant tricuspid aortic
valve. Inflammatory markers were similar, whereas markers for medial degeneration
were increased in patients with regurgitant tricuspid aortic valve.

Conclusions: Our results indicate that the proximal aorta in patients with aortic
regurgitation showed an increased inflammation and medial degeneration
compared with patients with aortic stenosis. Refining both groups by valve
morphology, in patients with bicuspid aortic valve, no difference except age was de-
tected between aortic regurgitation and aortic stenosis. In patients with aortic
regurgitation, tricuspid aortic valve revealed increased markers for medial degener-
ation but no differences regarding inflammatory markers. (J Thorac Cardiovasc
Surg 2021;162:1684-95)
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CENTRAL MESSAGE

Compared with stenosis, aortic
tissue from patients with regur-
gitation revealed increased
inflammation and even more
medial degeneration, which was
aggravated in patients with
tricuspid valve morphology.
PERSPECTIVE
Compared with patients with stenosis, aortic tis-
sue derived from patients with regurgitation pre-
sented more severe vascular remodeling, which
was even more pronounced in those patients
with tricuspid valve morphology. Severe vascular
remodeling may result in faster aortic dilation;
therefore, regurgitation should be considered as
a possible risk factor to prevent future
complications.
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VIDEO 1. Summary of the presented study: Aortic inflammation and

medial degeneration differ between regurgitation and stenosis. Video avail-

Abbreviations and Acronyms
AD ¼ aortic diameter
AR ¼ aortic regurgitation
AS ¼ aortic stenosis
BAV ¼ bicuspid aortic valve
CMN ¼ cystic medial necrosis
MRI ¼ magnetic resonance imaging
TAV ¼ tricuspid aortic valve
WSS ¼ wall shear stress

Scanning this QR codewill take
you to the table of contents to
access supplementary informa-
tion.
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Ascending aortic dilation is the most common aortic patho-
logical condition associated with an elevated risk of dissec-
tion or rupture.1 Because of its silent nature, there exists an
urgent need of better understanding of risk factors and path-
ophysiology. Previous studies suggested that structural al-
terations of the aortic wall are mainly caused by a
variable interaction between genetic predisposition and
altered hemodynamics.2-5

Genetic predisposition is usually associated with congen-
ital aortic wall weakness, such as in Loeys–Dietz and Mar-
fan syndrome.6 However, the hemodynamics in the
proximal aorta may exhibit variable flow patterns and is
influenced by functional aortic root elements, the aortic
valve being one of the most important. A normal tricuspid
aortic valve (TAV) induces steady laminar flow pattern in
the proximal aorta, as demonstrated by 4-dimensional
flow magnetic resonance imaging (MRI) analysis.7 In
contrast, patients with an aortic valve dysfunction (aortic
stenosis [AS] or aortic regurgitation [AR]) exhibit different
flow and wall shear stress (WSS) patterns in the proximal
aorta.7

Recent data indicate that elevated WSS due to aortic
valve dysfunction can alter gene expression in the aortic
wall and further induce microstructural lesions, which
finally lead to changes in vessel geometry. This process
is also known as ‘‘aortic remodeling.’’8,9 In the present
study, we aim to analyze the association among
transvalvular flow patterns, gene expression, and
histologic alterations of the proximal aorta in patients
with aortic valve disease. Because of the marked
heterogeneity of the study population, age- and
sex-adjusted comparisons were made on the basis of
valve dysfunction and morphology.
The Journal of Thoracic and Car
MATERIAL AND METHODS
Study Population

We prospectively identified 131 consecutive patients who were referred

for aortic valve surgery with or without proximal aortic surgery from 2012

to 2016. All patients who underwent urgent surgical procedures (eg, acute

aortic dissection or endocarditis) were excluded from this study. We

excluded all patients whowere diagnosedwith congenital connective tissue

disorders. The diagnosis of valve dysfunction and morphology was based

on echocardiographic and cardiac MRI.

Our study design is presented in Figure 1. On the basis of valve dysfunc-

tion (AR and AS) and valve morphology (BAVand TAV), several compar-

isons adjusted for age and sex were analyzed. First, in comparison 1a, all

patients with AR (n ¼ 64) were compared with all patients with AS

(n ¼ 67). Likewise, in comparison 1b, patients with AR (n ¼ 58) were

compared with patients with AS (n ¼ 44) refined by aortic diameter

(AD) 40 mm or greater. Comparison 2 used patients with AR and patients

with AS refined by bicuspid aortic valve (BAV) morphology and AD

40 mm or greater (AR-BAV, n ¼ 18 and AS-BAV, n ¼ 40). In comparison

3, patients with AR with BAV (AR-BAV, n ¼ 18) were compared with pa-

tients with AR with TAV (AR-TAV, n ¼ 40) (Video 1).

