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1. Introduction 

The surgical management of aortic root pathology is complicated and challenging. The 

dynamic structure of the root serves the purpose of being the outflow tract of the left 

ventricle, a conduit to coronary perfusion, and path for blood flow to the end-organs. The 

anatomy of the aortic root is the basis of what leads to complex problems needing surgical 

correction including aortic valve repair, aneurismal disease of the sinuses and root, 

dissection of the ascending aorta, in addition to other surgically correctable disorders. The 

anatomy, pathology, pathophysiology, and imaging, as well as the surgical management of 

the aortic root will be discussed. 

2. Anatomy 

The aortic root is proximally defined as the left ventricular outflow tract and distally defined 

as the ascending aorta at the sinotubular junction. (Figure 1) Critical structures of the root 

include; the aortic valve, sinuses of Valsalva, coronary ostia, and transition at the 

sinotubular junction into the ascending aorta.[1] 

The leaflets of the aortic valve form a transient barrier between the left ventricular outflow 

tract and the lumen of the proximal aorta. Leaflets are individually suspended around the 

aortic annulus. [2] There is debate between surgeons and anatomists regarding the anatomy 

of the fibrous annulus. [1,2] Surgeons grossly perceive the annulus to be a circumferential 

fibrous structure while anatomists have identified individual histologic hinge points for 

each of the leaflets. All three leaflets have a rigid border (lunules) which lie adjacent to one 

another when the aortic valve is in the closed position.[1,3] The lunules of each triangular 

shaped leaflet convalesce at the apex of the leaflet to form the nodule of Arantius. While the 

leaflets are able to form a uniform barrier in the closed position along the commissures, they 

have separate dimensions which affect the flow dynamics and coronary perfusion during 

systole.[3] The superior side of each leaflet is basket-shaped (open to the aortic lumen) and 
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forms a raphe when closed. Each leaflet is named based upon the respective coronary artery 

and therefore they are termed the left, right, and non-coronary leaflets. The left coronary 

leaflet has a larger surface area than the right and non-coronary in the normal valve.[1]  

 

Figure 1. Sectioned aortic root. Hollow arrows signify the sinotubular junction. L, R, and N correspond 

to the left, right and non-coronary sinuses. Solid black arrows identify the right and left coronary ostia 

that are located adjacent to their respective sinuses.1 

In the space immediately superior to the leaflets are the sinuses of Valsalva. The most 

superior border of each sinus forms the sinotubular junction, a fibrous ridge on the luminal 

surface.[1,2] In vivo studies have shown that the sinuses not only collect blood during 

diastole, but dynamically dilate to potentate flow to the coronary ostia.[4] During systole the 

leaflets project superiorly into the sinus allowing blood to pass into the aortic lumen.[1] 

Diameters of the sinotubular junction and aortic annulus as well as dimensions of the 

sinuses of Valsalva are critical in patients needing aortic root surgery, especially in cases of 

aortic root replacement. Each of these variables is dependent on individual patient 

characteristics such as age, body surface area, weight, height, and an individual’s fitness. 

[5,6] 

The most critical function of the aortic root is to perfuse the coronaries. Typically there are 

two coronary ostia that perfuse the left and right coronary arteries, respectively. Multiple 

ostia for both coronaries, however, is not rare and knowledge of ostia anatomical variation 

is crucial during an aortic root reconstruction and coronary angioplasty.[7,8] In a study by 

Pejkovic et al, ostia were located 2-10mm inferior to the sinotubular junction in 90% of cases. 

Additionally, separate conal ostia from the right sinus of Valsalva were found in 33% of 

cases. The pathologic significance of left and right coronary arteries originating from only 

one ostia (from either the left or right sinus of Valsalva) has a noted correlation with sudden 

death at a young age. This anomaly is exceedingly rare.[8] 

Histologically, the aortic root is a significant point of transition with regard to supportive 

tissue. Proximally, collagenous fibers help support the annulus of the aortic valve. The 

majority of proximal root support, however, is composed of myocardial fibers with a 

superficial layer of endocardium. More distally, the sinuses of Valsalva has dense elastic 

fibers interspersed with regions of woven collagen forming the ridge of the sinotubular 

junction. In regard to the lining of the aortic root lumen, the leaflets are the transition point 
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of for which endocardium lines the inferior surface of each leaflet while endothelium lines 

the superior surface.[2] 

3. Pathology of the aortic root 

3.1. Aortic valve disorders 

3.1.1. Congenital 

Bicuspid aortic valves are present in approximately 0.5-2% of the population.[9] Rather than 

a simple failure of fusion of two cusps, embryology studies with animals portray a complex 

interaction between intracellular pathways and between individual stem cells.[9] Multiple 

formations of bicuspid valves have been described in addition to variable surface sizes 

(Figures 2 and 3). The most common bicuspid formation is anterior-posterior in nature with 

the left and right coronary ostia sharing the raphe of anterior sinus of Valsalva.[12] Bicuspid 

aortic valves, and the associated aortopathy, can lead to valvular stenosis and regurgitation, 

as well as ascending aneurysms and dissections. One-fourth of patients with bicuspid valves 

will have normal valvular function and, in one natural history study, required no medical or 

surgical intervention at 20 years of follow-up.[13,14]  

 

Figure 2. A normal valve in the open and closed compared to a bicuspid valve. Fusion of two leaflets is 

noted in the closed bicuspid valve positions. The relative frequency of each morphological abnormal 

leaflet fusion is depicted.10 

Unicuspid and quadricuspid valves also exist but are less common. Unicuspid valves occur 

in approximately 1 of 10,000 individuals and patients seem to have similar valve and aortic 

pathology as compared to patients with bicuspid valves.[15,16] The prevalence of unicuspid 

aortic valves are so rare that the risk of aortic root disease can not be quantified by clinical 

studies; only case reports and summaries exist. Likewise, quadracusp valves are rare 
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occurring in 1-10 patients per 100,000. It usually leads to insufficiency at an early age. [17] 

Anecdotally, authors recommend stress testing prior to undergoing valve replacement. [17] 

 

Figure 3. Congenital bicuspid valve as seen from the root position, in vivo. Bulkly calcifications cover 

the lumenal surface of the valve. One such macrocalcification is identified by an askerisk.[11] 

3.1.2. Aquired 

The most common acquired condition of the aortic valve is calcific valvular disease.[18] This 

typically leads to aortic stenosis but can also cause a mixed pathology of both stenosis and 

regurgitation. During 2009 in the United States alone, over 40,000 patients underwent aortic 

valve replacement (AVR) with or without coronary artery bypass grafting.[19] Isolated 

infection of the leaflets typically leads to regurgitation. Usually both of these conditions are 

not considered “root” problems as they can be treated with surgical replacement of the 

aortic valve, however they can evolve into root problems when calcium deposition in the 

aortic wall becomes severe or the infection forms a root abscess, as will be discussed. 

