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Abstract

Objective—To evaluate long-term results of aortic root procedures combined with ascending 

aorta replacement for aneurysms, using 4 surgical strategies.

Methods—From January 1995 to January 2011, 957 patients underwent 1 of 4 aortic root 

procedures: valve preservation (remodeling or modified reimplantation, n = 261); composite 

biologic graft (n = 297); composite mechanical graft (n = 156); or allograft root (n = 243).

Results—Seven deaths occurred (0.73%), none after valve-preserving procedures, and 13 strokes 

(1.4%). Composite grafts exhibited higher gradients than allografts or valve preservation, but the 

latter 2 exhibited more aortic regurgitation (2.7% biologic and 0% mechanical composite grafts vs 

24% valve-preserving and 19%allografts at 10 years). Within 2 to 5 years, valve preservation 

exhibited the least left ventricular hypertrophy, allograft replacement the greatest; however, valve 

preservation had the highest early risk of reoperation, allograft replacement the lowest. Patients 

receiving allografts had the highest risk of late reoperation (P<05), and those receiving composite 

mechanical grafts and valve preservation had the lowest. Composite bioprosthesis patients had the 
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highest risk of late death (57%at 15 years vs 14%-26%for the remaining procedures, P<.0001), 

because they were substantially older and had more comorbidities (P<.0001).

Conclusions—These 4 aortic root procedures, combined with ascending aorta replacement, 

provide excellent survival and good durability. Valve-preserving and allograft procedures have the 

lowest gradients and best ventricular remodeling, but they have more late regurgitation, and likely, 

less risk of valve-related complications, such as bleeding, hemorrhage, and endocarditis. Despite 

the early risk of reoperation, we recommend valve-preserving procedures for young patients when 

possible. Composite bioprostheses are preferable for the elderly.

Graphical Abstract

Current Cleveland Clinic treatment algorithm for root and ascending aortic aneurysm.

Keywords

aorta; root; aortic valve; root sparing; valve preservation

In the past, a Bentall operation, which incorporates an artificial aortic valve within an 

ascending aorta tube graft, was the standard treatment for various combined aortic root and 

ascending aorta pathologies.1 Initially, the valve was mechanical (“composite grafts”), but 

bioprostheses were eventually introduced,2 as were allografts,3 for combined aortic root and 

ascending aorta replacement. Over the past 25 years, David and colleagues4 have 

championed a variety of valve-preserving techniques. It remains uncertain, however, which 

of these techniques—older or newer—is the right one for the right patient at the right 

time.5–7

In a previous comparison of appropriate root procedures (modified reimplantation for 

tricuspid aortic valves and remodeling for bicuspid ones) versus a biologic composite valve, 

we showed that modified reimplantation exhibited superior durability after 9 to 10 years, 

compared with remodeling, which showed better durability after 10 to 12 years.5 

Furthermore, bicuspid valve repair—40% combined with aortic surgery—carried a 0.47% 

risk of hospital death and a 0.25% risk of stroke, and long-term durability improved over 

time with newer techniques, such as higher commissure implantation.8 However, how 

reparative procedures compare with mechanical and biologic graft root replacement 

alternatives in the long term remains unclear.6,9

The present study goes beyond our previous reports, to examine our experience over the past 

20 years with aortic root procedures combined with ascending aorta replacement. All of the 
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patients in the study were managed with (1) valve preservation (remodeling or modified 

reimplantation); (2) biologic valve composite grafts; (3) mechanical valve composite grafts; 

or (4) allograft root and ascending aorta replacement with coronary reimplantation. On the 

basis of long-term outcomes and surveillance in an era that favors reparative techniques, do 

mechanical and biologic composite grafts and allografts still have a place? If so, in what 

kind of patient, at what time?

METHODS

Patients

From January 1995 to January 2011, 957 patients underwent 1 of 4 aortic root procedures 

for aneurysms of the root and ascending aorta: (1) valve preservation (n = 261; remodeling 

[n = 56] or reimplantation [n = 205]); (2) composite biologic graft (n = 297); (3) composite 

mechanical graft (n = 156); or (4) allograft root (n = 243). Patients who underwent 

emergency surgery, had endocarditis or acute aortic dissection, or did not have an ascending 

aorta replacement were excluded.

