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Abstract

Bicuspid aortic valve (BAV) disease is the most coon congenital cardiac disorder,
being present in 1-2% of the general populatiorso&sted aortopathy is a common
finding in patients with BAV disease, with thoraeiortic dilation noted in approximately
40% of patients in referral centers. Several previconsensus statements and guidelines
have addressed the management of BAV-associategpatry, but none focused entirely
on this disease process. The current guidelinesralmajor aspects of BAV-

aortopathy including natural history, phenotypipeession, histology and molecular
pathomechanisms, imaging, indications for surgeuyyeillance and follow up, and
recommendations for future research. It is intertdgarovide clinicians with a current

and comprehensive review of BAV-aortopathy anduialg the daily management of

these complex patients.
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1. Introduction

Bicuspid aortic valve (BAV) disease is the mosthoaon congenital cardiac
disorder, being present in 1-2% of the general fatjom. > Associated aortopathy is a
common finding in patients with BAV disease, wiltotacic aortic dilation noted in
approximately 40% of patients in referral centéfhe risk of acute aortic emergencies,
most commonly aortic dissection, is higher in BA&tipnts than in the general
population Optimal timing of surgical intervention — in orderavoid aortic
emergencies — is defined as that time point whenistk of conservative management
exceeds the risk of surgery. Precise determinatidhis time point is difficult, however,
and depends on several factors including patiest gk factors, comorbidities, family
history, and presence or absence of significarttcaeailvular disease.

Historically, aortopathy observed in patients VBIAV disease was thought to be
no different than that associated with tricuspidiawalve (TAV) disease. That is, aortic
dilation was thought to be due to turbulent bloleavfdownstream from a stenotic aortic
valve. In the 1990s and 2000s, however, severa@reasons and studies led
investigators to think that a strong genetic raletdbuted to BAV-associated aortopathy
and that the risk of acute aortic complications w@sstantially increased in this patient
population? Such hypotheses led to recommendations for a aggeessive surgical
approach to this disease, with some suggestin@izstaortopathy was roughly
equivalent to Marfan syndrome.Subsequent studies and observations have led to a
middle ground, however, suggesting that hemodynamicgenetic components play
varying roles in different subgroups of BAV patightind that the risk of aortic

emergencies is not as high as previously thougtttignpatient populatior: ®
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Determination of the cause of BAV-aortopathy is artpnt because of the therapeutic
implications for patients with isolated aneurysmiiddtion of the aorta and in those
undergoing aortic valve surgery for BAV disease.

Several previous documents have addressed the erapagof BAV-associated
aortopathy, with the first being a set of multi-stal guidelines published in 2010This
document made aggressive recommendations for thageanent of BAV-aortopathy,
grouping such patients in with Marfan and otherraantive tissue disorders. However,
multiple studies reported since that time have ioley new insights into the
pathophysiology and mechanistic aspects of BAVegathy. As such, a more
conservative set of recommendations was made imtre recently published valvular
heart disease guidelines by the American Heart @ason and the American College of
Cardiology® The marked difference in the positions of these $e#s of guidelines
resulted in recent publication of a clarificatidatement® The European Society of
Cardiology also published guidelines on the managemf valvular heart disease in
2012 and aortic disease specifically in 2034Both of these documents contained
more conservative recommendations for BAV-aortopathline with the 2014
ACC/AHA guidelines.

Of the above mentioned publications, none focusidety on patients with
BAV-aortopathy. The current consensus statemenefihies differs in that it covers all
major aspects of BAV-aortopathy including its naturistory, phenotypic expression,
histology and molecular pathomechanisms, imagimgjcations for surgery, surveillance

and follow up, and recommendations for future regeaSuch research will hopefully
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lead to new insights into this common disease hadeed for an update to the current
consensus statement in a few years.

BAV-aortopathy is a markedly heterogeneous enbilation may occur in the
aortic root, the tubular ascending aorta, the pnaxiaortic arch, or any contiguous
combination of these thre¥. The current document uses the term “aortic romtefer
to the proximal aorta extending from the nadirtedf &ortic annulus to the sinotubular
junction including the coronary ostia. For purpoggsonsistency, the term “tubular
aorta” (also known as supracoronary aorta) is tselscribe the area between the
sinotubular junction and the takeoff of the brackjohalic artery. The “aortic arch” refers
to the area extending from the brachiocephalibédéft subclavian artery. In addition,
the Sievers’ classificatidhis used to describe BAV morphology (see. Figure 1)
Although several different classification systerasdnbeen used to describe BAV
morphology, the Sievers’ system is the one thasexd most commonly within the
cardiac surgery literature. It is clear, howevieatta more comprehensive classification
system that takes into consideration BAV morpho]d&§V pathology (i.e. stenosis,
insufficiency, or mixed), and location and extehassociated BAV-aortopathy is
required.

Because BAV-aortopathy is a relatively common disor decisions regarding its
therapeutic management must be made by cardiowasdirlicians on a regular basis.
Despite this, there is significant confusion wittte cardiovascular community
regarding appropriate decision making in this patpulation™ The confusion is not
surprising, however, given the above-describecifices in recommendations made by

various societies and the shifting discussion enetivlogy and pathophysiology of



BAV-aortopathy. The purpose of this consensus istat is to therefore provide
clinicians with a current and comprehensive revidwll major aspects of BAV-

aortopathy and to serve as a guide in the dailyagament of these complex patients.
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Figure 1. Sievers’ classification system for BAV as vieweaim the surgeon’s side with

the left coronary at left. The number of specimisrgiven as well as the percentage in

parenthesis. The blackened lines represent raphe.main category is based on the

number of raphes, the first subcategory is basezpatial position, and second

subcategory reflects valve function. Ap=anteriosferior, lat=lateral, L=left coronary

sinus, R=right coronary sinus, N=non-coronary sifrsisufficiency, S=stenosis,

B=balanced valvular lesion, No=normal function.edsvith permission from Sievers et

al®
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2. Epidemiology and Natural History
A. Epidemiology

Aortic enlargement and aneurysm formation, esplgdiathe ascending aorta, are
part and parcel of BAV disease—the so-called “hpedisiortopathy.”
I. Prevalence

The prevalence of BAV in the general populatiokriewn to be 1-29%.16-20
Hoffman reports prevalence in this range basediosélected consecutive necropsies,”
which he considers the “standard” for detecfidthis makes BAV the most common
congenital anomaly affecting the human heart (& ercludes tiny muscular VSDs
which close spontaneously by one year of aged.daid that BAV accounts for more
morbidity and mortality than all other congenitakint lesions combined:.?* This
mortality may be incurred via multiple disease nagdms: aortic stenosis, aortic
insufficiency, or ascending aortic aneurysm andetiton. Males are thought to
predominate, by a margin of about 2 t& 1lt has been shown in a single-center
experience that 50% of all aortic valve operatipegormed on patients over 50 years are
done for bicuspid aortic valve dise&Selikewise 50% of all valve operations performed
in patients with coarctation of the aorta can letatted to bicuspid aortic valve
diseasé?

Although these statistics are staggering, thelituden of BAV disease may yet
be grossly underestimated, because bicuspid védeask may remain asymptomatic in
childhood and even into adulthood, so that no imggtudies are indicated or

performed

10
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I1. Likelihood of Aneurysm Development in Bicuspid Patients

Multiple studies have quantified the risk over tiofadlevelopment of dilatation of
the ascending aorta (to a size of 4.0 to 4.5 crppirents with BAV. These studies
indicate that 20 to 30% of bicuspid patients depelneurysmal enlargement during
follow-up of 9 to 25 year&®?® A recent review paper suggests that up to 84% of
bicuspid patients may ultimately develop an aneur{isased on eight individual
studies). The risk of aneurysm development wasddarbe 80-fold higher than for the
general populatiof®
[11. Aneurysm Location

Heterogeneity is the rule in terms of the segméth® ascending aorta involved
by bicuspid aneurysif. The tubular ascending aorta is most commonly irek60-
70% of bicuspid aneurysms), although all segmeamd¢t)ding the aortic root and the
aortic arch, can be involved (see Figure 2.) Tihesidence that the “root phenotype” of
BAV-aortopathy -- in which the predominant dilatatiis at the level of the sinuses of
Valsalva -- represents a more malignant and rapidigressive aortopathy (see Section
3C)29 3031, 32

The marked heterogeneity of BAV-associated aneulgsation is distinctly
different from other common types of ascendingia@meurysms. Degenerative
aneurysms tend to start in the mid-ascending amdethen progress distally and
proximally, while those associated with connectigsue disease are usually confined to
the aortic root. BAV morphology and pathology seerplay a role in determining where

the BAV-associated aneurysm is located (see Se8jion

IV. Major Rolein Causation of Aortic Dissection

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

An important point to note is the large number aftia dissections associated
with BAV-aortopathy. While only 5% or fewer of bispid patients will dissect their
aortas over a lifetim&, bicuspid valve disease affects 1 in every 50 @ Himan beings.
Thus, not only the better appreciated Marfan symay,dout also BAV are important
causes of aortic dissectidtowever, some recent studies have found subsigriteer
rates of aortic dissection in bicuspid patientsitheeviously determined, especially in
younger patient§” ** For instance in a recent study by Itagaki ethed.rate of aortic
dissection in BAV patients 15 years after AVR was506 and not significantly different
from tricuspid patients (0.41%)However patients with Marfan syndrome had a
substantially higher rate of aortic dissection $b)3hat was significantly greater than
BAV or TAV patients (p<0.001).

V. Genetics

Although there is a definite genetic componentitoigpid valve disease, the
precise patterns of inheritance have been eluspproximately 9-15% of first-order
family members also have bicuspid valve diseasth males and females equally
affected within those familie¥:3° These percentages are much higher than in theajene
population (1-2%), demonstrating the influence efefics in this disease. Missense
mutations in the NOTCH1 gene have been implicaiesbime bicuspid patient§3° The
vital NOTCH signaling pathway, involved in diffetgtion of multiple organs (including
skeletal muscle, CNS, pancreas, and blood vedsdig)hly evolutionarily conserved
(i.e. in humans, mice, and zebrafiéhHigh evolutionary conservation indicates critical
pathways whose aberration is likely to lead to ificemt or life-threatening disease.

NOTCH genes play an important role in familial kspid valve disease, but they are

12
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found in only 4% of spontaneous ca$e§he variety and complexity of inheritance of
BAV is under intense investigation but remains eddly clarified.
VI. Associated Lesions

Many other lesions and syndromes are strongly &gsdcwith BAV (see Table
1). Associated anatomic lesions include aortic ciaéion and patent ductus arteriosus.
Coarctation-mediated hypertension greatly incretfeesisk of aortic dissectioii.In the
pre-surgical era, death from aortic dissection aeclin 19% of patients with BAV, but
in 50% of patients with concomitant BAV disease andrctatior> ** Aortic coarctation
accompanies BAV much more commonly in males (hahtin female&? Syndromes
associated with bicuspid valve disease include @isrsyndrome (monosomy X,
characterized by short stature, lymphedema of émelé1and feet, and amenorrhea) and
William’s syndrome (abnormal facial appearance, t@sal bridge, unusually cheerful
demeanor). In addition to those lesions describébable 1, BAV patients are also
known to have an increased prevalence anterioahviave leaflet elongation and

prolapse®®°

B. Natural History

BAV disease can cause morbidity and mortality eitheough the valve disease
(stenosis or insufficiency) or by ascending aaxtieurysm (leading to aortic dissection
or rarely, rupture). However, recent studies hdemonstrated, in the modern era of
diagnosis and care, an overall survival for bicdggtients identical to that of the normal

population®® As long as patients are followed regularly andysty is offered in a timely

13
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fashion, then the risk of catastrophic aortic esésniow. However, some important
observations should be kept in mind when followBA)/ patients.
I. Aortic Valve Dysfunction is not needed for Aortic Dissection to Occur

It is important to recognize that neither aortengisis nor aortic insufficiency
needs to be present for aortic dissection to otcim.BAV disease, valvular
complications—aortic stenosis or regurgitation—pesg at their own independent rates,
different from the rate of progression of the bmidsaneurysm. Thus, the lack of aortic
stenosis does not preclude aortic dissection frooomwing. However, bicuspid patients
suffering concurrently from valvular disease (s&@a@r insufficiency) are at increased
risk of rupture and dissection of the adftalncreasingly, evidence demonstrates
regurgitant BAVs having a more malignant phenotlyyzan stenotic BAVs, with a much
higher risk of aortic dissectioff. This topic will be discussed in more detail Ecsons
3 and 6.