3.1.3. Aneurismal disease of the root 

Since the ascending aorta begins at the level of the sinotubular junction it is frequently 

involved with any aneurismal root pathology. Hence, any discussion of root pathology often 

involves the ascending aorta as well. The ascending aorta is considered to be aneurysmal if 
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the diameter is greater than 3.5cm.[20] The aortic root, however, is not considered 

aneurismal until it is greater than 4cm.[21] Aneurysms of the root and ascending aorta have 

multiple etiologies including genetic, inflammatory, acquired and infectious. Disorders that 

cause degenerative changes in the root wall are most common. Aortic root aneurysms are 

common, accounting for roughly 70% of all thoracic aneurysms.[22] The risk of fatal 

complications of these aneurysms strongly correlates with aneurysm size. In one natural 

history study, the risk of death, dissection, or rupture in patients with aneurysms >6 cm had 

an incidence of 15% per year.[14] Reports on growth of the aorta are variable with some 

reports showing little growth while others report growth of up to 0.2 cm/year in patients 

with aortic stenosis and a bicuspid valve.[14] 

3.1.4. Genetic 

Marfan’s Syndrome, Loeys-Dietz syndrome, Ehlers-Danlos syndrome as well as others are 

known genetic causes of aneurismal dilatation.[23,24,25] These disorders cause deficits in 

the formation of the aortic wall during embryogenesis and lead to flow abnormalities. This 

eventually can result in aneurysm formation. 

Marfan’s syndrome is a well-characterized, autosomal-dominant disorder that causes cystic 

necrosis within the media layer of the aortic wall. These patients have mutations in a single 

fibrillin gene, FBN1. Prevalence of Marfan’s ranges from 1 in 10,000 to 20,000 people.[26] 

Although aortic root problems have the most dramatic sequelae in patients, other systems 

are adversely affected by this single gene mutation including the lungs, bones, muscles, and 

the central nervous system. Aortic dissection and subsequent rupture is the most common 

cause of sudden death in Marfan patients.[27] Patients with Marfan’s associated aortic root 

dilatation are recommended to undergo surgical repair if the diameter of the aorta is 

>4.5cm.[23] Diagnosis of the disorder at a young age is crucial to prevent catastrophic aortic 

complications, yet 24% have the initial operation in an emergency setting.[28]  

Loeys-Dietz Syndrome is an autosomal-dominant disorder that became known for having 

an association with aortic root aneurysms. The disorder was first discovered in 2005.[29] The 

baseline aortic diameter in these individuals are small, yet have a tendency to dissect or 

become aneurismal at a young age. When ascending aneurysms are identified in these 

patients, one group of authors recommended fixation when the size reached 4.2 cm.[23] 

Ehlers-Danlos Syndrome is an autosomal-dominant disorder with many subtypes and each 

subtype typically leads to specific end-organ pathology. Vascular type (Type 4) Ehlers-

Danlos Syndrome is prone to cause dissection without aneurysm formation.[29,30] Surgical 

results in these patients have been poor.[30] 

Patients with a bicuspid aortic valve are predisposed to root aneurysms because of the 

associated aortopathy. An exact inheritance pattern for bicuspid disease has not been 

determined, rather, it’s believed that most cases of bicuspid valves are due to multiple genes 

that interact causing abnormal root structure.[31] Researchers believe that pooling the 

genetic and histologic changes identified in bicuspid valve patients ultimately leads to aortic 
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root dilatation. Root enlargement is described at a younger age in patients with bicuspid 

valves and therefore the risk of root disease is higher in these patients.[32] The development 

of root pathology in patients with bicuspid valves is described later in the chapter. 

3.1.5. Inflammatory 

A variety of inflammatory disorders affect aortic compliance leading to aneurysm formation 

and dissection, prompting the need for surgical repair.  

Giant cell arteritis (GCA) causes inflammation of the endothelium typically involving the 

temporal arteries leading to malaise, frequent temporal headaches, fevers, and jaw 

claudication. Infrequently patients will have complete visual loss. The gold standard of 

diagnosis remains temporal artery biopsy. The temporal artery is found to be involved in 

approximately 50% of specimens while the proximal aorta and immediate branches have 

less frequent involvement, 10-15%.[33] In a study of autopsy specimens, 4 in 1000 specimens 

had giant cell arteritis while 1.5 per 1000 were found to have dissection.[34]  

Takayasus’s arteritis is a form of large vessel vasculitis characterized by granulomatous 

inflammation in the aortic wall leading to intimal fibrosis and narrowing. Early symptoms are 

non-specific including malaise, fevers and rigors while late phase symptoms are ischemic in 

nature consisting of syncope, angina, and visual disturbance.[35] In rare cases, rupture of the 

aorta and proximal branches is caused by aneurismal disease of the vessels. Survival with 

rupture of a lesion due to Takayasu’s disease is exceedingly rare. The mainstay of treatment is 

systemic corticosteroids.[36] In cases of aneurysm formation, surgical intervention should be 

delayed until the acute inflammatory phase has resolved.[37,38]  

Other inflammatory disorders account for a minority of aortic root pathology. Reiter’s 

syndrome is an autoimmune inflammatory disease that is characterized by reactive arthritis. 