Operative Techniques

The operative techniques have been described before for the root part of the procedure, 

including a L.G.S.-modified valve reimplantation technique using pledgets, sizing to body 

surface area, and Hegar’s dilators5,10; an inclusion type of remodeling of the root6; 

composite mechanical valve implantation, including with a tube graft to the left main 

coronary artery (which we now use primarily for patients with acute dissection or who have 

undergone reoperation11,12); standard techniques for biologic implants with coronary 

buttons; and allograft root implantation by the inclusion or button technique. In 234 patients 

(24%), circulatory arrest was used for concomitant aortic arch replacement (Table 1).

Data

Data were collected prospectively and entered into our Cardiovascular Information Registry. 

Use of these data for research was approved by the Cleveland Clinic Institutional Review 

Board, with requirements for patient consent waived.

Endpoints

Study endpoints were (1) in-hospital postoperative morbidity and mortality; (2) time-related 

aortic valve function (assessed by gradients and regurgitation on longitudinal 

echocardiograms); (3) left ventricular reverse remodeling, assessed by left ventricular mass 

on longitudinal echocardiograms; (4) aortic valve and aorta-related reoperations; and (5) 

short- and long-term mortality.

Longitudinal echocardiographic data for aortic valve function and left ventricular reverse 

remodeling obtained at follow-up were extracted from our echocardiogram database to 

ascertain valve function. However, surveillance echocardiograms were available only in 

patients whowere followed at Cleveland Clinic. Previously, we have shown that these 

patients constitute a representative sample, one not confounded by return of patients for 
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aortic problems.13 Few statistically significant differences were found between patients 

surveilled or not at Cleveland Clinic (data not shown).

A total of 1626 echocardiograms, performed on 718 patients (75%), were available for 

analysis in the postoperative period (Figure E1). Time-related survival and aortic-related 

reoperations were obtained from yearly follow-up questionnaires (with phone follow-up if 

questionnaires were not returned). Follow-up was available for 943 patients (98%). The 

median follow-up time was 5.3 years (mean, 5.6 ± 4.6 years), with 5351 patient-years of 

data available for analysis; 25%of patients were followed for>9 years, and 5% for>15 years.

Data Analysis

The following outline of our data analysis is presented in detail in Appendix E1. To reduce 

bias in comparing outcomes among groups, 4 propensity scores were generated for each 

patient and forced into models of outcome. The temporal patterns of follow-up 

echocardiographic measures were estimated using longitudinal data analysis, with risk-

adjusted comparisons made by including propensity scores in the models. Risks of 

reoperation and death were estimated by the Kaplan-Meier method, and a nonproportional 

hazards model was used to identify risk-adjusted mortality differences.

Presentation

Continuous variables are summarized as mean ± standard deviation, or as equivalent 15th, 

50th (median), and 85th percentiles when the distribution of values was skewed. Categoric 

data are summarized as frequencies and percentages. Uncertainty is expressed by confidence 

limits equivalent to ±1 standard error (68%). Comparison of groups was done with the 

Kruskal-Wallis nonparametric test for continuous variables and the χ2 test for categoric 

data.

RESULTS

Patient Characteristics and Procedural Details

Patients in the valve-preserving and mechanical composite valve groups were the youngest, 

and those receiving a biologic composite graft were the oldest (Table E1). Patients in the 

valve-preserving group also exhibited the least aortic valve regurgitation, stenosis, and left 

ventricular remodeling and dysfunction preoperatively; large aneurysms; and a lower 

likelihood of having a bicuspid valve, valve calcification, or heart failure. By contrast, 

patients in the biologic composite graft group were older and more symptomatic, and had 

greater ventricular hypertrophy than those in the valve-preserving group. The mechanical 

composite and allograft groups had greater ventricular hypertrophy.

Patients who received a mechanical composite had the largest label size prosthesis: 61% had 

size 22 or 27 mm, with 19% larger than this; 66% of biologic composite grafts contained a 

bioprosthesis label size of 25 or 27 mm, with only 4.7% larger than this. Most allografts 

(57%) were size 21 or 22 mm (these are internally sized) (Table E2).