I1. More Malignant Behavior of Bicuspid Aorta?

Many have thought of BAV-aortopathy as “Marfan sgorde light’—that is to
say, more severe than ordinary aortic aneurysnasiésdéut not quite as virulent as the
Marfanoid aorta. Despite the clinical impressioattBAV-aortopathy is a malignant
actor, supportive concrete evidence has been elusiv

A study by Davies and colleagues looked for digfarin behavior between
ascending aortic aneurysm patients with and witlBaAN.>° Patients with BAV
presented at a smaller aortic diameter (4.6 cmsh for non-BAV patients). Also,
their aortas grew more rapidly than those of TAWguds: 1.9 mm/yr compared to 1.3

mm/yr*° A higher proportion of bicuspid patients requimgzkrative treatment of their

14
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aortas (72.8% vs. 44.8%) at a significantly yourage (48.9 vs. 63.1 year§)However,
among unoperated patients, there was no detrimesurvival for the bicuspid group who
actually did better than TAV patients (8.6% vs.72b.rate of rupture, dissection, or death
at 5 years of follow-up)° This likely reflects the substantially younger age

presentation of the bicuspid group (49 vs. 64 yedrélowever, among the BAV group,
those patients with aortic stenosis in additiothevaneurysm had an increased risk of
aortic rupture, dissection, or death prior to opeearepair when compared to patients
with a normally functioning bicuspid valv8 One possible limitation of the above data is
the fact that it comes from a thoracic aortic nefecenter, and therefore may not
accurately reflect the natural history of BAV angms in the general population.

Other studies have also reported “mild” behavidhwiear normal long-term
survival and low overall growth rates for the bigigsaorta, on the order of 0.4 to 0.6
mml/year, with no differences noted according tacijzepattern of leaflet fusioA? >
These studies did not find a relationship betwaemwth rate and original aortic size. The
discrepancies between these studies and the ahaiyefrom Davies et al. have several
possible explanations. Firstly, these were studiéesred from echocardiographic
databases and not from a thoracic aortic refeeader, which may have implications on
patient selection bias. Secondly, the investigatway not have adequately imaged the
uppermost portion of the ascending aorta in soriends, since this is a known
limitation of echocardiography. Finally, the patie from the echocardiographic-based
studies initially presented with smaller aorticrdeters (4.1 cm and 3.8 cm) than those in
the study from Davies et al (4.6 cm).

I11. Medical Therapy for Bicuspid Aortopathy?

15



10

11

12

13

14

15

16

17

18

19

It is unclear whether any medical therapy is effecin preventing adverse events in
aortic aneurysms of any kind, even in the mostdhghly studied Marfan population.
Although B-blockers and angiotensin receptor blogkirugs are commonly applied to
“protect” the BAV aorta, supportive evidence iskimg.>*>* Such agents should be
given, however, in patients with documented hypesiten. Statins have recently been
shown to be ineffective, while other studies shopossible protective effect.
IV. Contemporary Clinical Outcomes

Contemporary clinical outcomes for patients with\BAave been summarized in
a comprehensive table by Michelena and colleagoes the International BAV
Consortium (see Table 3 Age at presentation, survival, and likelihood et failure,
aortic valve surgery, endocarditis, aneurysm foimmaianeurysm surgery, and aortic
dissection are described for eight contemporaryadi studies. This Table demonstrates
excellent overall survival of bicuspid patientcommunity, population-based studies,
while outcomes are much poorer in referral cend¢iepts who have required aortic
valve replacement (AVR). Heart failure is partieiyauncommon in BAV patients, and
aortic stenosis is a more common indication fogsty than aortic insufficiency. As
well, aneurysm formation (aortic diameter > 45 noogurs in 25 to 45% of patients over
prolonged periods of follow up, but aortic dissentis a rare event (~1%) outside of

tertiary referral center populations, where it isalm more common (~109%5.

16
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Table 1.Cardiovascular conditions associated with BAV désea

Condition Incidence of BAV
Coarctation of the aot 50%
Turner syndrom 30%
Supravalvular aortic steno 30%
Sinus of Valsalva aneury: 15-20%
Ventricular septal defe 30%
Shone comple 60-85%
Ascending aortic aneury: Commor
LoeysDietz syndrom 2.5-17%
ACTA mutation familial thoracic aneurys 3%
syndrome
Anterior mitral leaflet prolongation/prolag Commor™ %

Modification of Braverman A. “BAV and Associated @titions”. Up-to-Date. 2016.

Graphic 83657 Version 1.0. www.uptodate.com .Weltduwer.

17
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Table 2. Contemporary clinical outcomes in BAV patients.

Contemporary Clinical Outcomes BAV Studies*

Study
Features, Michelena Tzemos et Michelena Daviesetal Russo Borger McKellar Girdauskas et
Clinical etal 2 al % etal*® S0t et®® etal®f etal®® al %%
Outcomes
Sé‘:r“ca“on 2008 2008 2011 2007 2002 2004 2010 2012
o _ Commu_nlty, Tertiary Commu_nlty, Tertiary Tertiary Tertiary Tertiary Tertiary
Clinical settingpopulation- referral population- referral referral referral
referral center referral center
base! cente base! cente cente cente
Any BAV
. Status post
S\ﬁ{ lgr:)(ﬁlign isolated AVR
Inclusion g/';{'/mal Any BAV  Any BAV  aneurysm 8522:8 S;igzs Status \;Vr']tgu?)?srtr'ﬁ
characteristics dysfunction dysfunction dysfunction ggsg?ne AVR  AVR post AVR (mean baseline
diameter 4.6 diameter 4.6
mm) ' mm)
N 212 642 416 70 50 201 1286 153
Baseline age, 35,59 35+16 35421 49 51#12 5615 58+14 54411
y, mean+SD
Follow-up
years, 1546 945 1647 5 2012 104 1247 1243
meanzSI
~400 0, 0, [
Survival 90% at 20 y96% at 10 y80% at 25y 91% at 5y 41%/; a 615/"yat 52 /"yat X 78matisy
Heart failure 7% at20y 2% - - - - - -
Aorticvalve 5400 0100y 2196 53%at25y  68% - - - -
surgery
Reason 10! AS67%  AS61%  AS61% B B B _ _
AR 15% AR 27% AR 29%
surgery
Endocarditi 2% 2% 2% - 4% 2% - -
Aneurysm
formation 39% (>40 45% (>35 26% at 25y _ 9% 50 10% €50 ,,
(definition, mm) mm) (45 mm) mm) mm) 3% €50 mm)
mm)
Aortic surgery o o o o o o o
(for aneurysm) 5% at 20 y 7% 9% 73% 6% 9% 1% 3%
1 0,
Aortic 0% at 20 y 1%  05%at25y 9% 10%at 500 106at15y 0%
dissection 20y

AR indicates aortic regurgitation; AS, aortic steisp AVR, aortic valve replacement; BAV, bicuspid
aortic valve; and SD, standard deviation.
4* Outcomes reported as percentage only were notrtegh within Kaplan-Meier survival
analyses. Survival in the first 3 studf&<” **was not different than that of the general popoihat
Survival in the McKellar study? was inferior to that of the general populationy #me rest of the
studies were not compared with the general pofuati

18
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4T This study compared BAV patients with aneurysersws tricuspid aortic

Valve patients with aneurysms. The incidence ofi@dissection was the same for both groups
with superior survival in BAV patients and both gps dissecting at similar aortic diameters.

4% This study suggested that patients with aortieetisiorn>45 mm at the time of AVR should have
the aorta concomitantly repaired; the basis oftiveent recommendations.

<48 This study included consecutive patients witteatesl AVR performed for aortic stenosis only.
However, 21 patients with predominant dilatatiorthef root (mean diameter, 44 mm) and severe
aortic regurgitation who underwent AVR were follahi@ parallel for a mean of 10 years and 2 acute
dissections occurred.

(Reproduced with permission from Michelena el
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BAV and Ascending Aortic Aneurysms

Overall distribution (n = 224)

Normal Supracoronary Marfanoid-type Tubular-type

aneurysm aneurysm aneurysm

63.8% 11.2% 25.0%

(n

Figure 2. Anatomic distribution of
valves. (Unpublished data, Aortic

that reported by Michelena et?l.

= 143) (n = 25) (n = 56)

aortic aneurysms in patgewith bicuspid aortic

Institute at ¥&lew Haven.) This data is similar to

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

3. Patient Phenotypes
A. Introduction

Evidence of phenotypic heterogeneity of BAV-aortbyahas emerged in the
last decade from several observational studiesséintulated a critical re-appraisal of
literature and treatment recommendations. The Ingsid has been proposed that
different types of BAV-aortopathy (i.e., so-calladrtic phenotypes) may be caused by
distinct pathogenetic mechanisms and therefore inequindividualized surgical
approached” ®° In particular, the two long-debated theories on \Bd#ortopathy
pathogenesis, namely the genetic and the hemodgnand, could both be plausible
inasmuch as different phenotypic forms might betesudbed by different contributions of
both causative factors. Phenotypic heterogenei®Af-aortopathy may also explain to
some extent the inconsistencies in published natustory and follow-up studies,
especially regarding the risk of aortic events iW\Bdisease. Previous data from mixed
BAV cohorts resulted in a broad-spectrum of suldgit@&atment methods being
suggested, ranging from very conservative appr@ache very aggressive
recommendations, usually extrapolated from guiéslifor management of patients with
connective tissue disorders (e.g., Marfan syndrome)

Although the evidence of BAV-aortopathy heteroggnbias gained increasing
recognition in the last decade, data on indivica@tic phenotypes are still scarce. The
majority of published natural history / follow-upudies contain mixed BAV cohorts and
include different stages of BAV disease. A bettaderstanding of the interaction
between morphologic features, functional charasties of the aortic root, and

transvalvular hemodynamics is required.
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Scientific efforts to address the phenotypic hejeneity in BAV-aortopathy
were mainly based on valve-related factors inclgdAV morphology (i.e. number and
location of fused cusps), functional lesion (i.en®sis, insufficiency or mixed lesions)

and shape / configuration of the proximal aortachltare addressed in detail below.

B. BAV Morphology

As mentioned in the Introduction, BAV morphologydiescribed throughout this
manuscript according to the Sievers classificataze Fig. 1).** BAV morphology with
fusion of the right-left coronary cusps (i.e. Sievéype I, R/L) and right-non-coronary
cusp (Sievers type |, R/N) represent the two maznmon BAV morphologies,
accounting for approximately 75% and 20% of clihcases, respectively.Sievers type
I LN and patients without a raphe (i.e. Sievergety) are very uncommon. The low
prevalence of these specific fusion morphologissilted in exclusion of these patients in
most case series.

An embryogenetic study by Fernandez at al. dematestrthat the two most
common BAV morphologies (i.e., R/L and R/N) devekipdifferent embryonic stages
through distinct mechanisms and therefore shoulthteepreted as separate etiological
entities®* The authors further suggested that the etiologiaalors giving rise to the
specific BAV morphologies might be involved in tloecurrence of distinct forms of
BAV-aortopathy as wefi* However, it is known that both morphologies caggfrently
appear within the same pedigfée.

Recent 4-D flow MRI studies demonstrated that dcdtiaortic cusp fusion

patterns result in specific orientations of ecderftow jets (Figure 37> which in turn
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may lead to differential distributions of aortic shear stre$§ ®° and subsequent focal
flow-induced vascular remodellirf§. Eccentric transvalvular flow results in elevated
regional wall shear stress at the right-anterioll whithe proximal aorta for R/L BAV
and right-posterior walls for R/N BA% Bissell et al. demonstrated more severe flow
abnormalities (complex flow, higher in-plane wallesr stress) and larger aortas in the
R/N BAV vs. R/L BAV.® However, propagation patterns of transvalvulawflare still
not uniform in BAV patients with the same cusp émsimorpholog§*®® and thus the
impact of additional functional parameters (e.gibv@lvular components, geometric
orientation of residual aortic valve orifice) haween postulateff.