The present study conformed to the principles outlined in the Declara-

tion of Helsinki. All patients provided their written informed consent, and

the protocol was approved by the Thuringian Chamber of Physicians Ethics

Committee (23333/2014/146).

Aortic Tissue Samples Based on Magnetic Resonance
Imaging

All patients underwent a noncontrast cardiac MRI (Avanto 1.5T scan-

ner; Siemens, Erlangen, Germany), including phase-velocity encoded im-

aging of the left ventricular outflow tract and the proximal aorta. Proximal

AD was determined as the largest cross-section observed perpendicular to

the aortic axis curve in a mid-vessel slice. Structural breath-held, steady-

state free precession images were acquired to visually identify the turbulent

flow jet in stenotic or regurgitant aortic valves. Using steady-state free pre-

cession images, we determined the area of proximal aorta exposed to

maximal flow-jet, mostly the outer curvature, as well as the contralateral

‘‘low-flow’’ area, mostly the inner curvature. In patients without a jet,

aortic samples were obtained from standard aortotomy height before

closure. A specific description of samples collection is presented in the

Online Data Supplement (Figure E1).
able at: https://www.jtcvs.org/article/S0022-5223(20)30548-1/fulltext.
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FIGURE 1. Scheme of the study design. A total of 131 patients diagnosed with aortic valve diseases were included in this study. According to valve

dysfunction and morphology, 4 comparisons between subgroups were performed. Representative steady-state free precession images demonstrate AR

(backflow highlighted with black arrows) or AS (eccentric jet highlighted withwhite arrows). With the use of MRI, maximal jet impact area was determined

in the proximal aorta to guide the collection of aortic samples. Intraoperatively, 1 sample was obtained from the aortic area exposed to jet and another from

the contralateral aortic wall. Both samples were investigated regarding markers for inflammation and medial degeneration using gene expression and his-

tomorphologic analysis. AR, Aortic regurgitation; TAV, tricuspid aortic valve; BAV, bicuspid aortic valve; Ao, aorta; LA, left atrium; LV, left ventricle;MRI,

magnetic resonance imaging.
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FIGURE 2. Paired differences between outer and inner curvature. A, Gene expression of patients with AD 40 mm or greater were compared between outer

and inner curvatures (upper graph: AR, n¼ 58) (lower graph: AS, n¼ 44). No differences in the gene expression ofCCL2, VCAM1,COL1A1, and ELNwere

detected. Paired comparison of log-transformed gene expression data between outer and inner curvatures was performed using a linear mixedmodel adjusted

for age and sex. The regression coefficient beta is plotted as forest plots for genes associated with inflammation (red) or medial degeneration (blue). B,

Representative histologic images of hematoxylin–eosin-stained, resorcin fuchsin–stained, andMOVAT’s pentachrome–stained aortic samples. C, Histologic

scores of patients with AD 40 mm or greater were compared between outer and inner curvature for patients with AR and AS (comparison 1b). The 5
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TABLE 1. Baseline characteristics of study cohort

Comparison 1a Aortic valve regurgitation (n ¼ 64) Aortic valve stenosis (n ¼ 67) P value AR vs AS

Male gender, n (%) 46 (71.9) 45 (67.2) .58

BMI (kg/m2) 27.1 (23.7-31.2) 28.3 (25.5-32.6) .28

Comorbidities

Hyperlipidemia, n (%) 6 (9.4) 3 (4.5) .69

History of smoking, n (%) 14 (21.9) 16 (23.9) .81

Diabetes, n (%) 5 (7.8) 11 (16.4) .92

Arterial hypertension, n (%) 40 (62.5) 45 (67.2) .47

Bicuspid valve, n (%) 21 (32.8) 59 (88.1) <.001

Age (y) 59.0 (49.8-66.0) 61.0 (55.5-68.0) .058

Proximal AD (mm) 52.0 (47.0-58.0) 43.0 (38.5-49.5) <.001

Comparison 1b (AD �40 mm) AR � 40 mm (n ¼ 58) AS �40 mm (n ¼ 44) P value AR vs AS