There are rare cases of ascending aneurysms and severe aortic regurgitation in patient’s 

with longstanding inflammatory responses in severe cases of Reiter’s.[39] Ankylosing 

spondylitis is an inflammatory disease that has a strong association with HLA-B27 and is 

characterized by joint pain involving the axial skeleton. Nearly 20% of patients with 

ankylosing spondylitis required aortic valve replacement in one case control study.[40] 

3.1.6. Infectious 

Infections of the aortic valve that are uncontrolled can lead to spread to contiguous 

structures, i.e. spread to the aortic wall causing dehiscense and formation of root abscesses. 

Left unchecked, the infection can erode further leading to involvement of the mitral and 

tricuspid valves as well as fistulization to atria and right ventricle. 

Syphilis once had a significant impact on the cardiovascular morbidity of the United States 

population. The need for surgery in the management of cardiovascular complications of 

syphilis in the past fifty years has been exceedingly rare. Patients in need of surgery because 

of these complications are usually not diagnosed until after fixation. When surgical 

correction is required, ascending aortic involvement is diffuse, starting at the sinotubular 
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junction proximally and extending distal to the arch. Grossly and histologically the aortic 

wall is comparable to those patients with GCA or ankylosing spondylitis.[41] 

3.1.7. Calcific atherosclerosis 

Calcific atherosclerosis of the coronaries is well characterized in the literature. However, 

within the past decade implications of a heavily calcified aortic root have also become 

evident, especially in association with calcific aortic stenosis. This may make aortic valve 

replacement complicated and necessitate root replacement. Severe calcification of the aorta 

can also extend distally. Cardiac surgeons are aware of the consequences of negligent cross-

clamping. Significant aortic calcification as assessed by an intraoperative ultrasound in 

patients undergoing cardiac surgery is an independent predictor of poor neurologic 

outcome and all-cause mortality.[42-44]. 

 

Figure 4. A large sinus of Valsalva aneurysm highlighted by the large bold arrow. A small solid arrow 

within the aortic lumen identifies the inflow tract to the aneurysm. A small pericardial effusion is 

associated with the aneurysm (hollow arrows).[41] 

3.1.8. Sinuses of Valsalva aneurysms 

Aneurismal disease of the sinuses of Valsalva occurs between the aortic valve annulus and 

the sinotubular junction (Figure 5). Relative to the spectrum of other aortic root pathology, 

sinus of Valsalva aneurysms are very rare. Studies of large patient series show that the rate 
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of these aneurysms found in all cardiac operations is roughly 0.5%, and more so in Eastern 

populations. Most have extended adjacent to the left ventricle by the time of surgery.[45,46] 

The sinus most commonly involved is the right coronary, followed by the non-coronary and 

left coronary sinus.[47] Indications for surgery include rupture, infection, and flow 

impedance of the coronary ostia. The goal of surgery, regardless of the specific technique, is 

to close the defect of the wall, resect the fistula if present, and resect the aneurysm sac.[50]  

3.1.9. Aortic root trauma 

Traumatic injury to the aortic root requiring operative management is rare, yet one needs to 

be aware of the injury pattern and understand indications for operative repair. Blunt 

thoracic aortic traumatic injury usually occurs at the level of the ligmentum arteriousum just 

distal to the branch point of the left subclavian artery.[49] A minority of injuries, <10%, 

occur at the level of the ascending aorta.[49] When aortic injuries are identified, surgery can 

often be delayed until other traumatic injuries are corrected according to Mattox et al.[50] 

Those patients who are at highest suspicion of aortic injury need CT angiography. The 

sensitivity of CT is typically high enough to use for screening, however, the assessment of 

the aortic root is currently regarded as inadequate.[51] Well designed studies in the last two 

decades sought to provide evidence that transesophageal echocardiogram (TEE) was a 

reasonable screening test, however, it was no better than CT with regard to all thoracic 

injuries.[52-54] When sensitivity, cost utilization, and quality of life on follow-up are given 

equal consideration, it is advocated that chest radiograph and aortography continue to be 

the best diagnostic tools to assess for proximal aortic and root injury.[55]  

Patients with root injuries often have other major injuries requiring management prior to the 

root and aorta.[56] When surgical repair is indicated it is frequently for contained rupture of 

the aortic wall. Because the injury is often distal to the sinotubular junction, surgical fixation 

is feasible.[57] Injuries to the aortic valve leaflets, sinuses, and coronary ostia have also been 

reported, but only in case reports due to the lack of prevalence.[58,59] 

4. Pathophysiology and presentation of aortic root disease 

4.1. Aortic stenosis 

The etiology can be divided into three separate categories including postinflammatory 

scarring, senile calcific stenosis, and calcific stenosis of the congenitally deformed valve.[60] 

Rheumatic fever accounts for less than 10% of all cause aortic stenosis and continues to 

decline in modern society but is still very common in underdeveloped countries. Regardless 

of the etiology of aortic stenosis, all have the potential to progress to left heart failure if left 

untreated. 

Grossly, calcific disease of the aortic valve is a heaped up mass of calcium that usually 

projects into the sinuses.[61] Only recently is this process of calcium deposition being 

understood as an active regulatory process rather than degenerative. Calcium deposition on 



 
Surgical Management of the Aortic Root 121 

the valves is the result of a complex interaction between interstitial cells via paracrine 

signals.[62]  

Valvular sclerosis eventually leads to a pressure gradient between the left ventricular 

outflow tract and aortic lumen. The left ventricle attempts to compensate and overcome this 

pressure gradient to maintain perfusion by concentric hypertrophy of the myocardium.[62] 

Clinically this corresponds to the three hallmarks of aortic stenosis including angina, 

congestive heart failure (CHF), and syncope. Symptom severity directly correlates with 

prognosis, as 50% of patients with CHF will die in 2 years without intervention.[63] 

4.2. Aortic regurgitation 

Regurgitation of flow into the left ventricle occurs during the diastolic phase. Causes of this 

reverse flow are numerous, however, the predominant causes of include calcific stenosis 

and a dilated aortic root.[61] Calcific stenosis leads to stiff leaflets that stay in a fixed open 

position, even in the diastolic phase, and this allows for reflux into the left ventricle.[61] 

Aortic root disease causing valvular regurgitation is due to tension on and retraction of the 

cusps. [14] 

The Starling principle demonstrates the stretch of the myocardium is increased due to 

volume expansion from the regurgitant blood.[64] Cardiac contractility is increased due to 

an added volume at end diastole. This creates a vicious cycle of increased output due to 

contractility, yet there is also gradually increasing regurgitant flow as left ventricular output 

increases. Chronically, the forces of volume and pressure overload in addition to increased 

contractility lead to eccentric hypertrophy. Hypertrophy leads to increased myocardial wall 

tension causing to fibrosis and ischemia.[65] Chronic reflux of flow back into the left 

ventricle causes a combination of pressure and volume overload.[65]  

Signs and symptoms are not noted until the patient develops congestive heart failure. 