The R/L morphology has been associated with youpggent age and absence
of significant aortic stenosis or regurgitatfnwhereas a greater prevalence of female
patients is observed in R/IN patiefts’® Regarding the associated aortopathy, BAV R/L
fusion morphology has been linked with increaseurrditers of the sinuses of Valsaiva.
71 |n contrast, R/N fusion morphology is associateithvemaller dimension of the
aortic root and larger aortic arch diamet®§. However, some authors found no
significant correlation between aortic dimensiond 8AV morphology’* " In addition,
the published data on progression of BAV-aortopaihy R/L vs. R/N fusion
morphologies are inconsistent. Some authors fohat BAV patients with R/L fusion
are at increased risk of rapid aortic dilatatiord; while others reported the same findings
in patients with R/N fusioft> Different statistical approaches and different eyeges of
the study populations may explain the differenaetsvben studies, since the two types of
BAV morphology seem to progress in an age-depenueaninef” ’® Other studies have

found no correlation between ascending aortic atilan rates and BAV morphology.>*
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The data on proximal aortopathy in unicuspid aoréitve (UAV) disease is very
limited. Sievers et al. reported on more extensiwdopathy, including aortic root and
ascending aorta, at very young age in UAV patiéhkdoreover, UAV patients are more
likely to require ascending aortic repair duringithvalvular procedur& Furthermore,
significantly higher expression of GATA5 and endsiél nitric oxide synthase in the
ascending aortas of patients with UAV disease &Y EBand TAV disease has been
recently reported® Another recent stud§ demonstrated decreased long-term survival in
UAYV patients undergoing isolated AVR when compaiet AV patients who underwent

simultaneous aortic surgery.

C. Valve Function

The most common clinical presentation of BAV digeas calcific aortic
stenosis (BAV-AS), usually presenting between theaBd ' decades of life in both
male and female patients. In contrast, pure/predamiBAV insufficiency (BAV-AI)
tends to occur in younger, male patients and adsoian only 10-15% cases of BAV
lesions in autopsy seri&S.Distinct patterns of associated aortopathy hase &leen
observed in BAV-AS vs. BAV-Af" ¢ 82 Moreover, differences in histological and
extracellular matrix protein chang®&s>> consistent with the clinical evidence from post-
AVR follow-up studie€® have also led investigators to suggest differativgbiological
mechanisms of BAV-aortopathy for these two groupgatients. BAV-AS is strongly
associated with an asymmetric dilatation of theutabascending aorta, which represents
the most common aortic phenotylfe’® 8 #1n contrast, BAV-AI is mainly accompanied

by aortic root dilatation (i.e., so-called “root eutotype”)’® 8% 8¢ However, these
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associations are not absolute and heterogeneibynngubgroups of valve function have
been observe®: ® As stated previously, BAV-aortopathy is a very enegeneous
disease.

Aortic dilation observed in patients with normafiynctioning BAVs has been
previously used as an argument for a genetic origiBAV-aortopathy*® However,
recent experimentah vitro model§® andin vivo 4-D flow MRI studie&’ demonstrate
that even clinically normally functioning BAVs (i,ewithout transvalvular pressure
gradient or significant insufficiency) are assoethtvith eccentric transvalvular flow and
asymmetrically increased wall shear stress in tleximal aorta. Aortic dilatation in
normally functioning BAVs occurs most frequentlytime tubular ascending acttand
has a natural history that is comparable to théiV Tcounterparts in terms of rate of

dilatation and occurrence of aortic evetits.

D. Shape of the Proximal Aorta

Della Corte and co-authors were the first to intreela phenotypic classification
of the proximal aorta based on the aortic segmertived and suggested the terms “root
phenotype” and “ascending phenotyffgFigure 4). This classification system separated
BAV patients with a possible greater expressiogeetically-triggered aortopathy (i.e.,
root phenotype) from those with a presumed hemadimaause of aortopathy (i.e.,
ascending phenotype). Other classification systiemghe pattern of dimensions of the
different aortic segments have been proposed: eathem has merits and flaws and

none can completely cover the entire spectrummohgoof dilatation.
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Four distinct patterns of aortic dilatation in BAatients have been suggested
by Fazel and coauthors from Stanford using a madehierarchical clustering and
integrating non-echocardiographic imaging (i.e. €8n and MRI}? They identified 4
“clusters”: aortic root dilatation alone (clustgy tubular ascending aorta dilatation alone
(cluster 1), simultaneous involvement of tubulamrjon and aortic arch (cluster Ill) and
more diffuse dilatation involving aortic root, tuau portion and aortic arch (cluster
IV).™® Cluster IV was the most frequent pattern of aatbp, however, no risk factor
analysis or longitudinal data were included. A I#ig modified CT-scan based
classification system of proximal aortic shape hasn used by Kang and co-authtrs,
confirming the previously reported associationhw atypical morphologies (mainly R/N)
with arch involvement?

From an echocardiographic analysis, Schaefer etefined three shapes of the
proximal aorta based on the relative dimensionssintises of Valsalva, sinotubular
junction (STJ) and tubular segmetype N, with dilation of the sinuses with preservation
of the STJtype A, dilation of the tubular aorta with preserved Sdidltype E, dilation of
the STJ with preserved sinus of Valsalva, regasddéshe diameter of tubular aoffa.

Finally, Park and associates proposed a classdicacheme of BAV aortic
phenotypes in a surgical study based on the segmesited (root vs tubular aorta) in
the aneurysmal disea¥eThese authors classified “type I” dilatation aattimvolving the
tubular ascending aorta only, “type II” involvingth the tubular ascending aorta and the
root, and “type I1I" confined to the aortic rodt.

In a recent longitudinal study that sought to \atiéd the three different

echocardiography-based BAV phenotypic classificatiof the proximal aortd; 8 %
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only the classification system distinguishing betweascending phenotype and root
phenotype showed a potential prognostic value édlipting growth rate of the aorta over
time*® Consistent with these findings, a prior longituistudy demonstrated that the
root phenotype is associated with a significantigater risk of aortic events following
isolated AVR® This classification system also has practical @algince the root
phenotype frequently requires a Bentall or valvars procedure, whereas replacement
of the tubular aorta is usually sufficient to tréla¢ ascending phenotype (Figure 5). Of
note, two aortic dissection series revealed tha¥ Batients received a Bentall operation
significantly more often (85-94%) than TAV patiefi2d-30%), due to the presence of a
pre-existing root aneurysm or the involvement @ sinuses by the dissecting proc®ss.
321t should be stressed that while valve morpholisgg congenital feature of a BAV
patient, the aortic phenotype can change during [ifhat is, a proportion of root
phenotype patients can progress to an ascendimppipe over timé® Further research
in this area will undoubtedly lead to further if#ig into BAV-aortopathy patterns.
Hopefully a single classification system will emeitpat encompasses BAV morphology,
BAYV lesion, and location and extent of associatedogpathy in a clinically meaningful

manner.

E. Symmetry vs. Asymmetry of Aortic Dilatation

Symmetry versus asymmetry of aortic dilatation naégo provide an important
clue regarding the predominant pathogenesis of BAxepathy inasmuch as
asymmetrical aortic involvement might be an indicadf rheological factors involved,

whereas symmetrical involvement might be more ptedi of genetically-triggered
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vessel wall weakness. By “asymmetric dilatationfegominant enlargement of the
greater, outer curvature (usually referred to g/ rtisnomer “convexity” as opposite to
the lesser, inner curvature or “concavity”) of thibular aorta is meant. Preoperative
imaging methods can be used to identify asymmetnieurysms® ® Several studies
found significant correlation between functional BAesion (i.e., BAV-AS) and
asymmetric dilatation of the tubular aotta®® Asymmetric patterns of histological
lesions and extracellular matrix protein expressiame also been demonstrated between
the concavity (where less severe changes are @mheand the convexity (more severe
structural changes) in such patieffts®> A recent study looked at the expression of
transforming growth factor beta-1 and matrix mefalbteinases in BAV-aortopathy, and
found that wall areas which had been mapped asnegif increased wall shear stress by
preoperative 4D-flow MRI exhibited greater expressiof these markers of vascular

remodelling®* No similar study has thus far been performed tiepgs with BAV-AL.
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leading to asymmetrically increased wall shearsstr@VSS) at the aortic convexity

(reproduced with permission from Burris and Hope).

B) BAV showing restricted valve openirigpening angle of 60 degrees),

29



10

Root Phenotype Ascending Phenotype

Figure 4. Root phenotype vs. ascending phenotype of BAV aaittoy.

Echocardiographic imaging is shown in the uppdrdefner, 3D reconstruction shown in
lower left corner, and intraoperative findings simoat right. In the root phenotype the
diameter of the aorta at the level of the sinudeS¥adsalva is greater than that of the
tubular ascending aorta, whereas in the ascendiagqgtype the diameter of the tubular

ascending aorta is greater than that of the sinuses
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Figure 5. Subdivision of proximal aortic involvement in BA§ortopathy. Reproduced

4  with permission from Verma and Sit§.
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4. Histopathological and Biomechanical Findings oBAV-Aortopathy
A. Histopathologic Studies

BAV-aortopathy consists of premature cystic med&generation in approximately
one half of surgically excised BAV aort&sHistopathologic changes in the media have
been well documented and specifically delineatedHe BAV-associated aneurysing®
192 1t is also well established that the aortic eoetttular matrix (ECM) plays an important
role in maintaining the aorta through both the igéstoring secreted proteins and
maintaining the structural integrity of the vascuiall.**® The presence of thin, fragmented
elastin fibers, reduced fibrillin-1 contéhand decreased types | and Ill collagen have
suggested elevated proteolytic actiVity:*°The degradation of ECM is under the balanced
control of matrix metalloproteinases (MMPSs) andrtspecific tissue inhibitors (TIMPS),
which are secreted by vascular smooth muscle (®INKCs), fibroblasts and endothelial
cells!® Vvarious studies have shown a disturbance in the BEsurgically resected BAV
aortas with increased activity of MMPs, with MMPNIMP-2, MMP-9, MMP-12 and
MMP-14 (MT1-MMP) being most often implicaté®'% The critical role of MMP-2 as a
key molecular mediator was supported by a receta-mealysis®® Wang and colleagues
further showed MMP-2 as a circulating biomarkegoftic dilatation in BAV patient5
Like MMPs, the expression of TIMPs is controlledidg tissue remodeling and
physiological conditions to maintain a balancehia metabolism of the ECM. Studies have
demonstrated increased TIMP-1, TIMP-2 and TIMPwlg associated with BAV-
aortopathy’’’ Altered MMP/TIMP stoichiometry leads to apoptosislalegeneration of the

aortic wall (i.e. loss of elastic tissue and smautiscle cells) and the eventual progression
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of aneurysms. Importantly, histologic grading hagealed more extensive degradation of

the ascending aortic wall in patient with Sievei/L fusion!®* This has further been

supported with data showing elevated proteolytitides (i.e MMP abundance corrected for

TIMP abundance) for MMP-1, MMP-2, MMP-9, and MMP-12 Consistent with findings
in patients with Marfan syndroné? early data points to involvement of transforming
growth factor (TGF)B signaling contributing to the progression of BAWHmpathy,
although this remains somewhat controversiat*®

Phillippi and co-workers further characterized thedial matrix remodeling of the
BAV aorta and found unique patterns as compardthié patients™'® Grewal and co-
workers compared the histopathology of BAV, TAVdadvarfan aortic tissue and found

both similarities and differences between all thgemups with respect to parameters of

matrix remodeling and vascular smooth muscle markérThe complexity of the

histopathologic findings is substantial and it o clear what molecular pathways are unique

to the BAV aorta. The complexity is further confoled by the findings of Heng and

colleagues. In this recent study, tissue patholegy compared between TAV and BAV
patients at matched aortic diametEfs At odds with conventional wisdom, more severe
histologic abnormalities were found in TAV as comguhwith BAV aortas, especially when
stratified by diameter.

In addition to ECM degradation, SMC loss is a prant feature of BAV-

aortopathy. SMC phenotype, oxidative stress patand SMC responsiveness to oxidative

stress appear altered in the BAV-aortic wail}*%?* Metallothionein, a free radical
scavenger, expression is dysregulated, and conse§MC cell viability is reduced in

response to oxidative stress in the BAV-aorta. i&te differences in apoptotic activity
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also appear to be present comparing the concaveaavex portions of the bicuspid

aortal®®

Given the mounting evidence of regional differemm both the biology and the
biomechanics of BAV-aortopathy, it is very likelyat they correlate with one another.
Aims to leverage these collective insights towaettdr diagnostics and risk adjudication are

approaching.