Male gender, n (%) 40 (69.0) 34 (77.3) .38

Age (y) 59.0 (49.5-66.0) 62.5 (55.8-69.0) .041

Proximal AD (mm) 52.5 (49.0-58.8) 47.5 (43.0-52.2) <.001

Comparison 2 (AD �40 mm) AR-BAV (n ¼ 18) AS-BAV (n ¼ 40) P value AR-BAV vs AS-BAV

Male gender, n (%) 12 (66.7) 32 (80.0) .33

Age (y) 51.0 (47.2-57.0) 63.0 (55.8-69.0) <.001

Proximal AD (mm) 51.0 (49.0-55.0) 48.5 (43.8-53.0) .052

Comparison 3 (AD �40 mm) AR-BAV (n ¼ 18) AR-TAV (n ¼ 40) P value AR-BAV vs AR-TAV

Male gender, n (%) 12 (66.7) 28 (70.0) 1.00

Age (y) 51.0 (47.2-57.0) 61.0 (54.8-69.0) .002

Proximal AD (mm) 51.0 (49.0-55.0) 53.0 (49.0-60.0) .46

Continuous variables are given as median (25th percentile, 75th percentile). Binary variables are given as absolute number (relative frequency). P values are calculated using

Mann–Whitney test for continuous variables and Fisher exact test for binary variables. AR, Aortic regurgitation; AS, aortic stenosis; BMI, body mass index; AD, aortic diameter;

BAV, bicuspid aortic valve; TAV, tricuspid aortic valve.
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Both collected tissue samples were divided to perform gene expression

analysis and histologic staining. Samples for histopathologic analysis were

fixed in neutral-buffered formalin, and samples for gene expression anal-

ysis were snap-frozen in liquid nitrogen. As indicated in Figure 1, subse-

quent analysis was designed to address inflammatory markers such as the

endothelial adhesion molecule VCAM1, the chemo-attractive chemokine

CCL2 on gene expression level, and the infiltrated inflammatory cells

and atherosclerosis on histologic tissue sections. Furthermore, we focused

on markers for medial degeneration. Therefore, we measured gene expres-

sion of the extracellular matrix proteins COL1A1 and ELN and fibrosis,

elastin fragmentation, and cystic medial necrosis (CMN) on histologic tis-

sue sections.
histologic variables (inflammation, atherosclerosis, elastin fragmentation, CMN

ered as significant and marked with an asterisk. Although differences between o

rosis and CMN than fibrosis, the majority of patients with AR and even more pat

increased scores in the outer curvature was detected and reached significant lev

parison of unadjusted histologic datawas performed between outer and inner cur

is shown in Figure E6. The percentage of patients with no difference between o

increased histologic scores in the outer curvature is plotted in red and in green in

aortic diameter; AS, aortic stenosis; CMN, cystic medial necrosis.

1688 The Journal of Thoracic and Cardiovascular Sur
Histopathologic Analysis
The 5 histologic parameters were semiquantitatively graded according

to the guidelines of the Society for Cardiovascular Pathology in 4 degrees:

0 ¼ normal, 1 ¼ mild, 2 ¼ moderate, and 3 ¼ severe.10,11 Representative

images are shown in Figure 2, B.

Gene Expression Analysis
Total RNAwas isolated using QIAzol followed by miRNeasy Kit (Qia-

gen, Hilden, Germany). Details regarding isolation of total RNA are shown

in the Online Data Supplement. Reverse transcription of RNAwas carried

out using the High-Capacity cDNA Kit (Life Technologies, Carlsbad,
, and fibrosis) were semiquantitatively evaluated. P values<.05 are consid-

uter and inner curvatures were more pronounced with respect to atheroscle-

ients with AS had no differences (blue bar). In a few patients, a tendency of

els for elastin fragmentation. In the group of patients with AR, paired com-

vatures using the Stuart–Maxwell test. The corresponding contingency table

uter and inner curvatures is plotted in blue, the percentage of patients with

the inner curvature. CI, Confidence interval; AR, aortic regurgitation; AD,

gery c December 2021
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FIGURE 3. Comparison between all patients with AR and patients with AS and further refined by AD 40 mm or greater (comparison 1a and 1b). Gene expres-

sion of patients withAR (n¼ 64) were comparedwith gene expression of patients with AS (n¼ 67) and further refined byAD 40mmor greater (AR, n¼ 58/AS,