Patients without significant predisposing factors (Marfan’s or bicuspid valve) however may 

have progressive regurgitation for decades without symptoms.[66] The first symptoms to 

develop are disguised as primarily pulmonary complaints such as exertional and nocturnal 

dyspnea. Some patients complain of vague thoracic pain or headaches. Angina is a late 

finding that signifies end stage left ventricular function.[67] 

4.3. Type A dissection 

A dissection occurs when there is a tear of the intima and a tunneled pathway is made 

between the media and adventitia parallel to the lumen of the blood vessel. This dissection 

flap that is created diverts blood flow through true and false lumens with the false lumen 

created by the dissection.[68] Type A dissections are located in the ascending aorta and are 

known for having a high mortality.[69] With respect to the aortic root, patients with 

dissection can have dilated sinuses, aortic regurgitation, and acute pericardial tamponade 

and therefore repairing the dissection may also include root replacement or modification. 
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A number of factors predispose certain populations to getting Type A dissection including 

genetic and aquired diseases.[70] Once the dissection flap is made, the false lumen diameter 

expands and there is elongation of the false lumen. It is hypothesized that the false lumen 

enlarges and true lumen collapses over time for two reasons. First, the relative over-

abundance of elastin within the wall of the true lumen causes it to be more compliant and 

compressible. Second, the pressure within the false lumen is higher causing the dissection 

flap to collapse the true lumen.[70] 

Symptomatically, Type A dissection is characterized by what is often described by patients 

as being “ripping” or “tearing” chest pain. Because dissections are known to travel 

retrograde, patients may have profound hypotension if the dissection involves the 

pericardium or aortic valve. Pericardial tamponade complicates approximately 20% of Type 

A dissections.[71]  

4.4. Ascending aorta & root aneurysms 

The majority of patients with ascending aneurysms have inherent tissue abnormalities that 

result in a weak aortic wall. The most well described disorders associated with proximal 

aortic aneurysms of patients with a bicuspid valve and Marfan’s. Both abnormalities cause 

cystic medial necrosis by replacement of normal elastic mesenchymal cells with mucoid 

degenerated cells. 

Patients with Marfan’s and those with bicuspid aortic valves also have degenerative changes 

in the media.[72] The aortic roots have variable amounts of elastin and larger baseline aortic 

root diameters than the general population.[73-75] The underlying genetic association has 

yet to be determined.  

5. Imaging of the aortic root 

Imaging modalities most readily available for assessment of aortic root pathology include, 

echocardiography, both, transthoracic (TTE) and transesophageal (TEE), computed 

tomography (CT), angiography, and magnetic resonance imaging (MR). Each has 

advantages and disadvantages when analyzing abnormalities and planning for surgical 

repair. 

Echocardiography can assess aortic root and valve anatomy and function however, it does 

not give good views of the distal aorta. Echo is also very useful for imaging other heart 

valves and ventricular size and function, all important for operative planning. While TTE is 

known to give accurate measurements of aortic root structures, it is not able to adequately 

detect dissection locations or extent of dissection with accuracy.[76] TEE, has proven to be 

safe and effective in the pre and post-operative assessment of patients with aortic 

dissection.[77,78] 

Computed tomography is an attractive means of assessing the ascending aorta when 

pathology such as dissection, aneurysm formation, ulceration, and intramural hematoma 
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are suspected. Arterial wall enhancement with contrast is necessary for this technology to be 

utilized and patients with renal dysfunction or contrast allergy may have a contraindication. 

Low volume contrast studies have recently been used safely in patients with renal 

dysfunction.[80] Most series report the sensitivity for Type A dissection to be >90%.[81] Due 

to the varying degrees of signal enhancement, CT is able to distinguish between the false 

and true lumens in addition to the presence of thrombosis or communication of the false 

lumen. Similarly, the assessment of ascending aneurysms is accurate because of CT’s ability 

to determine size, relative assessment of flow, and the aneurysms relationship to 

surrounding vital structures.[80] With regard to valve pathology, multidetector CT is able to 

provide an accurate depiction of aortic annulus size, valve calcification, and degree of 

stenosis as compared to preoperative TEE and MR.[82] CT scans may be used to image the 

coronary arteries, heart and other thoracic structures. Indeed, heart surgery has been done 

safely without coronary angiogram in patients with normal coronaries on CT 

angiogram.[83,84] 

 

 Sensitivity Specificity 

Echo (TEE) 95-99% 92-97% 

Helical CT 96-100% 87-99% 

MRI 95-99% 95-100% 

Table 1. Result of meta-analysis by Shiga et al describing the sensitivities and specificities of TEE, CT, 

and MRI for detecting thoracic aortic dissection.[79] 

Use of MR angiography is typically an adjunct form of imaging used with echocardiography 

in patients with complex anatomy. At some institutions MR angiography is replacing CT as 

the primary imaging modality for assessment of diseases involving the thoracic aorta due to 

its decreased risk of radiation exposure. MR angiography (CE MR) provides improved 

diagnostic accuracy of thoracic vascular pathology when compared to other imaging. It has 

demonstrated a higher sensitivity and specificity than other forms of MR imaging and 

echocardiography.[85] Emergency use of MR is limited. Steady state free procession MR is a 

newer technology that allows for better visualization of structures by decreasing 

surrounding interference without the use of contrast.[83] This method has demonstrated 

success in the accurate visualization of diseases such as aneurysm, intramural hematoma, 

dissection, and ulceration of the native aorta as well as assessment of postoperative graft 

placement.[88] It is particularly attractive for patients who have a contrast allergy. 