B. Biomechanical Studies

Biomechanical functional testing of aortic tissnegy provide further insights into
BAV-aortopathy. Ascending aortic wall propertige &iomechanically anisotropic.
Despite total collagen and elastin content anadpé&thologic findings that are similar,
microarchitectural and biomechanical difference&sapparent when comparing aortic wall
characteristics from BAV patients to TAV patieniBhe tensile strength, particularly in the
circumferential and longitudinal directions, is Inég in surgically resected ascending aortas
in BAV compared to TAV patient$? *?’while the delamination strength of the aortic wall
of BAV-aorta is lower than TAV-aort&£® Aortic wall remodeling characteristics in BAV
patients also appear distinct with more highlyradig collagen fibers, more undulating and
less aligned elastin fibers, thinner elastic lageslland greater distances between elastic
lamellag!®® 116.127.129. 1306 g tic stiffness is associated with progressiugia dilatation and
aneurysm formation, which is characteristic of BAWrtopathy** Indeed, a recent study of
abdominal aortic aneurysms found that segmentésitng of the aorta preceded aneurysm
growth and introduced the concept that stiffenireg/ract as an early mechanism triggering

elastin breakdown and aneurysm growthiNonetheless, the evidence regarding cellular and
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molecular mechanisms for BAV-aortopathy remain clex@and contradictory, with a need
for larger cohort, well-controlled studies.

Although stimuli for BAV-aortopathy are likely mifactorial, results from recent
studies provide strong evidence that a hemodynérmaiaheologic) stimulus, known as
wall shear stress (WSS), may change local matnmdustasis and, in turn, ascending
aortic structure and associated functional propgftt 133-138 Indeed, WSS is known to
impact MMP2 level§*® and has been implicated in the development obpathy?® *4°
Aortic WSS calculations demonstrate differencesegional and radial wall stress$é's
142 hut how these differences correspond to aorti¢ reatodeling, biology, and clinical
outcome is not yet known. Proof-of-concept data vezently obtained using a noesz|
vivo tissue model. Atkins and co-workers modeled megfidVSS from a TAV- as
compared to a BAV-aorta in an ex vivo procine tesswdel*** and the impact of BAV-
mediated WSS was determined on aortic wall remodelirhe investigators found
cellular, molecular (i.e. increased MMP-2 activjtghd structural changes that are
characertistic of human BAV-aortopathy. As hightigd by the investgators, the study
indictates that altered WSS resulting from a BAY &acally mediate aortic medial
degradation. These unique experimental findingsideocompelling support for an
important role of hemodynamics in mediating BAV{apathy.

Recent advances in MRI have permitted unobstruoted/o assessment of time-
resolved 3D blood velocity, using a volumetric teicfue referred to as 4D flow MRI. 4D
flow MRI provides the unique ability to quantify mplex 3D blood flow patterns in-vivo
and has facilitated new insights and discovery wa8pect to complex cardiovascular

hemodynamic§> *****¥Multi-dimensional 4D flow MRI data (3 spatial dimsions
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describing 3D velocity over time) enables aortiedal flow visualization, quantification
of regional flow and velocity*> *****!and WSS quantificatiott* 3% 138 152 15%Recent
MRI studies provide strong evidence that valve-ratsti local flow dynamicdé* and
regional differences in WS3are associated with changes in regional aortit wal
histology and proteolytic event$which are known to drive adverse aortic remodeling
Early studies employed less-sophisticated MRI teghes (2D PC-MRI) to demonstrate
BAV-mediated changes in flow and W8%and their association with aortic
enlargement>® Subsequent 4D flow MRI studies have conclusidelgumented that
aortic WSS is increased in BAV subjects independéstenosis severity when
compared to age- and aortic size-matched conttoMoreover, regional variation of
WSS within the aorta is dependent on aortic valgoin phenotypéb. 144.155 and is
associated with aortic diamef&rA recent study with 30 BAV patients and 30 age-
appropriate TAV controls provided evidence thatr@tl aortic hemodynamics may be a
pathophysiologic mechanism by which R/L or R/N \Bfusion patterns influence the
expression of aortopat!y.

Similar to the findings of Atkins and Sucosky irethorcine model, aortic
hemodynamic alterations were found to be relatededial wall degeneratiott.In a
recent study that included both in-vivo 4D flow M&id aortic tissue resection in 20
BAV patients, elastin content and structure waesay disrupted in regions of high
WSS with a shift in the expression of specific MMdPgl TGF-beta. Girdauskas and
colleagues found a similar correlation betweendigstransvalvular flow patterns and
proximal aortic wall changes in the setting of BA&.°® With more extensive

investigation it is conceivable that quantitativetrics of valve-mediated hemodynamics
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could be used to guide more precise and individadlsurgical resection strategies

beyond contemporary empirical size thresholds.
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5. Diagnostic Modalities
A. General Vascular Imaging Concepts

Transthoracic echocardiography (TTE) is the reconded imaging modality for
the initial assessment of the aortic valve andabioraorta, including the assessment of
hemodynamic valve function (see Table 3, as welligares 6 and 77° If any part of the
examination is not possible by TTE, computed toraphy (CT) or magnetic resonance
imaging (MRI) is recommended to assess the presamtextent of aortopathy (Figures 8
and 9). Hemodynamic valve assessment can alsorfierped by MRI**" although TTE
remains the gold standard. TTE assessment of a@iltre function is usually sufficient,
but transesophageal echocardiography (TEE) shaufmeldformed in patients with Al that
is difficult to quantify with TTE. BAV-Al may restilin an eccentric jet that can be better
visualized with TEE, particularly if patients haless-than-severe Al by TTE and
unexplained LV dilation or dysfunction. In additioTEE may best determine the
mechanism of Al when aortic valve repair is beingsidered.

When evaluating the BAV aorta with echocardiograghg entire thoracic aorta
should be assessed: aortic root (aortic annulogsss of Valsalva and sinotubular
junction), tubular ascending (proximal, mid andalis aortic arch, and descending
thoracic aorta including diameter measurement aspgbl2r assessment for the presence of
coarctation (see Table 3 and Figure 10). It is irtgod to recognize that the term “aortic

root” has been loosely used in the past to incthdeascending aorta, and it is critical that

both the components of the aortic root and tubagaending aorta are measured separately

and reported as such. The abdominal and pelvia aed not be assessed in isolated

BAV disease, unless a family history of abdominaliac aneurysms is present, or
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suspicion of coarctation exists. In addition, altgb intracranial arterial aneurysms have
been found in 10% of BAV patients versus 1% of oarpatients:>® these are small (i.e.,
<10 mm in diameter) and no increased prevalen&Ad has been found in patients with
intracranial aneurysm-related subarachnoid hemgesta® Therefore, routine brain
angiography is not recommended in BAV patients sstarctation of the aorta is present
(see Table 3§ Intracranial hemorrhage is a complication of ctsion of the aorta,

independent of the presence of BAV.

B. Image Acquisition and Analysis: Echocardiography, MRI and CT

There is no consensus regarding a standard methoddsure and compare aortic
measurements across echocardiography, MRI, anf%Gfd different methods are
frequently used within the same institution. Altlgbut is clear that end-diastolic leading
edge-to-leading edge is the method of choice fdE TTadults'®° no such consensus
exists for CT/MR. Some advocate end-diastolic outg-to-outer wall measurements,
while others advocate inner wall-to-inner wall dim®ns'®°*** Recent data suggest no
systematic measurement bias when comparing therdwechocardiographic method to the
CT/MR inner wall-to-inner wall method for measgithe ascending aorta in the absence
of root asymmetry*®*

Care must be taken when interpreting results acnoskalities. The maximum
diameter observed in the aorta, regardless ofakaipn in which it is measured, should be

reported in addition to the measurements obtaibhedealefined anatomic locations (see

Table 3). Herein we recommend best practices fcin ezodality.
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Measurements of the adult thoracic aorta by TTETEEE should be obtained in
diastole (i.e. at the QRS complex) with the leaedge to leading-edge technique (Figure
11)X° For TTE, measurements of root and tubular asceratinta are made in the left
parasternal long axis view (Figures 6 and 7), Iba¢ioviews such as left “high” parasternal
and right parasternal are complimentary and recamle For TEE, the mid-esophageal
long axis view and high-esophageal mid-ascendimgagew are utilized (Figure 12).

Both TTE and TEE modalities have the disadvantdg®tntially measuring obliquely
and not perpendicular to the long axis of the tabakcending aorta, which could render
inaccurate aortic diameter measurements.

MRI and CT acquire 3D fields of view, and thus, #weta diameter should be
measured with multi-planar reconstruction to obtinble-oblique cross-sectional views
of the vessel (perpendicular to the longitudinas af the aorta). The double oblique view
corrects for measurement errors caused by progetiie 3D aorta on a 2D screen. For the
same reason, it is recommended that ascending daatheters$45 mm obtained by
echocardiography be further investigated by EC@@dRI or CT angiography during
diastole. CT or MRI may also be performed in patemith aortic dilation (i.e. 40-44 mm)
and poor quality echocardiographic images. Recone@ T and MRI measurement
locations are displayed in Figure 1flmeasurements are comparable and reproducible
between techniques, then future interval measurenoam be obtained by TTE alone, with
repeat CT or MRI examination every 3 years to nefyeeproducibility and agreement.

If initial measurements are discrepant, then CVMBi should be the techniques of choice

for interval aortic diameter measurements.
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Regarding the aortic root, TTE measurements arsistemtly lower than those
measured by ECG-gated CT angiograpliy®! This is particularly true for the asymmetric
dilated BAV root whose dimensions are frequentlgenestimated by single 2-
dimensional parasternal long-axis and standard stxa TTE views. When root dilatation
is visually suspected by TTE or the root is sigmfitly asymmetric, we recommend
measuring diastolic leading-edge-to-leading edgessto-sinus diameters in parasternal
short axis TTE view or alternatively, go straightGT/MR ECG-gated root assessment.

Because of the highly reproducible nature of EC&@&LT and MR, these
techniques should be used for accurate assessframtioc root measurements. However,
it is important to note that clinical cut-offs fmtervention have largely been derived from
echocardiograph$? a difficult conundrum to reconcif@® Nevertheless, akin to the tubular
aorta, echocardiography-derived aortic root diansetd5 mm should be verified by
ECG-gated CT or MRI (see Table 3). Given that ihases can dilate asymmetrically, all
three sinus-to-commissure (or sinus-to-sinus) diiters should be measur€d The CT
measurements that correlate best with echocargibgralerived values are inner wall-to-
inner wall dimensions, which require the admintstraof contrast medium (Figure 11).
164

The choice between CT and MRI is dependent on #gwailability, institutional
expertise and age of the patient. Younger patigrts < 50 years-old) would benefit from
MRI in order to avoid CT-associated radiation expesbut ECG-gated MRI is not
commonly performed in most institutions. Ideallyterval measurements should be
performed with the same imaging modality, samerieple (i.e. ECG-gated), and

compared side-by-side by an experienced refer.
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It should be noted that radiologists occasionayognize signs of BAV aortopathy
in a patient with no previous diagnosis of BAV. §agtive signs are aortic leaflet
calcification at a young age (i.e. < 60) and amasgtric shape to the ascending aorta,
with bulging of the outer curvatuf& Such patients should undergo TTE in order to

confirm the diagnosis.

C. Aortic Imaging Surveillance

After the first echocardiographic evaluation, theracic aorta should be re-
assessed entirely on a yearly basis if greater4banm (see Table 4). A first interval
repeat measurement could be considered at 6 mpnéngo proceeding to yearly
assessments, especially if other risk factors sasdrtic coarctation or family history of
dissection are present. As opposed to Marfanrsymel where the aortic root is
predominantly involved® the most common segment involved in BAV patiestthe
tubular ascending aorta (i.e. 60-70% of BAV dilasenitasy® It is vitally important that
images of any type not be compared to the last priage, but rather to the oldest prior
image, which can be harder to access. Otherwisepgt growth can go undetect&%.

Aortic growth rates for the tubular ascending seginme BAV adults have recently
been reported to range from 0.4 to 0.6 mm/y&at, while earlier studies demonstrated
maximal dilatation rates of 1 to 2 mm/year. Very fgatients are observed to dilate at > 2
mm/year?® ** Although these represent “artificially-annualizedtes, it remains very
unlikely that BAV patients will dilate at > 3 mm/ge It is also important to note that an
interval diameter change of 1 or 2 mm by currerdgng modalities is within the realm of

error. Therefore, an interval dilatationz®8 mm should be considered clinically
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significant'? Absolute echocardiographic aortic diameters atlb@sare not reliable
predictors of the rate of dilatation during follap*® **thus regular interval imaging
(according to Table 3) is recommended regardlebaséline diameter. Previous AVR is
more common in BAV patients presenting with aodigsection, compared to TAV
patients with dissectiotf! BAV patients with previous AVR have the highesiaged risk
of aortic dissection after 15 years of follow-ug(i1%)>® particularly if the original

operation was performed for BAV with aortic reguiagjon.*® Therefore, continued

interval monitoring of the unrepaired aorta postfAl suggested.