These differences, differences in indication for operation (including need to address severe 

aortic regurgitation with modest aortic dilatation as well as modest aortic valve pathology in 
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patients with importantly enlarged roots), and differences over time in the way the aortic 

root was measured meant that average root dimension was at times not severely enlarged and 

the aortic regurgitation was at times not severe. For example, the primary indication may 

have been aortic root size, and yet the ascending aorta may not have been severely enlarged, 

and vice versa. Hence, the average measured sizes may seem artificially small. In addition, 

some patients require aortic root and ascending aortic procedures before undergoing aorta 

operations that are distal to the subclavian artery, and their root and aorta may not have been 

as enlarged.

Over the course of the study, use of valve-preserving and biologic composite graft 

procedures increased; mechanical composite graft procedures increased in the early 2000s, 

then decreased; and allograft root replacement peaked in about 2000, then declined to a low 

level (Figure 1). Allograft roots were the most likely to be inserted during a less-invasive 

procedure; circulatory arrest was least used during valve-preserving procedures; and 

concomitant coronary artery bypass grafting was most likely to be performed in patients 

who received composite biologic grafts (Table 1). Although most of these coronary artery 

bypass grafting procedures were used for coronary artery disease (144 of 178 patients [81%] 

with coronary stenosis ≥50%), they were used in 5 patients in the valve-sparing group (3 

with balloon perfusion catheter–associated coronary dissection), and in 36 in the remaining 

groups, particularly in elderly patients who received bioprosthetic composite grafts (n = 23) 

for coronary ostial technical reasons, which occurred in 5 patients who had mechanical 

composites and 8 who had allografts.

In-Hospital Outcomes

Atrial fibrillation (P < .0001) and reoperation for bleeding (P = .06) tended to be more 

common after composite biologic procedures in these older patients (Table 2). Patients who 

received allografts had the shortest intensive care unit stay, but those in the valve-preserving 

group had the shortest overall postoperative hospital stay. Risks of stroke (n = 13; 1.4%) and 

death (n = 7; 0.73%) were similar among groups.

Valve Function

Both valve-preserving and allograft procedures had lower early mean gradients than did 

composite grafts with either a biologic or mechanical valve (P<.0001; Figure 2, A). Both 

mechanical and bioprosthetic composite grafts were predominantly sizes 23, 25, or 27 mm, 

but prosthesis size was associated with higher postoperative gradients (P <.0001 and P = .02, 

respectively), as was true of allografts (P = .03), for which the internal diameter was 

predominantly 21 or 22 mm (Table E2). Aortic valve regurgitation increased over time 

(Figure 2, B), particularly for valve-preserving and allograft procedures, although it was 

similar in these 2 groups (24% and 19% at 10 years, respectively; P = .2; risk-adjusted P = .

08). Severe regurgitation after composite graft replacement with a mechanical valve 

occurred in only 1 patient, but it reached 2.7%at 10 years with a bioprosthesis. The mode of 

failure of the biologic composite grafts was predominantly aortic valve stenosis, whereas for 

valve-preserving and allograft procedures, the mode of failure was predominantly 

regurgitation.
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Left Heart Reverse Remodeling

Left ventricular reverse remodeling occurred differently among these 4 procedure groups. 

The pattern of postoperative left ventricular mass index was to decrease during the first 3 

years, and increase thereafter. The valve-preservation group had the lowest left ventricular 

mass index at 3 years, compared with the other groups (P = .001; Figure 2, C). However, the 

preoperative left ventricular mass index was lowest in this group. Thus, the proportionate 

decrease in the index in the valve-preservation group was less than that in other groups.

Reoperation

In all, 74 aorta or aortic valve–related reoperations took place, in 68 patients (Table 3). 

Hospital mortality was 1.5% for the first reoperation and 0% for the second. The probability 

of reoperation varied by strategy (Figure 3, A). Early reoperation was more common after 

valve preservation and biologic composite graft procedures (Table 4; Table E3). Allograft 

root replacement and biologic composite grafts had the highest late risk of reoperation, and 

mechanical composite grafts and valve preservation had the lowest, suggesting good 

outcomes for valve preservation once the initial early failures were addressed.