Coronary angiography remains the gold standard for evaluation of the coronary arteries. 

Aortography can demonstrate aortic insufficiency and enlargement of the aorta, although 

we use CT and echo as it is much more accurate and less invasive. Venticulography may 

also be done, however with severe aortic stenosis it may be difficult to cross the valve and 

may not be indicated because the risk of emboli.[87] Right and left heart pressures may also 

be obtained at the time of catherization. 
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Figure 5. A graphic depiction of the modified-Bentall Procedure. A synthetic graft is identified in the 

native root position with implantation of both coronary arteries.[83] 

6. Surgery of the aortic root 

In 1968, Bentall and Bono published the case of a patient with an ascending aortic aneurysm 

that involved the root and included coronary involvement.[88] In their case, a composite 

aortic graft was sewn to the annulus with a mechanical Starr valve. The coronaries were 

attached via an inclusion technique into the wall of the new prosthetic aortic root. Currently, 

the Kouchoukos modification with direct coronary button modification is the standard for 

root replacement today. Typically, the aortic valve tissue is removed, all abnormal aortic 

tissue in the sinuses and the ascending aorta is removed, and buttons of the right and left 

coronary artery are created. The root is then replaced with one of the following: a valved-

conduit (either mechanical or biologic), a stentless valve as a root, a homograft, or a 

pulmonary autograft. There is a proximal suture line at the level of the left ventricular 

outflow tract, a distal suture line where the pathology of the aorta usually ends, and suture 

lines for reimplantation of both the coronary buttons. (Figure 5) 

6.1. Biologic options for aortic root surgery 

For patients who need aortic root surgery there is the option of using synthetic material 

(usually Dacron) versus a biologic prosthesis. Biologics are manufactured and treated in the 

form of xenografts or homografts. The major benefit with a biologic valve is that therapeutic 

anticoagulation is not required. In July of 1992 the FDA approved the use the first xenograft 

in the United States, the Medtronic Freestyle. This graft allows similar flow and velocity 
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measurements in addition to peri-operative morbidity and mortality to synthetic grafts.[90] 

In a prospective, randomized trial comparing homografts to Freestyle grafts, long-term 

survival was found to be the same for the groups. The main indication for root replacement 

was aortic valve disease associated with pathologic changes in the root. Homografts were 

found to have a higher likelihood to need a second operation and a higher rate of root 

degeneration and calcification.[91] Homographs are commonly indicated in patients with a 

history of endocarditis. The major factor that deters the use of biologics is long-term 

degeneration of the biologic material when compared synthetic grafts. 

 

Figure 6. Hemi arch replacement with aortic root replacement using a porcine bioroot. Vertical mattress 

sutures are noted at the annular anastomosis. Both coronaries are reimplanted with their native peri-

aortic tissue.[116] 

6.2. Composite versus valve sparing root replacement 

The question of to replace the aortic root with a composite graft or to perform a valve-

sparing operation is dependent on multiple patient characteristics as well as the surgeon 

preference. Over the last decade surgeons have debated which technique provides the best 

peri-operative and long-term results. The major concern with complete root replacement is 

lifelong therapeutic anticoagulation. The etiology of the aortic root disease, as well as 

individual patient preferences, must be taken into account so the correct procedure is 

performed for each patient. 

Patients who present with an ascending aneurysm or dissection involving the root have a 

variety of options for surgical reconstruction. Specific criteria are taken into account 

including the patient age and if there are early signs of co-morbid aortic valve pathology 

that may require replacement in the future. Patients with connective tissue disorders, 
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bicuspid valves, or history of valve infection may be best served with Bentall-type 

replacement rather than valve-sparing reconstruction. 

Previous studies have attempted to stratify patients into composite replacement versus a 

valve-sparing techniques with a heterogenous group of patients. One major study 

retrospectively examined patients who received root replacement at a single institution. 

Patients were therefore not prospectively stratified with respect to age, genetic basis of root 

replacement (patients with Marfan’s or bicuspid valves), or additional comorbidities.[92] 

Zehr et al reviewed the results at their institution comparing total replacement with valve-

sparing techniques, an experience over a 30-year period that served to answer the question 

of which procedure had improved outcomes.[92] All patients in the study electively 

underwent a Bentall procedure or valve-sparing (Yacoub or David-type technique). Roughly 

75% of the total 208 patients underwent composite root replacement while the remaining 

patients had valve-sparing operations. They concluded that patients undergoing a Bentall-

type procedure have less risk of needing a second operation for aortic valve disease. There 

was no difference between long-term survival of the two groups which was 93%, 72%, and 

59% at five, ten, and twenty years, respectively. However, 37% of the valve-sparing group 

needed reoperation due to additional valvular or aortic pathology in the follow-up period. 

Most procedures for reoperation in the valve-sparing patients were due to the need of aortic 

valve replacement for regurgitation or stenosis. The authors concluded that both types of 

procedures offered durable results in the peri-operative and long-term periods. This study 

tells us that, while both procedures are reasonable options, benefits are difficult to 

determine without patient specific treatment characteristics. 

Other studies are published since the Zehr series that have attempted to give credence to 

either technique for more concentrated patient populations.[93-95] The results from 

previous large retrospective and prospective studies will be discussed at depth in the 

upcoming paragraphs. We will review the results of major studies and discuss aortic root 

reconstructive techniques stratified by disease etiology. 