D. Abnormal Aortic Diameter Values and I ndexing
The sinuses of Valsalva are normally larger thaShJ and tubular ascending
aorta, and the latter is larger than the arch asgehding thoracic aorta. Normal values in

0.1683nd tubular

adults by age, body-size and gender have beenteefor the aortic rod
ascending aort®2 % *"%An aneurysm is defined as a permanent focal ditetaf an
artery having at least 50% increase in diametempeoed to expectet!! " In clinical
practice, however, it is generally considered &hatbular ascending aorta > 37 mm or
aortic root > 40 mm represents aortic dilation (bott aneurysm formation) in adult
patients!’?

It is important to recognize that the aforememeid cutoffs are not absolute, such
that 50 mm could represent moderate dilatationlarge male but may be severe
dilatation in a small female. Thus, correctionlfody size parameters has been proposed

(see Table 3). Surgical repair has been suggestgrhfients with Turner syndrome who

have an indexed aortic diameter of 2.75 cfidmgreater-’® The ratio of aortic cross
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sectional area divided by height [Ratid=t(cn)/height (m)] has also been proposed as a
method to correct for dissimilarities in body stZ&A ratio greater than 10 &m has been
recommended as cutoff for elective aorta repalrath Marfan syndrome and BAV
diseasé,and a recent study involving 380 BAV patients wdttated aortas found that a
cut-off of 13 cn¥/m for the tubular ascending aorta and 16/omfor the root exhibited
superior predictive accuracy for the occurrencdiséection than absolute cutoffs.
Another indexed measure of the aorta, the “aoitie imdex” in which the maximum aortic
size in centimeters divided by the body surfaca &ies been validated in a large database
of aneurysm patients and was found to be more greeliof adverse events than
maximum aortic dimension along® Similarly, a large database of tricuspid valveems
with aortic aneurysms found that indexed aortie smaproved the ability to predict long-
term event$!’ However, more research needs to be done in wdEmfirm these

findings.

E. Emerging I maging Technology and | maging Biomarkers

Imaging research for risk factors associated witlyEaortopathy has primarily
focused on degree of co-existing aortic valve stenor regurgitation. These functional
metrics alone do not reflect the rheologic burderth® aortic wall due to BAV. With this
in mind, a number of techniques have shown promisiitial results in the search for
imaging biomarkers predictive of rheology-assodatertopathy development. For
example, Della Corte et al. investigated the valpening angle obtained via 2D bSSFP
(steady state free precession) cine images to ctangpproxy measurement for

understanding the impact of flow eccentricity omtiagrowth>* In this 36 subject
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cohort, they found the fused leaflet opening apgézlicted ascending aorta diameters
and growth rates. Using a similar hypothesis, Bugtial. computed the barycenter of the
of the velocity field from 2D phase contrast MRIdbtain ‘flow displacement’, a
parameter representative of the eccentricity ofelkesross section velocity fiefd® The
baseline displacement measurement was found toelécpve of ascending aorta growth
in small cohort of subjects.

Using insight from 2D phase contrast MRI stud@s number of investigators
have assessed the rheologic forces at the aortaiswad) 4D flow MRI and the
computation of WSS9.179,180 These studies have directly measured the impact of
eccentric flow and their forces on the aortic Wklgures 13 and 14) and found
correlations to the aorta phenotypand regional tissue aortopatty™*°While further
study is needed, these preliminary findings in@idhat rheologically-mediated aorta

remodeling is an important factor to consider ia design of future studies.
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Table 3: Recommendations for initial imaging of the aortdBAV patients.

Recommendatic

Class / LOI

Transthoracic echocardiogr. (TTE) is the initial imaging modality ¢
choice for assessment of the aortic valve and timesrta in patients with

BAV.

I / C5, 16C

The entire thoracic aorta sho be measureby TTE reportin¢ each aortic
segment separately in millimeters: Root (sinuségatéalva), sino-tubular
junction, tubular ascending aorta (proximal, mid distal), arch and
descending thoracic aorta (see Figure 11). Maxirdiameter, regardless
of location, should be reported. Aortic coarctatgould be ruled out with

Doppler evaluation of the descending thoracic aamnthabdominal aorta.

5, 160, 18
I[/Cc>="

If TTE cannotvisualize any aortic segme¢andor any segme measurs >
45 mm and/or aortic coarctation cannot be ruled meommend
assessment of the entire thoracic aorta with EQ@edgeardiac magnetic
resonance angiography (MRA) or computed tomograpigjography

(CTA).

|/C33,51

If a patient i: undergoing cardiac surgeand root and/or tubular ascend
aorta measure 40 — 44 mm by TTE, recommend assessfrthe thoracic

aorta with MRA or CTA prior to surgery.

I / CS3, 57,16

If aortic coarctation is present, scring for cerebral aneurysr is

recommended.

|/ BlB]
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Table 4: Recommendations for interval monitoring imagindref aorta in BAV patients

Recommendatic Class / LOI

Interval imaging shou be performed with the same imaging technique | I/ C ** ** *°

measurement method, and compared side-by-sidevéthous study by an

expert in that imaging technique.

Interval aorta imaging recommendations apply téepét with native BAV | I/B > **
and also those who have undergone aortic valvacepient, given that

aorta complications may occur in BAV patients pagtgery.

In patients with normal initial atic diameters by TT, the thoracic aort | 1/ C* ¢

should be re-imaged every 3 to 5 years.

In patients with initial actic dilatatior (root and/or tubular ascending ac | 1/ C™ #3511

measure 40 - 49 mm), the thoracic aorta shoulétmaged at 12 months
If stability is confirmed, then re-imaging can berformed every 2 or 3

years.

In patients witl more advance initial aortic dilatatior (root and/or tubula | I/ C**°>4 ™

ascending aorta measure 50 — 54 mm), the thoradia should be re-

imaged at least every 12 months (yearly).

If thoracic aortic dilatior(> 45 mm) noted by TEE i not reproducibl with | 1/ C ™%
CTA or MRA (i.e. > 2 mm difference between modah, then interval

imaging follow-up should be performed with MRA of &.
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Figure 6. Typical echocardiographic findings in a BAV patigvith tubular ascending
aorta dilatation phenotype. A.) Echocardiogram 60a/ear-old woman with R/N BAV,
no aortic valve regurgitation and a fusiform aséegdubular aortic aneurysm. Left
parasternal long axis view in diastole shows roeasurement of 36 mm (first arrow
left), and mid tubular ascending aorta measuremwief? mm (second arrow from left).
LV=left ventricle, RV=right ventricle, Ao=Aorta. BSuprasternal diastolic view shows
the mildly dilated proximal arch (36 mm, arrow) amatrmal upper descending aorta.
PA=pulmonary artery. C.) Parasternal short axiaee-view of the aortic valve in
systole shows 2 commissures (asterisks) at 1 andatk with right-non fusion.

RA=right atrium, LA=left atrium.
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Figure 7. BAV patient with root phenotype aortic dilation.)A&chocardiogram of a 53-
year old man with R/L BAV, severe aortic valve regjtation and root-proximal
ascending aortic aneurysm. Left parasternal long\agw in diastole shows root
measurement of 46 mm (arrow), sinotubular juncétfacement (asterisk) and proximal
tubular ascending aorta dilatation (Ao). RV=rigkethtricle, LV=left ventricle, LA=left
atrium, Ao=Aorta B.) Left parasternal long axis aued color-Doppler view in diastole
shows the flow convergence (arrow) of a posteriditgcted jet that quantified to 78 cc
per beat of regurgitant volume. C.) Parasternaltshas en-face view of the aortic valve
in systole shows 2 commissures (asterisks) at 4.8raiclock with right-left fusion.

RA=right atrium.
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Figure 8. MRI assessment of BAV patients showing normalaso(teft panel) and
different types of BAV aortopathy (middle and rigignel). Each of the three upper
panels shows maximum intensity projection of maigrmetsonance angiography with the
corresponding inferior panel demonstrating the giamalysis of systolic flow. The left
panel demonstrates imaging from a normal patieetntiddle panel demonstrates
aneurysmal dilation at the level of the sinusefWaw directed rightward and
posteriorly in a patient with a left-right cusp fus. The right panel shows more diffuse
aneurysmal dilation in a patient with right-nonaasoy cusp fusion and flow directed

leftward and posteriorly. Adapted from Burris andpd"®?
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Figure 9. CT imaging with 3 dimensional reconstruction of BAatient with associated

aortopathy.
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G = 63.5mmHg

Figure 10.Transthoracic assessment for aortic coarctationEghocardiogram of a 31-
year old woman with BAV and severe aortic coarotatSuprasternal systolic still frame
shows laminar Doppler flow through the proximaltpor of the arch (“ARCH?”) before
becoming turbulent flow across a tight coarctat@amow) just distal to the left
subclavian (asterisk). B.) Suprasternal diastdlicfeame shows no Doppler flow
through the proximal portion of the arch but peesis diastolic turbulent flow across the
coarctation (arrow) just distal to the left subcewv(asterisk). C.) Continuous-wave
Doppler signal across the coarctation shows a kygtoeasurement) peak gradient of
64 mmHg through the coarctation, with persistemwfln diastole (arrow). D.) Pulsed-

wave Doppler signal of the abdominal aorta showslayed peaking of the systolic
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signal (line) with prominent persistent flow in giale (arrow), pathognomonic of

coarctation.
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A. Echocardiography* B. Sinus measurement

sinus
to sinus

sinus
to commissure

* leading edge to leading edge

C. MRl and CT**

proximal arc

proximal DAo/

mid distal arch

ascending
aorta

root
mid descending

**inner to inner wall aorta

(or self-consistent)
Figure 11.A.) Schematic shows the leading-edge to leadingedgasurement
technique used in echocardiography, from left-gh;i measurement of the sinuses of
Valsalva, sinotubular junction and proximal tubwdacending aorta. B.) Inner-to-inner
measurements used in MRl and CT. In addition,rsistent approach to measuring all
three sinuses with MRI and CT is necessary. Thessia-commissure and sinus-to-

sinus measurements can both be used, but congissemecessary for interval
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1 surveillance. C.) Standard measurement locatiansIRI and CT with the inner wall to
2 inner wall technique.

3
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Figure 12. Transesophageal echocardiography aorta asses#eRte-bypass
echocardiogram of a 79 year-old man with typicaMB@ight-left cusp fusion), mild

aortic stenosis and severe generalized aorta tiilataligh-esophageal mid-ascending

aorta short axis measurement (arrow)atRPA=right pulmonary artery, Ao=aorta. B.)
Same imaging position as A, now at’9eveals the mid-ascending aorta at 52 mm (long
arrow) and the distal aorta (short arrow) at 49 r@m.Mid-esophageal long axis at 227

allows measurements of the proximal ascending amderoot (dotted lines). RV=right

ventricle. D.) Mid-esophageal long axis at 128lows improved visualization of the
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root, which measured 49 mm (dotted line). The patimderwent a Bentall procedure.

LV=left ventricle.
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Figure 13. A.) 2D SSFP (steady state free precession) cine BiRiwing the left

ventricular outflow tract and the position of thertec valve imaging plane shown in
yellow. B.) TAV and the two most common BAV phenodg, i.e. R/L and R/N cusp
fusion. Arrows show the location of the raphe (iégent) between the conjoined cusps.
The conjoined R/L cusp (yellow box, arrow) is alseen to be doming in the
corresponding left ventricular outflow tract vieweg A, arrow). Bicuspidality of the
aortic valve should be assessed in systole ratrer tiastole, since the valves often

appear tricuspid when closed. Adapted from Entestaal.*®
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Figure 14.MRI of a 73 year-old male showing the (A) bSSFRddly state free
precession) valve cines of a BAV patient with Rllsibn and no stenosis. B.) Contrast
enhanced MRA showed mild dilation of the sinus afsalva with a maximal dimension
of 40 mm and (C) a 47 mm dilation of the mid-aseegaorta. D.) An eccentric jet is
observed downstream from the non-stenotic bicugalik that impacts along the

anterior portion of the tubular aorta.
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6. Indications for Surgery

The most important clinical decision for patienistMBAV-associated aortopathy
is the appropriate timing of surgical interventio®ptimally, surgery should be
recommended as soon as the risk of watchful waiergeeds the risk of surgical
intervention. Unfortunately, the precise time powhen this occurs is patient- and
surgeon-/center-specific and therefore oftentim#fgudlt to identify. Prophylactic aortic
repair is recommended in order to prevent catalsicogortic complications, particularly
aortic dissection and rupture. When examining dditained from retrospective and
natural history studies, it is important to inclugatients suffering sudden, unexplained
cardiac death as presumed (or at least possibi¢ aomplications.