n¼ 44). The comparison of the outer curvatures is shown on the left and of the inner curvatures on the right. Comparison of log-transformed gene expression was

performed using linear regression adjusted for age and sex. The regression coefficient beta is plotted as forest plots for genes associatedwith inflammation (red) or

medial degeneration (blue). The comparison of histologic data of the outer curvatures is shown on the left and of the inner curvatures on the right. Comparisonwas

performed using proportional odds regressions adjusted for age and sex. The odds ratio is plotted as forest plots for histologic parameter associated with

inflammation (red) or medial degeneration (blue). In some cases, the model could not be computed because of lack of variability in the histologic score (eg,

most values being equal to 0). AR, Aortic regurgitation; AS, aortic stenosis; CI, confidence interval; AD, aortic diameter; OR, odds ratio.
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Calif), and resulting cDNAwas finally used for real-time polymerase chain

reaction as described in the Online Data Supplement.

Statistical Analysis
Adjusted comparisons of gene expression between different

groups of patients were done using linear regression. Adjusted com-

parisons of histologic scores between different groups of individuals

were done similarly but exchanging linear regression by the
The Journal of Thoracic and Car
proportional odds model. Further details are provided in the

Online Data Supplement.
RESULTS
Characteristics of the Study Cohort
As shown in Table 1, comparison of all patients with AR

with all patients with AS revealed no differences in sex,
diovascular Surgery c Volume 162, Number 6 1689
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diameter; CI, confidence interval; OR, odds ratio.
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body mass index, and age. Furthermore, the most relevant
comorbidities were similarly distributed in both groups.
Significant differences were found regarding valve
morphology and maximal cross-sectional proximal AD.
As expected, patients with AS revealed a higher incidence
of BAVs (33% vs 88%; P<.001) and exhibited a smaller
AD (median, 52.0 vs 43.0; P<.001) compared with patients
with AR (comparison 1a).

To reduce the effects of different AD, the study cohort
was further refined by applying the cutoff for AD 40 mm
or greater (comparison 1b). Consequently, the difference
of AD between patients with AR and patients with AS
was reduced but remained significantly different (median,
52.5 vs 47.5; P<.001).

Next, to exclude effects of different valve morphologies,
BAVs were used to compare patients with AR and
patients with AS (comparison 2). Patients with AR-BAV
were significantly younger than patients with AS-BAV
(median, 51.0 vs 63.0; P < .001), but AD was no
longer significantly different (median, 51.0 vs 48.5;
P<.052).
1690 The Journal of Thoracic and Cardiovascular Sur
To investigate the effects of the different valve morphol-
ogies, BAVs and TAVs were compared within the AR group
(comparison 3). No significant difference in AD between
AR-BAV and AR-TAV was detected (median, 51.0 vs
53.0; P ¼ .46), whereas the patients with AR-BAV were
significantly younger (median ¼ 51.0 vs 61.0 years;
P ¼ .002).

Negligible Differences Between Outer and Inner
Curvature Within One Patient

To uncover differences between outer and inner curva-
ture, paired samples were compared separately for each
subgroup defined in Figure 1. Gene expression data,
adjusted for age and sex, revealed no differences between
the outer and inner curvatures. In Figure 2, A, the 2 sub-
groups, defined for comparison 1b, are depicted. The ana-
lyses of the other subgroups are presented in Figures E2,
A, E3, A, and E4, A.

Histologic data for inflammation, atherosclerosis, elastin
fragmentation, CMN, and fibrosis were scored to compare
outer and inner curvatures (Figure 2, C). Because of the
gery c December 2021
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lack of variability of these score differences and model sam-
ple size, numeric problems were encountered in some cases
when fitting age and adjusted models, and these results are
not presented. For all subgroups, contingency tables were
The Journal of Thoracic and Car
produced displaying the distribution of score differences
(Figures E5-E8). In the majority of patients, scores did not
differ between inner and outer curvatures. In a few patients,
a tendency of increased scores in the outer curvature was
diovascular Surgery c Volume 162, Number 6 1691
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detected and reached significant levels for elastin fragmenta-
tion in the subgroup of patients with AR and patients with
AR-TAV (Figure 2, C, and Figures E2, B, and E4, B).