6.3. Aortic root surgery for patients with bicuspid valves- General 

recommendations and analysis of surgical outcomes 

There is strong consensus that patients with bicuspid valves and aortic root enlargement 

should be considered for replacement when the aneurysm is > 5.0cm or there is an increase 

in size of >0.5cm per year.[96,97] In 2007, guidelines were published by the European 

Society of Cardiology regarding replacement of the aortic root with respect to the aortic 

diameter, recommending replacement when the root diameter is >5.5cm.[98] Subsequently 

in 2008, the American Heart Association/American College of Cardiology guidelines found 

class IB evidence that root replacement should be considered when the diameter is >5cm or 

dilatation progresses at a rate >5mm per year.[99] 

While the latest guidelines are straightforward, some controversy still exists with regard to 

the surgical management of patients who require aortic valve replacement (AVR) of a 
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degenerated bicuspid valve yet who do not have aneurismal change of the ascending aorta 

or root. It is advocated by some institutions that patients who need aortic valve replacement 

should also undergo simultaneous replacement of the root and proximal ascending 

aorta.[100,101] McKellar et al examined outcomes at the Mayo Clinic in patients who had 

AVR without ascending aorta replacement. These patients did not have signs of root 

pathology at the time of operation. Analysis showed that patients who did not have aortic 

valve replacement had a low risk of having subsequent aortic root pathology on follow-

up.[102] The most feared complication in the interim, Type A dissection, was very low in 

follow-up (1%) in patients with a normal size ascending aorta. Interestingly, the risk of 

aortic complications was the same for patients with and without aortic enlargement at the 

time of surgery. Median follow-up time was fifteen years. Mortality of aortic root 

replacement is low at 2-4%,[103] while in specific institutions AVR mortality rates are less 

than 1%, especially in low-moderate risk populations.[104] Thus we would advocate aortic 

valve replacement alone and close follow up of the remaining aorta with CT or MR. 

Choice of valve in aortic root replacement is also somewhat controversial. Data out of the 

Mayo Clinic has shown better long-term survival with mechanical aortic valve 

replacement.[92,105] Patient preference enters into the decision process as patients do not 

want to take Coumadin. Younger patients who choose a bioprosthesis may face reoperation. 

Re-operative mortality on a stentless valve has been reported over 10%.[106] Although 

homograft root replacement has traditionally been used for infectious reasons, it also has a 

high mortality when it is redone, primarily due to severe calcification of the walls.[107] Lastly, 

with regard to biologic roots made with a valve inside a tube graft, very little data exists 

regarding re-operative surgery. Intuitively it would seem to be a safer procedure, as surgery 

would involve replacing the valve inside the graft and leaving the graft alone. The Ross 

procedure has been abandoned for bicuspid valves as progression of aneurysmal dilatation 

over time leads to autograft dysfunction in a significant number of patients.[108] 

Valve-sparing aortic root replacement in bicuspid aortic valve situations has been performed. 

Many fewer cases have been done than with a tricuspid valve. Results are not as good as with 

a tricuspid valve but nevertheless some have reported good long-term follow-up.[99] 

Mortality in most series for root replacement is approximately 2-4% without comparison of 

independent risk stratification.[109,110] The risks for serious bleeding and stroke are 3.2% 

and 3.2%, respectively. Long-term survival is variable depending on the age and 

comorbidities of the patients undergoing replacement. Survival at 1, 3 and 5 years in a study  

by Ancheck et al was 84.7%, 78.3%, and 72.5%, respectively. The key to survival seems to be 

recognizing signs of aortic pathology related to the congenital disease and preventing 

morbidity and mortality of dissection and aneurysm with early root replacement. Van Putte et 

al. examined their long-term data of root replacement over a 25-year period with over 500 

patients. Survival at 5, 10, and 25 years was 87%, 73%, and 29%, respectively. Peri-operative 

complication rates for myocardial infarction and stroke were 4.0 and 4.2%, respectively. Peri-

operative rate for take back to the operating room for bleeding was 19%.[111] In sum, the 

results of root replacement are safe and are standing the test of time. 
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When aneurismal change is present, the root replacement may extend distally to include the 

remainder of the ascending aorta, aortic arch, and descending aorta. The most common 

operation in combination with the root replacement is hemi-arch replacement. Other 

operations combined with root replacement include aortic arch replacement and 

occasionally a frozen elephant trunk procedure. (Figures 6-8) With these more extensive 

procedures, mortality and morbidity understandably increases. Peri-operative mortality of 

the hemi arch and total arch procedures is 6.7% and 6.9%, respectively, with comparable 

morbidity.[115] With the elephant trunk procedure, the latest and best survival data are 

from Italy.[116] In 2010, Bartolomeo et al published their series of 67 patients who 

underwent the frozen elephant trunk over a two year period. Peri-operative mortality was 

13.4%. Severe neurologic deficit occurred in 17%, although most patients had adequate 

outcomes with a 2 year survival 70%.[116] 

 

Figure 7. Aortic arch replacement via implantation and proximal grafting of the brachiocephalic, left 

carotid, and left subclavian arteries. Although not depicted in this image, root reconstruction via 

modified-Bentall technique can be performed during the same operation.[107] 

6.4. Valve sparing aortic root replacement in patients with aneurysms 

Aortic root reconstruction without valve replacement has come into popularity with cardiac 

surgeons because not all aortic root disease is accompanied with aortic valve dysfunction. 

Yacoub, in 1983,[117] and David, in 1991,[118] separately devised procedures that spare the 

native aortic valve, or so named, valve-sparing aortic root replacement. The Yacoub 

procedure is a “remodeling” procedure where the aortic graft is surgically attached to the 

aortic wall at the level of the commissures.[119] (Figure 9) A modification of the Yacoub 

procedure is the David, or “reimplantation” procedure. During the reimplantation 
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procedure, the graft is fixed at a level proximal to the annulus, to the tissue of the left 

ventricular outflow tract[120](Figure 10). Since the origin of the David procedure, there have 

been multiple modifications to the technique with the latest emphasizing restoration of the 

sinuses of Valsalva by the creation of neosinuses.[121] Special grafts with sinuses 

(Gelweave) are also available. 