In a subgroup analysis of the risk of reoperation after valve preservation using root 

remodeling for bicuspid valves versus reimplantation for tricuspid valves (Figure 3, B), 

reimplantation for tricuspid aortic valves had lower risk (Plog-rank = .02) and remodeling an 

intermediate risk (Plog-rank = .11).

Death

Patients who underwent composite graft replacement with a biologic valve had the worst 

survival (P <.0001; Figure 4), which was attributable to differences in patient characteristics 

rather than operative strategy (propensity-score risk–adjusted P>.2).

DISCUSSION

Principal Findings

For patients who have various aortic root pathologies and ascending aortic aneurysm, all of 

whom would have been considered for a Bentall-type procedure in the past, we see in this 

large, single-institution series a nearly complete shift. Changes include movement away 

from mechanical composite grafts to valve-preserving procedures in younger patients; 

emergence of biologic composite grafts for older patients and those who believe they will be 

candidates for valve-in-valve transcatheter valve replacement in the future; and a near 

disappearance of allograft root and ascending aorta replacement.

However, mean aortic gradients were elevated in composite grafts, particularly those of 

small size, above that of either valve-preserving or allograft procedures, although the latter 2 

developed regurgitation over time. Risk of regurgitation was greatest for allografts and least 

for composite mechanical devices. Risk of late death was related to age and comorbidities, 

not to strategy for managing the aortic root. All these procedures, either primary or 

reoperation, were performed with low hospital mortality and low risk of stroke.
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Findings in Context

This study shows excellent early results after aortic root surgery combined with ascending 

aorta replacement, with a 0.73% in-hospital mortality, and no in-hospital deaths after valve-

preservation procedures. Other recent reports, including our own, have demonstrated 

mortality ranging from 0.5% to 3.4% for valve preservation.4,5,14–17 Valve preservation was 

associated with lower postoperative gradients, resulting in left ventricular reverse 

remodeling to nearly the upper limit of normal, although this group of patients had the least 

remodeling preoperatively. Risk of death was also lower over time with valve preservation 

than with biologic composite grafts, but similar compared with mechanical composite grafts 

or allograft roots. However, any differences in survival were attributable to differences in 

patient demographics, particularly age, and to the prevalence of comorbidities.

The downside of valve preservation was an early risk of reoperation, although this risk was 

specifically related to remodeling of bicuspid valves, whereas reimplantation of tricuspid 

aortic valves provided excellent results. However, this comparison is likely one of worst case 

versus best case. Our previous studies have shown that remodeling is associated with a 

greater risk of failure, particularly for patients who have Marfan syndrome and tricuspid 

aortic valves.5,14 In addition, failure risk is higher for patients who have bicuspid versus 

tricuspid aortic valves.5,8 This finding was also reported by David’s group in Toronto.4

The obvious question, based on analysis of these data, is whether our use of mechanical 

composite grafts should have abated as quickly as it did. Clearly, early mortality is low, as 

we and others have reported,6,11 as is risk of late death and reoperation. This population is 

similar to the more-current valve-preservation population,5 with the exception of those 

patients who have aortic valve stenosis and receive mechanical composite grafts. A few 

patients with unicuspid or bicuspid valves may undergo repair despite stenosis, because 

partial fusions can be resected. Nevertheless, our data show that postoperative mechanical 

composite graft gradients are higher, and left ventricular remodeling is less complete, 

although we cannot determine whether these differences will result over time in more heart 

failure from either diastolic or systolic heart dysfunction.

The other obvious issues are the mechanical valve–related complications of embolism, 

endocarditis, pannus tissue ingrowth, hemorrhage from anticoagulation, high-intensity 

transient signals that may be related to nitrogen bubbles in solution, and late neurocognitive 

deficits.5,6,9 These valve-related risks are lower with valve preservation, but the downside of 

this approach is an early risk of reoperation in patients who have bicuspid valves. 