Slightly Increased Markers for Inflammation and
Strongly IncreasedMarkers forMedial Degeneration
in Patients With Aortic Regurgitation (Comparison
1a and 1b)

As shown in Figure 3, gene expression and histologic scores
of all patients with AR were compared with all patients with
AS (comparison 1a) and subsequently further refined by AD
40 mm or greater (comparison 1b). Both comparisons were
performed for outer and inner curvatures, separately.
Comparing all patients without restriction regarding AD,
gene expression of CCL2 and VCAM1 revealed no difference,
whereas inflammatory markers using histology were
increased in patients with AR. With respect to markers for
1692 The Journal of Thoracic and Cardiovascular Sur
medial degeneration, gene expression ofCOL1A1was slightly
increased and histologic data were strongly increased in pa-
tients with AR. The subsequent refinement led to similar re-
sults except that gene expression of COL1A1 was no longer
different between those with AR and those with AS. It is
not clear whether the gene expression of COL1A1 is depen-
dent on AD or there is not enough power to detect differences
because of the reduced sample size in this subgroup.

No Differences Between Patients With Aortic
Regurgitation and Patients With Aortic Stenosis
With Bicuspid Aortic Valve Morphology
(Comparison 2)

Study cohort of comparison 1b was further refined by BAV
morphology leading to comparison 2 (AR-BAV vs AS-BAV).
Neither gene expression nor histologic scores revealed signif-
icant differences between both subgroups (Figure 4).
gery c December 2021
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Aortic Regurgitation With Tricuspid Valves Reveal
More Severe Medial Degeneration Than With
Bicuspid Valves (Comparison 3)

By using the study cohort of comparison 1b, the impact of
different valve morphologies was assessed leading to com-
parison 3 (AR-BAV vs AR-TAV). As depicted in Figure 5,
data concerning inflammation displayed no differences be-
tween TAV and BAV morphology. Regarding markers for
medial degeneration, gene expression of COL1A1 was
significantly increased in patients with AR-TAV in the inner
curvature, whereas on the histologic level, fibrosis was not
significantly different but tended toward higher expression
in patients with AR-TAV. Of note, elastin fragmentation
and CMN were highly increased in patients with AR-TAV
compared with patients with AR-BAV.
Spearman Correlations Between Inflammatory and
Medial Degeneration Markers in All Individuals

Inflammatory and medial degeneration markers were
correlated to age and AD. Except for VCAM1 gene expres-
sion, no correlation was found for age, whereas 5 of 8 in-
flammatory and 8 of 10 medial degeneration markers
revealed significant positive correlations with AD.

Next, we correlated the different inflammatory and medial
degenerationmarkers, andgenerally observedpositive correla-
tions. Between the different inflammatory markers, 36% re-
vealed significant positive correlations, and 60% of
significant positive correlations were found to correlate with
the different medial degeneration makers. We observed 46%
significant positive correlations between inflammation and
medial degeneration markers (Figure 6). As shown in
Figure E9, further correlograms were also computed for both
subgroups of comparison 3.
DISCUSSION
Our results indicate that the proximal aorta in patients

with AR showed an increased inflammation and medial
degeneration compared with patients with AS. We further
refined both groups by valve morphology. By comparing
patients with bicuspid valves, patients with AR-BAV were
significantly younger than patients with AS-BAV, but no
further differences were identified. However, when
comparing valve morphology within the subgroup of pa-
tients with AR, AR-TAV revealed increased markers for
medial degeneration, but no differences regarding inflam-
matory markers compared with AR-BAV.
Aortic Regurgitation Exhibited Increased Markers
for Inflammation and Medial Degeneration
Compared With Aortic Stenosis

A previous MRI-based study revealed that patients with
AS have more severe WSS in the outer curvature of the
The Journal of Thoracic and Car
proximal aorta.12 In contrast, a regurgitant aortic valve is
associated with retrograde diastolic aortic flow leading to
a disturbed flow pattern accompanied by lower WSS.5,13

On the basis of these flow differences, we decided to
compare the vascular remodeling between patients with
AR and patients with AS. The histologic and gene analysis
demonstrated more inflammation and medial degeneration
in patients with AR. As reported by others,14 aortopathy
in regurgitation was characterized by more severe aortic
dilation compared with stenosis. We also observed that
AD positively correlates with inflammation and medial
degeneration markers. Therefore, we subsequently refined
both study groups by AD 40 mm or greater, excluding
34% of patients with AS but only 9% of patients with
AR. The new refined analysis by AD 40 mm or greater
confirmed our initial results regarding inflammation and
medial degeneration in patients with AR.
Several studies reported that low WSS induces the

expression of proinflammatory genes, thereby accelerating
inflammation.9,15-17 The aortic tissue of patients with AR
revealed more inflammation, which may lead to activation
of matrix metalloproteinases and subsequent elastin
fragmentation, which in turn causes replacement of elastic
fibers with a fibrocollagenous extracellular matrix.18,19

