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ABSTRACT

BACKGROUND Suspected genetic causes for extracellular matrix (ECM) dysregulation in the ascending aorta in

patients with bicuspid aortic valves (BAV) have influenced strategies and thresholds for surgical resection of BAV

aortopathy. Using 4-dimensional (4D) flow cardiac magnetic resonance imaging (CMR), we have documented increased

regional wall shear stress (WSS) in the ascending aorta of BAV patients.

OBJECTIVES This study assessed the relationship between WSS and regional aortic tissue remodeling in BAV patients

to determine the influence of regional WSS on the expression of ECM dysregulation.

METHODS BAV patients (n ¼ 20) undergoing ascending aortic resection underwent pre-operative 4D flow CMR to

regionally map WSS. Paired aortic wall samples (i.e., within-patient samples obtained from regions of elevated and

normal WSS) were collected and compared for medial elastin degeneration by histology and ECM regulation by protein

expression.

RESULTS Regions of increased WSS showed greater medial elastin degradation compared to adjacent areas

with normal WSS: decreased total elastin (p ¼ 0.01) with thinner fibers (p ¼ 0.00007) that were farther apart

(p ¼ 0.001). Multiplex protein analyses of ECM regulatory molecules revealed an increase in transforming growth

factor b-1 (p ¼ 0.04), matrix metalloproteinase (MMP)-1 (p ¼ 0.03), MMP-2 (p ¼ 0.06), MMP-3 (p ¼ 0.02),

and tissue inhibitor of metalloproteinase-1 (p ¼ 0.04) in elevated WSS regions, indicating ECM dysregulation in

regions of high WSS.

CONCLUSIONS Regions of increased WSS correspond with ECM dysregulation and elastic fiber degeneration in the

ascending aorta of BAV patients, implicating valve-related hemodynamics as a contributing factor in the development of

aortopathy. Further study to validate the use of 4D flow CMR as a noninvasive biomarker of disease progression and its

ability to individualize resection strategies is warranted. (J Am Coll Cardiol 2015;66:892–900) © 2015 by the American

College of Cardiology Foundation.
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B icuspid aortic valves (BAVs) are associated
with an increased predisposition towards
dilation of the ascending aorta that could in-

crease the rates of aortic complications such as aortic
dissection, rupture, and/or sudden death (1,2).
Although several dilation patterns have been pro-
posed (2), considerable debate remains as to whether
they are due to an inherent aortic wall defect (i.e., ge-
netic aortopathy) or are secondary to valve-related
changes in regional hemodynamics and shear stress

(i.e., acquired etiology). A genetic etiology for BAV
aortopathy is widely accepted andmay prompt aggres-
sive resection strategies to remove diseased tissues at
risk of future complications (3,4). Increasingly, valve-
related hemodynamics are believed to contribute to
disease progression (5). Greater understanding of the
pathophysiology of BAV aortopathy may facilitate
improved surgical resection strategies, development
of best practices and effective clinical guidelines, and
in so doing, optimize clinical outcomes (6).

Flow-sensitive cardiac magnetic resonance imag-
ing (CMR) with full volumetric coverage of the
ascending aorta (4-dimensional [4D] flow CMR) can
measure and visualize complex aortic 3-dimensional
(3D) blood flow patterns, such as flow jets, vortices,
and helical flow. Using 4D flow CMR, we previously
observed that normally functioning BAVs are associ-
ated with disturbed flow patterns in the ascending
aorta, with regional increases in wall shear stress
(WSS) (7), a parameter known to be associated with
vessel wall remodeling (8). We further established
that the location of BAV cusp fusion is associated with
different patterns of ascending aorta dilation (9).
Recent studies have provided significant associative
evidence that the pattern of cusp fusion corresponds
with the expression of aortopathy (10,11), thus
aligning with previous imaging findings implicating
altered outflow patterns and the regional expression
of elevated WSS with BAV morphology. To further
investigate these findings, in this study, we
measured aortic WSS by 4D flow CMR in healthy
normal volunteers and BAV patients to detect non-
physiological values, and for the first time, corre-
lated valve-related changes in WSS to regional tissue
architecture and remodeling in paired BAV aortic
wall tissue samples.

METHODS

With internal review board approval and informed
consent, 20 BAV patients referred for ascending
aortic surgery were enrolled. Patients with previous

ascending aortic surgery or evidence of other
forms of connective tissue disease were
excluded. Healthy age-matched controls
(n ¼ 10) with tricuspid aortic valves were
enrolled to compute regionally resolved
95% confidence interval values for physio-
logically normal aortic WSS (12); these con-
trols had no evidence of cardiovascular
disease and did not undergo surgery. The
degree of aortic stenosis was graded based
on absolute systolic peak velocity by
continuous-wave Doppler ultrasound (mild: 2
to 3 m/s; moderate/severe: $3 m/s), and
aortic regurgitation was graded based on
regurgitant fraction (mild: <30%; moderate/
severe: $30%) (13).

Participants received pre-operative CMR
at 1.5-T or 3-T (Magnetom Aera, Espree, Avanto,
Skyra, Siemens Healthcare, Erlangen, Germany) to
assess presence and significance of suspected BAV.
4D flow CMR provided complete volumetric
coverage of the thoracic aorta for quantification of
temporally resolved 3D blood flow velocities. Data
were acquired during free breathing using respira-
tory and prospective electrocardiographic gating
(14), with imaging parameters as described previ-
ously (12). Velocity encoding ranged from 150 to
400 cm/s based on the severity of valve stenosis.
If the glomerular filtration rate was >30 ml/min,
gadopentetate dimeglumine, gadofosveset triso-
dium, or gadobenate dimeglumine was administered
intravenously, and the flip angle was set to 15�;
otherwise, 7� was used. Patient-specific WSS heat
maps of the BAV aorta were computed relative to a
map of the population average for healthy age-
matched controls as described in detail previously
(12,15,16). WSS regions outside the healthy 95%
confidence intervals were classified as abnor-
mal. Intra-aortic regions of normal, depressed, and
elevated WSS were mapped onto 3D visualizations
of patient-specific aortas (Figure 1).

Aortic wall samples were collected as permitted by
the extent of ascending aorta resection; surgeons
were blinded to WSS heat maps. Samples were
labeled according to pre-operative zonal designations
relative to the position of the right pulmonary artery
(zones 1, 2, and 3 correspond to regions proximal,
adjacent, and distal to the right pulmonary artery,
respectively) (Figure 1), and according to circumfer-
ential location (greater curvature, lesser curvature,
anterior or posterior wall). Tissue samples were
divided in 2 for histology and protein analysis, flash-
frozen in optimal cutting temperature freezing com-
pound (VWR International, Radnor, Pennsylvania)
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AB BR E V I A T I O N S

AND ACRONYM S

3D = 3-dimensional

4D = 4-dimensional

BAV = bicuspid aortic valve

CMR = cardiac magnetic

resonance imaging

ECM = extracellular matrix

IQR = interquartile range

MMP = matrix

metalloproteinase

TGF = transforming growth

factor

TIMP = tissue inhibitor of

matrix metalloproteinase

WSS = wall shear stress
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