Factors that need to be considered when recommgrabrtic repair include
maximum aortic diameter, presence of aortic righdes (i.e. rate of aortic growth, BAV
phenotype, systemic hypertension, family historyaoftic complications, or other aortic
conditions such as coarctation or connective tishserders), presence of surgical risk
factors (eg. advanced age, decreased left verarifwhction, redo surgery), concomitant
indications for cardiac surgery (most commonly i@orélvular stenosis or insufficiency),
and surgeon / team experience and level of expeithough many different factors
need to be considered when making this clinicalsilag, it is worthwhile noting that
operative risk usually plays a lesser role for edgpeed aortic surgeons since the
majority of BAV patients are relatively young wittew surgical risk factors.

Despite the multitude of factors that need to bmulianeously assessed, we
herein describe our general recommendations faicalrrepair in BAV patients with

aortopathy. For the purposes of clarity, indicagidvave been divided into patients with
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and without concomitant indications for AV surgehy.addition, recommendations for

management of the aortic arch are listed at theoéttus section.

A. Risk-Benefit Assessment of Additional Aortic Repair: General Considerations

As in all surgical decision-making, the decisionrépair the aortic root and/or
ascending aorta must be based upon the risk-befoefia given patient in a given
institution or surgeon’s hands. In this clinicaesario the risk of any complications
related to aortic surgery must be weighed agahmstpotential benefit from preventing
aneurysm-related complications. According to ré&TS data, isolated ascending aorta
replacement surgery is associated with a 3.4% oisknortality and 3.2% risk of
stroke®* while aortic arch surgery is associated withi®@®&risk of in-hospital mortality
and 5.3% risk of strok&* In contrast, the corresponding risks for isolaA&R are 2.5%
and 1.5%°%° While the addition of an aortic procedure to AVR is assed with no
demonstrable increase in morbidity or mortalitaine large volume centef;*®8this
is not the case for most cardiac surgery instiigio Center- and surgeon-specific
volumes have consistently been shown to have doemfe on outcomes in a wide
variety of technically complex operations, and i@o”urgery is no exception. For
instance, Hughes et al examined patients underguonic root or AVR plus ascending

aortic replacement surgery and found that operatieetality was 58% lower in high-

volume centers compared to low-volume cent®&ts.
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B. Indications for Aortic Repair in BAV Patients with Significant AV Dysfunction

For those BAV patients with valve dysfunction sfgrant enough to meet
indications for AV surgery, the recommended cutfoff concomitant ascending aortic
replacement is 4.5 cm (Class lla, level of evide@cen AHA/ACC 2014 guidelined,
ESC 2014 aortic guidelinéd, ESC valvular guidelinéd (see Table 5). This
recommendation is primarily based on a retrospediudy by Borger et al that showed a
higher incidence of subsequent aortic events in B@¥ents undergoing AVR with an
aortic diameter of 4.5 cm or motelt should be noted, however, that the vast majait
follow up events were simple replacement of theeadmg aorta during elective
reoperative AVR surgery. Another study supportimg cut-off showed that the majority
of BAV patients status post AVR who developed @&odissection had aortic dilation
>4.5" and a second study demonstrated an increaseafridlssection among BAV
patients with aortic dilatior4.5cm®® The incidence of aortic dissection and otheri@ort
catastrophes post-AVR is low, particularly in BA¥tjents with aortic stenostg.*’

One argument supporting concomitant replacementhef aorta during AV
surgery, regardless of future risk of aortic comgtiions, is the fact that the aortic wall
tends to be quite thin when the diameter excedilsm. Surgeons may therefore elect to
replace the aorta in such patients, rather thanexperiencing catastrophic tears in the
suture line of an effaced aorta at the end of ttexzqulure. In contrast, avoidance of
prophylactic aortic repair in patients with moderabprtic dilation (i.e. 4.5 — 5.0 cm) is
prudent when extension of the myocardial ischemie tshould be avoided (eg. patients

with poor left ventricular function).
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C. Specific Surgical Considerationsfor BAV Patients Undergoing AV Surgery

Most BAV patients undergoing AVR do not require taomroot replacement
surgery. Indeed, the incidence of significant @ortot dilation post-AVR in BAV
patients is low, similar to patients with TAV disea® *°* ' Root replacement is
recommended, however, in BAV patients with an aaot diameter exceeding 4.5 cm.
26,57, 136,192 R oot replacement is oftentimes required is in Bpafients presenting with
acute aortic dissection, since the proximal rootrésjuently involved in the dissection
process? However, performing ascending aortic replacemaione and leaving a
modestly dilated root if the valve is intact maydradent in patients in extremis in whom
an expedient operation may decrease operative ling'f& Leaving the root “for
another day” should not be considered a failurgurgery for acute aortic dissection.

BAV patients may present with aneurysmal dilatiand effacement of the
ascending aorta that extends preferentially indonthin-coronary sinus. Such patients may
be effectively treated with a modified remodelingemation with a tongue of graft
extending into the non-coronary sinus. Such an aggbr spares the patient from the
added complexity and increased risk associated withomplete root replacement
operation, and is associated with a very low rdtsubbsequent aortic events. Studies
have shown excellent mid-term results using thianeue®

Type of implanted valve at the time of AVR mayaalsfluence the extent of
aortic repair in BAV patients. In patients with nepdte aortic root dilation (i.e. 4.5 - 5.0
cm) who have opted for a mechanical valve, complete replacement is reasonable.

Isolated AVR is preferable, however, in young paewho have opted for a biological
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valve because of the low risk of subsequent aooti¢ rupture / dissectiotf ** and the
increased technical difficulty associated with eeortic root replacement surgers).

AVR surgery in BAV patients may be complicateddmyonary anomalies, which
are far more common than in TAV patieht3.The most common BAV-associated
coronary anomaly is a non-dominant right coronatgrg, which can have implications
for myocardial protection during AV surgery. Thesfimn of the coronary ostia is also
more variable in BAV patients, with ostia frequgnplositioned directly adjacent to an
AV commissure. Such anomalies are important te potoperatively and may cause the

surgeon to take a less aggressive approach t@ aooti repair in such patients.

D. Role of Valve-Sparing Aortic Root Replacement and AV Repair

Patients with bicuspid aortopathy and relativelynmal aortic cusps with good
mobility can be considered for valve-sparing aortiot replacement surgery (i.e. David
operation) in select centers. However, the indocetifor aortic repair should be the same
as for patients undergoing more conventional foohssurgery (see Table 5). With
careful patient selection, studies from high volugenters have shown that valve
sparing-aortic root replacement can be performeBlAN patients without increasing the
risk of reoperation or recurrent aortic regurgiativhen compared to TAV patiertts:
19 However, long-term results remain pending andestvave expressed concerns of
increased long-term risk of aortic stenosis or memu insufficiency***?** Further
research insights into the different BAV patienepbtypes will possibly shed more light
on the actual risk of these complications follownegair/sparing procedures. Given that

valve-sparing aortic root replacement is more tesily challenging in BAV patients,
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such operations should be performed in referratetenby surgeons with substantial
clinical experience with the David operation.

Isolated AV repair has also been applied in séb#d¥ patients. Based upon the
pathophysiologic classification of aortic regurtjita developed by El Khoury et &P?
various approaches to AV repair have been develtffet®™ While good mid-term
results in BAV patients have been demonstrateckpert hand$® ?°®debate continues
regarding the optimal method and even necessityarofular stabilization in such
patients®”#'% Another topic of debate is the optimal commiskigeometry for AV
repair in BAV patient$**?*® The lack of consensus regarding these issuedatkeof
long-term follow up data, and the increased tecdmsomplexity of AV repair in BAV
patients has resulted in a lack of widespread aalopif these techniques by the general

cardiac surgery community.

E. Indications for Aortic Repair in BAV Patients without Significant AV Dysfunction
Current guidelines recommend intervention on th#aaio BAV patients without
significant aortic valvular dysfunction (i.e., valar dysfunction does not meet criteria
for surgical valve repair/replacement) if the maairaortic diameter exceeds 5.5 cm and
patients are lacking any high risk characteris{iese Table 5) (Class I, level B in
AHA/ACC guideline$’ *° and Class I, level C in ESC 2014 guideliies Such
recommendations are based on the observation that6represents a definite inflection
point in the risk of aortic complications in alltjEnts regardless of AV morpholog¥’
and that natural history studies demonstrating finitieely increased risk of such

complications in BAV (in comparison to TAV) patientare debatable. Although
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Michelena et al. demonstrated that BAV patientsehavhigher risk of aortic dissection
than the general populatithit is unknown at what aortic diameter these disses tend

to occur. In addition, the observation that mangigpaés with aortic dissection present
with an aortic diameter of less than 5.5 cm (iartic size paradox®}* *®is difficult to
interpret given that the denominator size for tisup of patients is very larG&' Indeed,
some studies of patients presenting with acutecagidsection have demonstrated larger
ascending aortic diameters in BAV patietfts®’ refuting the notion that the BAV aorta
is less stable than the TAV aorta. The larger eati@meters in BAV patients may be a
result of longer periods of exposure to increas®tiashear stress in patients born with a
congenital anomaly, as opposed to acquired diserderch as hypertension or
atherosclerosis. Such an explanation would beisiems with the increasing amount of
data supporting the hemodynamic theory of BAV-guathy, as opposed to the genetic
theory (see Section 3.A). It would also undersctme importance of ongoing
surveillance of the aorta in BAV patients, with giaal intervention being recommended
only when appropriate thresholds have been reacAde above observations and the
definite -- albeit low -- risk of surgical interveon argue against routine replacement of
the aorta in BAV patients with smaller aortic didere at the current time.

Certain factors may increase the risk of aortic glications in BAV patients and
therefore lead to earlier intervention.  Currentidglines recommend surgical
intervention at an aortic diameter of 5.0 cm inigrgs with any of the following risk
factors: aortic coarctation, systemic hypertens@éfgmily history of aortic dissection, or
rapid aortic growth (> 3 - 5 mml/year) in experiethé@ands. In the AHA/ACC guidelines

this is a Class lla, level of evidence C recomméada *° and in the ESC 2014 aortic
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guidelines this is a Class I, level C recommenddtiolntervention at lower dimensions
can also be considered in patients with small B$Atature, particularly if they have
Turner syndrome. Surgical repair is reasonable unnd@r syndrome patients with an
indexed aortic diameter of 2.75 cnf/mor greater’® A similar indexed aortic diameter
cutoff'’® or an aortic cross-sectional area to height ratio 10 cnf / m'’®> may also be
used to guide earlier surgical intervention in $ratdture patients. A lower threshold for
aortic repair (i.e. diameter of 5.0 cm) may also dmnsidered in females planning
pregnancy, because of an increased risk of aodimptications in such patients’
Finally, earlier intervention may also be occasliynpstified in patients with a strong
preference for early surgery, particularly if theeamdition causes undue emotional stress.
A statement of clarification on management of guathy in BAV -- released by
the AHA/ACC in 2016 -- also recommended surgerthd aortic diameter is > 5.0 cm,
the patient is at low operative risk, and the opemnais performed by an experienced
aortic surgical team in a center with establishegokeise (class lla, level of evidence B).
10 Masri et al found that surgical intervention in BAatients restored them to a normal
population survival curve and that patients withaantic diameter > 5.0 cm who did not
undergo operative repair had a modestly increasddaf death or aortic dissection
during follow up® However, the perioperative mortality in this stuglas only 0.4%.
Wojnarski et al from the same center also dematestra modestly increased risk of
aortic dissection starting at 5.0 cm in BAV patgmnwith a more pronounced increase in
risk starting at 5.5 crii> Based on these findings, the current documenemakclass
lIb, level of evidence C recommendation for surbicgpair of low risk patients in

experienced aortic centers if the aortic diameter 5.0 cm (Table 5).
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The above recommendations reflect a general chaogeards a more
conservative approach for BAV-associated aortopatien compared to previous

guidelines, which stated that such patients shbeldnanaged as aggressively as those
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with connective tissue disordetrStudies published subsequent to these earlieeljués
have demonstrated that BAV patients have a marledlgr risk of aortic complications
and aortic dilation than those with Marfan syndrdni& > A recent joint statement of
clarification was published in order address thssees™®

Recent evidence suggests a marked difference inattugal history of BAV
patients with aortic regurgitation compared to sgs Girdauskas et al. found that the
ten-year freedom from adverse aortic events (digs€oupture, death, and need for
proximal aortic surgery) was 78% in BAV with aortegurgitation vs. 93% in BAV
stenosis patienfS.Wang et al recently confirmed these results ieteospective study.
218 Other studies have demonstrated more rapid prsigresf BAV aortopathy in
patients with aortic root phenotype (i.e. dilatisith greater diameter at the sinuses of
Valsalva than the tubular ascending aorta, typiadisociated with aortic regurgitation,
see Section 3.CY:>" % |n addition, a meta-analysis found BAV patientthwvaortic
regurgitation to be ten-times more likely to expade aortic dissection than those with
aortic stenosié™ It is therefore reasonable to consider aorti@irdp BAV patients with
aortic regurgitation and root phenotype of aortiattbn at an aortic diameter of 5.0 cm.
Such patients may particularly benefit from a vadparing aortic root replacement

(David) operation, if done in an experienced centiéin known outcomes.
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F. Management of Aortic Arch

In contrast to the ascending aortopathy, the nklistory of the aortic arch in
patients with BAV is not well established. Whilesth is correlation between BAV
morphology (e.g. Sievers type 1, R/L) and proxiam@ttic aneurysm, the association with
regards to aortic arch pathology is less cféaAlthough some investigators have found a

i %8this association is not

correlation between Sievers type 1, R/N and aartib dilatio
consistent. The relative lack of natural historydés is further confounded with the
denominator neglect phenomenon: while a few stuiesrt the complications of aortic
arch aneurysm (e.g. numeratdt)’?% ?*there is lack of data on risk of development of
aortic arch pathologies with BAV (e.g. denominatéijrthermore, the gap in knowledge
also applies to non-size criteria for interventsuch as risk factors, genetic clusters,
aortic wall thickness and strain measurementsdtiepts with BAV.