 

 

Figure 8. Frozen elephant trunk procedure in which a stent graft is deployed distally in the descending 

thoracic aorta. Debranching and anastomosis of the proximal arch branches, distal aortic arch, and 

proximal aorta are then carried out with a Dacron graft.[118] 

 

 

Figure 9. Yacoub procedure. Root replacement by remodeling consists of placing subannular U-

stitches, a scalloped Dacron graft attached above the commissural ring, and finally coronary ostia are 

reimplanted into the graft material.[113] 
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Figure 10. Modified David procedure where the graft is fixed to the level just proximal to the aortic 

annulus at the left ventricular outflow tract.[114] 

 

Figure 11. Trimming of the aortic root during modified David Procedure.[121] 
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The surgical technique involves resecting all aortic tissue except for a 5mm rim of aorta just 

above the valve and creating buttons of the coronaries (Figure 11). Dissection is carried 

proximally below the level of the annulus. Great care must be taken during this portion of 

the procedure to avoid the RVOT and left atrium. Sutures are then placed from inside the 

LVOT to outside through the graft for the proximal suture line. The graft is seated and the 

leaflets are inside the graft. After securing the proximal suture line, the valve leaflets are 

carefully positioned inside the graft to allow coaptation in the same plane for all three 

leaflets. The leaflets are then sutured inside the graft by running a suture along the small 

piece of aortic wall and attaching it to the graft. The coronaries are reimplanted and the 

distal suture line is performed where appropriate. Echo confirms (Figure 12) good 

coapatation of the leaflets and no aortic insufficiency. 

Indications for a valve-sparing procedure are ascending and root aneurysms (>5cm or 4.5cm 

for patients with Marfan’s) with normal aortic leaflets. Typically from sinotubular dilatation 

there is central aortic insufficiency which is easily corrected by this procedure. Asymmetric 

regurgitation may require leaflet repair. This is an excellent operation for patients with 

Marfan’s, as it obviates the need for long-term anticoagulation. Recently it has been used in 

patients with acute Type A aortic dissection who require a root replacement. 

Multiple studies are published since the advent of the David procedure that have attempted 

to give credence to the valve-sparing technique.[93-95] Long-term results of this have been 

excellent. A meta-analysis summarized the results and conclusions of 16 studies describing 

complete root replacement and valve-sparing techniques. Ten-year survival for patients 

undergoing valve-sparing techniques ranged from 82-97% in a heterogeneous group of 

patients.  

Subpopulations that have undergone valve-sparing technique include the elderly and those 

patients with Marfan’s. One study in older patients (>60 years old) demonstrated less 

favorable, yet still good results.[123] The peri-operative mortality of 63 patients undergoing 

valve-sparing replacement was 1.4% with an overall 51 month survival of 84%. Immediate 

post-operative and long-term results for Marfan’s patients are also excellent. Volguina et al 

analyzed the short-term results of 105 patients with Marfan’s who underwent valve-sparing 

technique.[124] There were no inpatient mortalities and significant morbidity included 8% 

requiring re-exploration of the mediastinum while only 13% had a peri-operative 

arrhythmia. David et al analyzed the long-term results of their 103 person cohort.[125] 

Fifteen year survival was 87% and 89% of those alive at fifteen years and patients were free 

of clinically significant aortic regurgitation. 

6.5. Aortic root replacement in patients with acute type A aortic dissection 

Patients who have an acute type A aortic dissection are a surgical emergency. Typically the 

ascending aorta is replaced with an open distal anastomosis such as a hemiarch with 

antegrade cerebral perfusion. The proximal anastomosis is then done at the sinotubular 

junction after removing all thrombus between the layers and gluing them together.  
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Figure 12. Echo demonstrating coaptation of aortic valve leaflets.[122] 

 

Figure 13. Ross Procedure after reconstruction. The pulmonary allograft is implanted into the left 

ventricular outflow tract and the coronaries are reimplanted into the autograft. A synthetic valve/root 

component is then used for the new pulmonary artery and valve.  

Approximately 31% of patients will require aortic root replacement as the dissection extends 

down into the sinuses and around the coronaries.[126] As mentioned earlier, if the valve 

leaflets are normal then a valve-sparing root replacement is an option. The downside is an 

extended length of time during this critical operation, however with the proximal suture 

line below the annulus it may prevent bleeding. This is a major problem in patients with 

dissection. Because root replacement must be done in a significant proportion of Type A 

dissections there is incentive to understand outcomes in composite grafts versus stentless 

grafts. Lai et al examined their experience with Type A dissection patients who had AI and 

were stratified by root replacement with composite graft and separate valve graft.[127] 

Composite grafts had slightly improved survival at long-term follow-up then did patients 
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with a separate valve graft. International Registry of Acute Aortic Dissection data should be 

used to examine this relationship in the future.  

6.6. Aortic root replacement for infected endocarditis 

Endocarditis is a dangerous condition of the aortic valve that can rapidly spread beyond the 

leaflets into the tissue around the aortic root. This typically leads to an aortic root abscess. 

This can further erode into contiguous structures such as the mitral valve, left atrium, right 

atrium, tricuspid valve, and right ventricle. Surgical principle mandates debridement of all 

infected tissue. Other valves and chambers must be repaired, prior to the root replacement. 

In the past it was felt that homograft root replacement was the ideal operation. Indeed the 

graft was felt to be more resistant to infection and the homograft had the anterior leaflet still 

attached, which often aided in mitral valve involvement. Recently, the availably and quality 

of homografts has become less. Results of root replacement with material other than 

homograft are not substantially different. Jassar et al reviewed the results of root 

replacement at their institution in patients with active endocarditis.[128] Patients had root 

replacement with synthetic grafts, biologics, or homografts. There was no significant 

difference with regard to in hospital mortality or survival with a mean follow-up of 32 

months. Five-year survival for the cohort was also similar between groups, ranging from 58-

62%.[128] Long-term survival was analyzed in patients receiving homograft roots for 

endocarditis and results are quite promising.[129] Thirty day survival was 83% while 10-

year survival was 47%. One year reoperation rate due to deterioration of the graft was 8.6%. 

We therefore advocate root replacement in this situation based on factors such as age and 

patient preference. The Ross procedure is also an option for root replacement in this 

condition. Excellent long term results have been reported and theoretically the pulmonary 

autograft may be more resistant to infection.[130] 

6.7. Aortic root replacement for a calcific aortic root 

Patients who have severe aortic stenosis and a very calcified root may require aortic root 

replacement because of the difficulty inserting the valve from the distribution of calcium in 

the root. This can be a very dangerous operation because of the calcium extending into the 

coronary arteries. Indeed ligation of the coronaries may be required with the addition of 

bypass grafting. [131] 

6.8. Surgery for sinus of valsalva aneurysms- general recommendations and 

analysis of surgical outcomes 

Although sinus of Valsalva aneurysms are rare, they frequently require prompt surgical 

repair to prevent life threatening complications. A majority of patients present with rupture 

of the aneurysm into a cardiac chamber, typically the right atrium or ventricle. Eastern 

cultures have a notable increased incidence when compared to Western cultures. The first 

aneurysms were treated successfully in the 1950s. A clear distinction in outcome can be seen 

in patients who have infected versus non-infected aneurysms.[132] Root replacement is 
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infrequently required for this condition, however when it is, the standard considerations 

about which type of valve to implant are used. 