These structural alterations lead to a weakening of aortic
wall integrity and loss of aortic elasticity, which may further
progress to aortic dilation.1,20,21 Although hemodynamic al-
terations may influence the progression of aortic dilation in
patients with AR, congenital factors may contribute.22 This
theory is supported by the fact that aortic dilation can also
occur or progress after aortic valve surgery.23,24

Younger Age but No Histologic Differences in
Bicuspid Aortic Regurgitation Versus Stenosis
Regarding valve morphology, we compared both aortic

dysfunctional BAV subgroups. As in other studies,24-27

patients with AR-BAV were significantly younger than
patients with AS-BAV. Age- and sex-adjusted data re-
vealed no differences in histologic or gene expression
levels between both subgroups. A possible explanation
for these results lies in the fact that all patients with
BAV experience increased WSS over many years, which
is further aggravated by a valve dysfunction as reported
by Shan and colleagues28 and Atkins and Sucosky.29

Although both subgroups showed similar aortic wall al-
terations, it is extremely important to highlight that pa-
tients with AR-BAV were significantly younger,
indicating that aortic remodeling in patients with AR-
BAV occurs faster than in patients with AS-BAV. Wang
and colleagues24 reported that patients with AR-BAV
demonstrated a faster proximal aorta dilation rate and
identified AR in patients with BAV as a risk factor with
increased hazard ratio.
diovascular Surgery c Volume 162, Number 6 1693



Adult: Aorta Sequeira Gross et al

A
D
U
L
T

Younger Age but Less Medial Degeneration in
Bicuspid Aortic Regurgitation Versus Tricuspid
Aortic Regurgitation

In the AR group, patients with BAV were younger than
patients with TAV, which is in line with other studies.30,31

This gap could be explained by a faster dilation rate in
AR-BAV than in AR-TAV.24,32 Of note, children with
BAV already have an enlarged AD at birth compared with
children with TAV.33 Therefore, age plays a central role in
aneurysm formation in patients with BAV and constitutes
a major risk factor.32

Despite similar inflammation between both subgroups,
makers for medial degeneration were more pronounced in
patients with AR-TAV. It was previously reported that
medial degeneration was more severe in patients with tri-
leaflet aortic valve than bicuspid valve with an AD between
4 and 5 cm.34 This marked degenerative medial differences
could be due to an undiagnosed connective tissue disease in
the patients with AR-TAV at the time of the surgery.
Study Limitations
Because of the small number of patients with AS-TAV,

the comparison between TAV and BAV could not be per-
formed within the AS group. Furthermore, relevant chemi-
cal parameters related to inflammation, such as lactate
dehydrogenase or hemoglobin A1c, and detailed hemody-
namic data, such as ejection fraction, degree of valve
dysfunction, and aortic valve gradient, were not available.
Furthermore, other hemodynamic factors (eg, transvalvular
gradients, systolic aortic valve orifice area, left ventricle
function) may have an additional impact on aortic wall
changes, and a multivariate regression model incorporating
complete clinical dataset would be appreciated. Nonethe-
less, most of the analyzed patients had normal systolic
left ventricular function and transvalvular gradients in the
AR cohort were negligible. Although the pathologists
who read the sections were blinded, intraobserver vari-
ability was not reported.
CONCLUSIONS
Our results indicate that the proximal aorta in patients

with AR showed an increased inflammation and medial
degeneration compared with patients with AS. This sug-
gests that disturbed transvalvular flow patterns, accompa-
nied by lower WSS in the proximal aorta, may trigger
severe remodeling regarding the aortic wall microstructure
in patients with AR. On the basis of these findings, we
should consider regurgitation as a risk factor for proximal
aortic dilation. To confirm this conclusion, larger multi-
center studies should be performed that give us deeper in-
sights into disease progression. Now, we are conducting
prospective studies to evaluate the value of specific circu-
lating biomarkers that can be used to predict the progression
1694 The Journal of Thoracic and Cardiovascular Sur
of aortic disease. Furthermore, we are collecting longitudi-
nal data on MRI-based transvalvular flow patterns in pa-
tients with AS and AR.
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