BAV aortopathy has been briefly addressed in migltguidelines and consensus
statements, but most do not address the aorticspetifically. Neither the 2010
ACC/AHA guidelines nor the European Society of Cardiology Guideltheiscuss
indications for aortic arch repair in BAV patient$ie 2014 Canadian Cardiovascular

Society Position statement was the first to recondreethreshold of 5.5 cm for

replacement of aortic arch aneurysm associated B, >

I. Aortic arch dissection
Based on the IRAD registry, the risk that the aoatich is involved during acute
type A aortic dissection is lower in BAV than TAVidMarfan syndrome patierfts’

Furthermore, a Mayo clinic study reported that agpatients with known aortic
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dilatation prior to dissection, the mean diametasJower for those with TAV compared
to BAV.*®” One can conclude from these observations tharatpresenting with acute
aortic syndromes (acute dissection, IMH, or PAUYh&f aortic arch should be treated
following the recommended guidelines for these qlaiies, regardless of the aortic

valve morphology.

I1. Aortic arch aneurysm

There is controversy regarding the indication imggcal therapy in aneurysmal
aortic arch disease in patients with BAV. While entp agree that symptomatic
aneurysmal aortic arch disease should be treatgddiess of size, there is disagreement
in regard to the asymptomatic patient and the éxtetme distal aortic repair.

Park and co-authors reported on a series of 422 Batiénts undergoing
replacement of the ascending aorta without inteigaron the aortic arcff* These
patients were followed up for a median of 4 yeaitk wo reoperations for arch
dilatation?* They concluded that subsequent enlargement afdtti arch after
ascending aortic replacement is r&reThey therefore recommended tailoring the extent
of distal aortic operation in BAV patients and aling arch repair if the transverse arch
is not significantly enlarged (i.e.4.5 cm)*?

A contrarian view has been expressed from investigat Stanford University:
220 Based partly on embryological studies showing atign of cells of neural crest
origin into the aortic arch, Fazel and co-auth@dgrmed hierarchical cluster analysis

and found five distinct patterns of aortic involvemhin 127 patients with BAV. In

cluster Il and 1V, they found more frequent invelaent of the aortic arch and therefore
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recommended aggressive hemiarch or total archaeyplent in experienced centers.
However, this study did not provide longitudinglarmation about the fate of the various
clusters. Furthermore, the amount of arch dilateamd in such patients (median of 3.5
cm in cluster I1I) was well below the recommendecksholds for aortic arch repair.

Malaisrie et al. recently advocated extending résednto the arch when the
distal ascending or proximal arch was larger th@nctm?** They compared 177 patients
who underwent hemiarch replacement to 207 patightsreceived isolated ascending
aortic replacement. The mortality rate increasethf1.5% to 3.0% in the hemiarch
patients, although the difference did not reactissteal significance in this small series.
There was, however, a statistically significant S#%sease in cardiopulmonary bypass
times and 35% increase in cross-clamp times in éwemipatients.

The above information suggests that indicationsépair of the aortic arch
should be no different in the setting of BAV comgzhto TAV. If a BAV patient presents
for AVR and has an ascending aortic aneurysm witbhranal aortic diameter below the
takeoff of the innominate artery, ascending aogjmair without arch intervention is
recommended. If the aortic arch has a diameterdhb>xm at the innominate artery
takeoff, hemiarch replacement is reasonable inrexpeed centers, with the
understanding that operative mortality and risktodke may be mildly increased. A total
arch replacement is reasonable in BAV patients tguileg AVR with a mid-aortic arch
diameter of> 4.5 cm at the level of left carotid artery as nueed by 3D aortic centerline
reconstructions. Such pathology is rare, howevet,isusually found in BAV patients
with other causes of aortic arch dilation (eg. pyas aortic coarctation repair,

concomitant connective tissue disorder or Turnadsyme, chronic aortic dissection).
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Given the complexity of the latter operations, femel to experienced aortic centers is
recommended. In emergency situations (eg. aosgedtion), even experienced aortic
surgeons may wisely opt to avoid compete resedtidhe diseased aorta and deal only
with the most critical aspects of the procedurem@lete resection of all affected aorta,

if necessary, can then be considered electivedylatier time.

[11. Operative Volume and Outcome

Situations in which an operation should be exteridealmore aggressive
approach should take into consideration the exgeeeind comfort level of the surgeon
and the experience of the center. One set of pusiy published guidelines attempted to
define an experienced aortic center, but the recemad®d benchmark mortality rates (i.e.
< 1% for elective repair of ascending aorta andi@oovot aneurysm repair) is far below
most reported serie€?

A Japanese cooperative study examined 2,875 patiediergoing thoracic aortic
surgery in 36 centers between 2003 and Z5@Hd found an important impact of
hospital and surgeon volume on operative mortalibey found in young patients (<65
years of age), outcomes improved with increasegiteds/olume®® Risk-adjusted
mortality was 10% for centers performing less tB@rthoracic aortic operations during a
3-year period compared to 4% for centers performioge than 20 operatioi& In
addition, observed outcomes in high-risk patienés Japan Adult Cardiovascular
Surgery Database predicted risk of mortati?o) improved with increased hospital
volume?® Risk-adjusted mortality in these high-risk patiewas 20% for centers

performing less than 20 thoracic aortic operatiecosypared to 12% for centers
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performing more than 20 operatioif3. Gazoni et af*° also compared low volume
centers (less than 40 cases in 3 years) to highmekcenters (greater than 80 cases in 3
years) in the Virginia Cardiac Surgery Quality i@itve. They found no difference in
mortality for ascending aneurysm with valve progedi3.4% high vs. 5.2% low,
p=0.40), but increased mortality in low volume @gtfor isolated ascending aneurysms
(17% versus 3%, p = 0.01) and arch aneurysms (25%us 5%, p = 0.0£° Thus,
ascending aortic replacement with or without aatth repair may be associated with a
higher complication rate than previously identifiactenters with limited experience.
Taking into account the above findings, patientginéng more extensive aortic repair
involving the aortic arch should be referred teeater of expertise for non-emergent

surgery.

Table 5: Recommendations for aortic repair in patients BV aortopathy.

Recommendatic Class / LOI

Repair of the ascending aorta / rocrecommende when the aortic | /B %233 15

diameter is 55 mm or greater in patients withosk factors 221

Repair of the asinding aorta / root shou be performe when the aorti | lla/B***"*
diameter is 50 mm or greater in patients with fattors (i.e. root 156, 227
phenotype and/or predominant aortic insufficiengycontrolled

hypertension, family history of aortic dissectiosudden death, coarctation

aortic growth > 3 mm / year)

Repair of he ascendinaorta / root me be performed in patients with . | Ilb/C #"

aortic diameter of 50 mm or greater when the ptgiare at low surgical

73



risk and operated on by an experienced aortic in a cente with

established surgical results.

Concomitant repair of the ascending aorta / rootikhbe performed whe
the aortic diameter is 45 mm or greater in patientiergoing cardiac

surgery.

”a / B 26, 33,57

156, 167, 192

Repair of the aortic arch is recommended in patianth an aortic arc

diameter of 55 mm or greater.

I / B 222,228

Concomitant repair of the aortic arch should bdgoered in patient
undergoing cardiac surgery with an aortic arch d@tmof 50 mm or

greater.

lla/C**

Concomitant epairof the aortic arch may be performed in patie
undergoing cardiac surgery with an aortic arch dtmof 45 mm or
greater, provided the patients are at low surgiskland operated on by a

experienced aortic team with established surgesalits.

b/ C*

It is recommended thaatientsundergoini elective aortic arch repa be

referred to an experienced aortic team with esthbd surgical results.

I / B 225,221

Legend: LOE = level of evidence
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8. Surgical Follow-up, Medical Management / WatchfuWaiting, Family Screening
The current section provides information regardimgnagement and radiological

follow-up of BAV patients undergoing watchful waig, as well as BAV patients who

have undergone aortic repair surgery. Recentlyighdr guidelines and review articles

on the subject may also be instructitfe??

A. I maging post-surgery

Imaging of the aorta soon after initial surgicapag is aimed at detecting
anastomotic leaks and pseudoaneurysms, as webtablishing a baseline for future
comparisons. For this purpose, an EKG-gated ocar@i@ is preferred to TTE as
echocardiography is often limited by the preserfgarasthetic aortic valves and provides
incomplete aortic imaging. In younger individu§$0 years of age), however, MRI
may be preferable to repeat CT examinations inrotdeavoid the risk of radiation-
induced malignancy. Furthermore, in the settingaofite aortic syndromes, MRI is
particularly helpful in distinguishing mural thronmb from intramural bloo&® 23!

The interval at which repeat imaging is performetlofving aortic surgery is
often dictated by the extent of the initial operatiand whether areas of aortic dilatation
were not addressed during the initial surgery. &ommple, if a supracoronary graft
replacement was performed in the setting of a naideroot dilatation that was not
addressed, then the imaging surveillance intenggl be shorter. A similar situation may
arise if a moderately dilated aortic arch was leftreated during replacement of the
ascending aorta or if limited resection was pergrim the setting of a type A dissection.

In patients who underwent complex hybrid reconsions of the aorta (i.e. debranching
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combined with endovascular repair), more frequemaging is also advisable. In the
absence of residual aortic dilation / pathologysiteasonable to suggest that the entire
aorta be imaged by CT or MR once every 3-5 yedlswing aortic repair (see Table 6).
When possible, these studies should be performéldeasame institution using similar

imaging techniques and protocols in order to miménariation.

B. Medical management and watchful waiting

The medical management of patients with BAV aortlopavho are subject to
ongoing watchful waiting is usually focussed on dalopressure control and overall
cardiovascular risk reduction via pharmacologicadl aon-pharmacological measures.
The rationale for antihypertensive therapy is basedhechanistic and animal studfés,
233 as well as observational reports linking aortissdttion with hypertensiof®* #*°In
patients with BAV aortopathy, there are no rand@difrials or observational studies to
help guide decision making. Treating hypertensidth beta-blockers and/or inhibitors
of the renin-angiotensin system has been suggektsdd largely on extrapolation of
data from Marfan patients® ?*? At the present time there are no data to sugpasr
BP thresholds for patients with dilated aortas he setting of BAV, and therefore,
country- and region-specific guidelines for treatitnef hypertension should be followed.
Target blood pressure thresholds in individualduit diabetes, over the age of 60, and
with multiple risk factors are likely going to ctgafollowing the results of the SPRINT
trial, which demonstrated a reduction in overalrdoavascular mortality with an

intensive BP target of 120/80 in such individuaf§. Although clinical data is lacking, it

may be reasonable to achieve these targets inctsibjgho do not meet the SPRINT
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criteria who have specific factors including prpatient or family history of acute aortic
syndrome or sudden death, or aortic aneurysm grdedpite medical therapy.