The largest series of patients was compiled by the Texas Heart Institute where the outcomes 

of 129 patients were analyzed over a 40-year period. Aortic root replacement was only 

necessary in 12% of patients, while the remaining patients were able to be treated with 

simple plication or a patch procedure.[132] Peri-operative mortality was 4% and 

complications included valve malfunction, endocarditis, and recurrence of the aneurysm in 

3.9%, 2.6%, and 1.8%, respectively. Other recent retrospective trials have been 

published.[133,134] Again the vast majority of patients (>90%) were able to attain fixation 

with either direct closure or patch techniques. Approach for fixation was usually obtained 

through the chamber that rupture of the aneurysm occurred. Patients who had repair in the 

last decade demonstrated fewer days in the hospital and fewer peri-operative complications 

which included wound infection and arrhythmias. Over 90% of patients were alive after 5 

years. The factor of highest prognostic significance with regard to long-term survival is time 

of onset and severity of aortic regurgitation.[135] Unfortunately there was no sub-analysis 

describing the results in those patients with root replacement. 

6.9. The Ross procedure: indications and outcomes  

The Ross procedure involves root replacement with the patients pulmonary valve harvested 

en-bloc as a cylinder from RVOT to distal pulmonary artery (Figure 13). The pulmonary 

valve is typically replaced with a porcine xenograft or homograft. Drawbacks of this operation 

include its complexity and it also involves double valve replacement for single valve 

pathology. Surgical results with the Ross procedure have been excellent except in the cases 

of bicuspid aortic valve.[136] In bicuspid cases the root undergoes dilatation, possibly from 

the same underlying abnormality that involved the native aorta of which the cause is not 

known. 

While the procedure is technically very challenging, the peri-operative outcomes are 

adequate, yet long-term results are still debated.[137,138] One group out of Germany 

described their outcomes of 203 patients who were at least 10 years out from surgery with a 

mean follow-up of 12.3 years. Over 90% of patients did not need reoperation on either valve 

at 10 years of follow-up. They concluded that the Ross operation was safe, as long-term 

survival did not differ from the general population. Slight increases in the size of the aortic 

valve annulus and rate of insufficiency was observed.[137] In contrast, a meta-analysis was 

published in 2009 which summarized the results of Ross procedure outcomes and included 

17 studies.[138] They concluded that the peri-operative and short-term outcomes is 

acceptable, however, there is significant graft durability limitation that is observed after the 

first decade, especially in younger patients. They concluded that further research to 

accomplish extended graft function would be helpful to limit possibility of long-term 

reoperation. It is now well established that patients with a bicuspid aortic valve should not 

have the Ross operation. 
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6.10. Reoperation of the aortic root 

Structural failure of the root, pseudoaneurysms, or infection may necessitate redo aortic root 

replacement. This is an operation that typically carries a high risk of mortality and 

morbidity. Some special considerations when this very difficult operation is undertaken 

include: calcified homografts or stentless valves, coronary artery length, and infection. 

In patients with a very calcified neo-aortic wall it is often extremely difficult to dissect out 

the wall and redo the root as it becomes very adherent to the adjacent structures and 

pulmonary artery and coronaries can be injured. Replacing just the aortic valve within the 

calcified root is an option. With the advent of trans aortic valve implantation (TAVI), this 

may be an excellent option in high risk patients. El-Hamamsy et al compared the Freestyle 

graft with homograft aortic root replacement in a prospective, randomized trial.[139] One-

hundred sixty-six patients with an average age of 65 years had a mean follow-up of 7.6 

years. Significant conclusions were made from this data including an improved age of 

survival (80 vs. 77 years), lower rate of reoperation (100% vs. 90%), and 

echocardiographically patients had less signs of valvular deterioration (86% vs. 30%) in the 

FreeStyle group. 

 

Figure 14. Aortic root replacement via the Cabrol technique. Coronary buttons are sutured side-to-side 

to a Dacron interposition graft during root replacement.[140] 
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There can be difficulty with mobilizing the coronary buttons and placing them in into the 

new root or they can be damaged. The Cabrol technique should then be deployed, (Figure 

14) where a graft is sutured end to end to both the right and left coronary buttons then 

sutured side to side to the aorta.[140] Results have been mixed,[141,142] which may be due 

to difficulty orienting the graft. A second option is to place an interposition vein graft 

(Figure 15) between the coronary buttons and the graft.[143] This is our preferred method as 

we find the grafting to be easier. Lastly bypass-grafting can be done with ligation of the 

coronary arteries. This is typically is a last resort when bleeding and technical difficulties 

with the anastomosis are encountered. 

Infected roots pose a major problem because of the amount of debridement and 

reconstruction that is required. The same surgical principles apply of removal of all infected 

and foreign tissue. Results have been promising using homograft replacements as 

demonstrated in peri-operative and with long-term follow-up studies.[128,129] 

 

 

Figure 15. Vein graft interposition can be used as a conduit for coronary perfusion rather than using a 

Dacron interposition graft. This figure demonstrates venous conduits being sewn to the aortic root. 143 

7. Conclusion 

The anatomic complexity and serious pathology that affect the aortic root challenge the 

cardiac surgeon. Surgical procedures on the aortic root have drastically changed the lives of 

patients and extended their lifespan. Leaders in the field of cardiac surgery such as Bono, 

Bentall, Yacoub, and David have contributed greatly to our surgical armementaruium for 

treatment of aortic root pathology. These procedures will continue to evolve with improved 

graft material, improved valves, percutaneous approaches, and stem cell therapies. 
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