In patients with chronic aortic dissection, obséoraal reports suggest lower risk
for operative repair with beta-blocker therapy. In patients with type A and type B

[ 238

aortic dissections, beta-blockers are associated wmproved surviva Use of

calcium-channel blockers has also been associaittd invproved survival in type B

8 as well as decreased rate of aortic exparfsfo@ne study

aortic dissections?
identified an association between ACE inhibitor &mdter survival in patients with type
B aortic dissectior’*° although this was not confirmed in a more recemdys >

General counseling on non-pharmacological appr@theisk reduction should
be part of watchful waiting in BAV aortopathy patis. Such recommendations include
limiting salt intake (to reduce hypertension), atdow in saturated fats, exercise (with
caveats, see below), and smoking cessation. Mamageof dyslipidemia should follow
regional and/or national guidelines based on pynoarsecondary prevention thresholds
and targets, where applicable.

There are no specific recommendations regardingnaafbile driving within the
2010 ACC/AHA guidelines. However, the Canadian Medical Association has
recommended that patients with abdominal aorticueysen be precluded from driving
when the rupture risk exceeds 10% per year. Basethe best observational data
available, these thresholds of risk occur for thmraortic aneurysms greater than 6.0 cm
in the ascending aorta or arch, and greater tHanrf.in the descending aotf4.A lower

threshold for rupture risk is reasonable for conuiaédriving. > 2**
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Exercise prescription and/or restrictions shouldrioividualized in patients with
aortic aneurysms. Patients with previously remhie®rtic dissection should avoid
strenuous lifting, pushing, or straining that wouédjuire a Valsalva maneuvef?? 242
243 grenuous strength training may be dangerous fdemiat with BAV aortopathy, as
aortic dissection has been linked with weight rifti >** The proposed mechanism is
transiently elevated blood pressure associated veitimetric exercise or Valsalva
maneuver?*? Heavy weight lifting or competitive athletics idving isometric exercise
may trigger aortic dissection and therefore sudiviies should be avoided in patients
with moderately dilated aortas (i.e. > 4.5 cm),wdrere there has been a significant
interval increase in aortic size. However, induats with bicuspid aortopathy can and
should undergo aerobic or endurance exercise ese txercises are beneficial for blood
pressure lowering* If patients wish to engage in vigorous aerobiereise, such as
running or basketball, one might consider perfognansymptom-limited stress test to
ensure that the patient does not have a hyperenssponse to exercise. In patients with
a normal bicuspid valve and no associated dilatathano restrictions of activity are
required.

The management of pregnancy in the setting of B&Kot well studied, and this
area has been recently summarized in a re¥idw.general, women with BAV should
undergo imaging of the entire aorta prior to pregya’® and pre-pregnancy evaluation
in women with known BAV aortopathy should be pemfied by practitioners with
expertise in the management of pregnant women @t disease. The exact threshold
to recommend against pregnancy is not known, bubitld reasonable to suggest that if

the ascending aortic diameter is either closeeahheshold of surgical intervention, then
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the risks and benefits be weighed and individudlidecisions be made. Some studies
have suggested that women with ascending aort@arait dimension > 4.5 cm should
be advised against pregnancy, although this is roeersial’® ??> A thorough
interdisciplinary, team-based approach is recommeénd order to discuss case-by-case
scenarios.

Pregnant women with a dilated aorta, including BAvdftopathy, should have
strict blood pressure control and repeated echaxgaphic imaging every 4-12 weeks
during pregnancy**® MRI (without gadolinium) is recommended if thésean indication
for imaging of distal ascending aorta, aortic aoctdescending aorta during pregnancy.
TEE is an alternative to MRI for imaging of aortarithg pregnancy.

Beta adrenergic blockers, to reduce shear streseeoaorta, may be considered
during pregnancy in women with a dilated aorta. Veanwith bicuspid aortopathy or
history of aortic dissection should deliver in anteg where cardiothoracic surgery is

45

available’” The type of delivery (eg. cesarean section) andpgeum anesthetic

requirements should be determined in advance bglikeetrics and anesthesia teams.

C. Family Screening

Most cases of BAV disease are sporadic, but fahulisstering has been a long
recognized phenomendff. Genetic studies have suggested an autosomal deimina
pattern with incomplete penetrance and variableesgivity as the likely mode of
inheritance?*” However, the preponderance of male patients witk/ Bnd the
association with Turner syndrome has also suggestettinked patteri*® Several

different gene mutations have been linked to BASkdse including NOTCH1, TGF-32,
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ACTA2, FNB1, KCNJ2, GATAS5, Nkx2-5, and SMADB? The degree of genetic

heterogeneity is not surprising, given the marketogeneity of clinical findings in

BAV patients.

The heritability of BAV disease is over 80% and @pgmately 9-15% of first-

degree relatives have the disortf@t is therefore recommended that first-degree

relatives of patients with BAV are screened withazardiography.

Table 6.Recommendations for post-surgical repair, mediaagement and watchful

waiting.

Recommendatic Class / LOI
Radiological imaging (vth either CTA or MR4 may be performed followin Ilb/C
aortic surgery to establish a post-repair baseline.

Ongoin¢ postoperativ surveillance intervals should be individualizeddzhen | lla /B #>*
the clinical, anatomical and surgical featuresthimpresence of residual aortic| >® *°° 1¢7
dilation / pathology, it is reasonable to imageehére aorta every 3-5 years by

CT or MRI after repair.

MR should beconsidere for repeat examinations in an adolent or in the adu | lla / B™
population below the age of 50.

Treatment of hypertensi is recommende according to count- and regio- |/ C>*>% 158
specific guidelines. 251, 252
Bete-blockers and inhibitors of the rerangiotensin systeishoulc be lla / C°*>*

considered for blood pressure control based oreacig extrapolated from

156251, 252
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connetive tissue disease populations. -pharmacological approaches (s
reduction, weight reduction) should also be adwtats part of blood pressure

control strategies.

Patients with aortic aneury:s thatare at or nee surgical thresholds fc
correction should avoid strenuous lifting, pushiogstraining that would requir

a Valsalva maneuver.

lla / C5, 222,242

243, 253
e

It is recommended to avoid heavy weight liftingcompetitive athletic
involving isometric exercise when the ascendingiadiameter is greater than

45 mm.

5,227, 747
/B

243, 253

Patients with BAV and dilated aorta should be prdetl from privatdriving if
the ascending aorta diameter is greater than 8drestricted from commercial

driving if the ascending thoracic aorta diametagresater than 5.5 cm.

lla /| C¥% 2%

It is recommended thare-pregnancy ealuation and po-pregnancy
management of women with BAV with or without assbed aortopathy be
performed by practitioners with expertise in thenagement of pregnant wome

with heart disease.

|/ C¥

First-degree relatives of patientsth BAV should undergo screeni

echocardiography.

lla / B™
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9. Knowledge Gaps and Future Research

Key questions remain unanswered with respect tvAssociated aortopathy.
First, specific genetic and developmental causélseo€ongenital bicuspid valve
malformation itself remain unclear. A thorough genunderstanding has been
especially elusive, likely reflecting multifactorigenetic mechanisms. This critical gap in
knowledge influences the understanding of the waghexctrum of manifestations of
BAV-related diseases, including the heterogene&psession of different phenotypes of
BAV aortopathy. It is reasonable to assume thattiderlying pathogenesis of the
bicuspid valve itself may also play a role in tmegensity, development, and progression
of BAV aortopathy. Further investigations of theget causes are necessary for a more
complete understanding of bicuspid aortopathy.oBecthe causes of valve dysfunction
in the majority of BAV patients over time are urarle Similarly, the causes of BAV
aortopathy in many — but a smaller proportion @AV patients remain elusive. Third,
the marked clinical heterogeneity of BAV diseasd e specific risk factors that
predispose individual BAV patients to valve dysftioic and/or to aortic
dilatation/dissection remain mysterious. Furtlesearch to clarify the pathophysiology
of BAV disease progression and to more precisentidly risk profiles for individual
patients with BAV is needed. Addressing these Hadge-gaps could dramatically
change our clinical and surgical approach to BAtamathy*>°

Advances in knowledge may have been hampereddhiby a circuitous debate
about the pathogenesis of BAV aortopathy as “geheérsus “hemodynamic”. In light
of the increasing recognition of the heterogeneitBAV aortopathy, this dichotomy has

begun to be question&8.2*° In a recent study, aortic dilatation progresseal yearly
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rate that varied within a very wide range in a ablod BAV patients followed for 3

years, and did not progress at all in 43% of tR&ifhis marked heterogeneity suggests a
more complex pathogenesis than just “geneticaltgrd@ned” or “hemodynamically
driven”. Both genetic variants and rheological aiomalities may coexist resulting in
diverse clinical phenotypes with distinct naturistdries.

Most studies on BAV aortopathy generally disregdrthe abovementioned
heterogeneous nature of BAV disease in terms piceli features (age of onset, velocity
of progression, risk of acute events, etc.), vaihnephology, and phenotypes. Future
studies on BAV aortopathy should be adequatelygtesi to differentiate among distinct
forms of the disease.

Another common limitation of previous researclthis field is the observational
nature of the majority of previous studies. Sudhospective studies report the
association of clinical factors, flow features tbgathology or molecular findings with
aortic dilatation in BAV patients and consequeintigr their role in the underlying
pathogenesis. However, itis unclear whether thecat®d findings are a consequence of
the dilatation itself rather than a determinantisk factor”’ Future research must
advance beyond associative studies toward moreniafitve mechanistic investigations,
functional studies, and experimental validationmi€al randomized trials, particularly
of pharmacological treatments to either slow thegpession of aortic dilatation or
prevent acute events, are particularly warranteavéver, conducting these studies will
be challenging due to the slow progression of BA3&dse and the need for large cohorts

to account for the different phenotypes. Nevertglenulti-site longitudinal studies that
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link clinical, genetic, and/or hemodynamic risktfars to patient outcome are urgently
needed.

Clinical studies may also be confounded by patieférral patterns and/or
selection criteria for enrolment. These issues exgjain contradictory studies, which
are common in the field of BAV research. Clinicedfures of BAV aortopathy can vary
according to whether they are analyzed in populatiadies or with specific hospital
referral patterns, as well as between surgicalramdsurgical studies. Failure to account
for these confounding factors and sources of laadead to misleading conclusions.

Another limitation of past research on BAV aortthgehas been the use of
inconsistent or ambiguous terminology, making fliclilt to compare results between
studies’® 2°® |n addition, many clinical series were obtainexhf single center
experiences with a limited number of patients obs@r Future collaborative multicenter
efforts with clearly defined terminology are war@oh Such studies may be spearheaded
by international organizations such as the recerdtgblished Bicuspid Aortic Valve
Consortium (BAVCON) research grodp.Previous studies, especially those on
molecular and cellular aspects, tended to addregs pathways and pathogenetic
hypotheses rather than verify and expand previcasdyired knowledge. Thus various
findings from different research efforts cannot\eenge into the establishment of a
definite pathogenetic sequence, i.e. all the sus@mechanistic steps from the first
cause to the ultimate effect. It may be necessanyerge large amounts of patient data
and different investigators’ expertise to ensuregahtely powered study populations and

correct study designs.
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At the present time, the greatest unmet clinieakarch need need is the
identification of optimal criteria for risk straitiation. Prognostic stratification of BAV
aortopathy suffers from two important issues: thpsgin knowledge on the pathogenesis
of bicuspid aortopathy and the unknown mechanishagwte aortic complications,
namely aortic dissection. It has been demonsthiddissection occurs in the majority
of cases at aortic sizes well below the threshed@mmending prophylactic aortic
resectior?>° although this observation can be explained bystze paradox”?** Some
investigators have advocated non-dimensional @ifer risk stratificatiorf®® These
should be derived from the validation of novel noeth detect aortopathy in its early
stages and predict aortic disease developmenteialmical aortic wall dysfunction or
aortic tissue disarray. Circulating biomarkers #&t associated with aortopathy may be
particularly helpful in this regard, although pmeihary studies in this area have not been
fruitful. A greater prognostic armamentarium woaslgport a patient-specific approach
to BAV aortopathy’’ ®* #*®especially in terms of criteria informing survaiice, surgical
indications and follow-up. Future advances maydx bchieved using emerging
diagnostic imaging modalities, such as 4D-flow MRH computation fluid dynamics!
possibly combined with novel molecular biomark&fs.

In conclusion, research on BAV aortopathy is @ading for many reasons.
There remain significant gaps in our current knalgkethat limit best practices and
adherence to clinical guidelines. Future invesitges should account for epidemiologic
and phenotypic heterogeneity of the disease. Mariter and multidisciplinary teams
should be leveraged to perform robust hypothesi®danalyseé® Basic and

translational approaches may help inform clini¢atges.
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