Nevertheless, risk of death for reoperations was low for all patients, including those with 

endocarditis on prior root replacements; a similar low risk was previously reported by Lytle 

and colleagues.18

At present, this study cannot settle the debate about whether increased use of biologic 

composite grafts, which comprise approximately 30% of our most recent procedures (Figure 

1), is justified on the basis of potential transcatheter valve-in-valve replacement. Clearly, 

patients with aortic valve stenosis and the elderly are good candidates. Nevertheless, 

younger patients are increasingly requesting biologic valves in hopes of later receiving a 

Svensson et al. Page 7

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2016 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



valve-in-valve procedure; long-term surveillance will be needed to evaluate whether this 

choice is justified.

Additional drawbacks are less left ventricular remodeling, increasing gradients, valve-related 

complications, and risk of reoperation. The same applies to allograft root replacement, 

although as a rule, these patients are not good candidates for percutaneous valve-in-valve 

procedures because of the risk of coronary artery occlusion.19 Thus, with the exception of 

endocarditis, we continue to advocate for valve preservation and biologic composite grafts 

as better alternatives to allografts. Furthermore, late allograft dilatation poses a substantial 

risk when allograft root replacement is used in patients who have aneurysmal disease, and 

late calcification makes reoperation more challenging.

Limitations

This is not a randomized study, but rather a comparison of outcomes of root procedures 

based on a selection of procedures deemed appropriate by surgeons, in discussion with their 

patients at a single institution. Clearly, the underlying pathology and time period also 

influenced the type of procedure chosen, but long-term appropriateness can be measured 

only with the passage of time. However, the temporal and procedural heterogeneity allowed 

us to evaluate the appropriateness of each approach. In addition, we did not fully evaluate 

valve-related complications, although these seem to be lower for valve preservation and 

allograft root replacement.

Clinical Implications

Based on our current knowledge, for patients who have aneurysmal disease of the aortic root 

and ascending aorta, we recommend the following root procedure in combination with 

ascending aorta replacement, as shown by our treatment algorithm (Figure 5). (1) Valve 

preservation by modified reimplantation is preferred for tricuspid aortic valves without 

aortic valve stenosis (to November 2015, we have performed 541 modified reimplantation 

procedures). (2) Valve preservation by remodeling is the best approach for bicuspid 

nonstenotic valves, particularly those with larger annuli, but results of modified 

reimplantation need to be further evaluated. (3) Excellent results can be achieved with 

composite graft replacement with a mechanical valve for young patients who have stenotic 

aortic valves; and composite graft replacement with a biologic valve is a reasonable option 

in elderly patients who have aortic valve stenosis. (4) Allograft root and ascending aorta 

replacement with coronary reimplantation is best reserved for patients who have 

endocarditis, and perhaps for elderly patients with a small aortic annulus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Central Message

Aortic valve-preserving root procedures are recommended for young patients; composite 

bioprostheses are reasonable for the elderly.
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Perspective

Four aortic root procedures combined with ascending aorta replacement—valve 

preservation, mechanical or biologic composite grafts, and allografts—provide excellent 

survival and good durability. Valve-preserving and allograft procedures have the lowest 

gradients, but more late regurgitation. We recommend valve-preserving procedures for 

young patients; composite bioprostheses are reasonable for the elderly.
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FIGURE 1. 
Yearly volume of aortic root procedure use, all combined with ascending aorta replacement. 

Dashed lines indicate trends for the 4 years since the end of the study period for this article. 

They demonstrate that biologic composite grafts comprise approximately 30% of current 

procedures, valve-preserving procedures about 60%, and mechanical composite grafts and 

allografts approximately 5% each.
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FIGURE 2. 
Temporal trends of longitudinal measures after 4 aortic root procedures for aneurysms. Solid 
lines represent unadjusted estimates of temporal trend, and symbols represent data grouped 

(without regard to repeated measurements) within a timeframe to provide a crude 

verification of model fit. A, Mean aortic valve gradient; (B) Grade 3+/4 + postoperative AR. 

Only 1 mechanical composite valve developed severe regurgitation. C, LV mass index. AR, 

Aortic valve regurgitation; LV, left ventricular. Red triangles = composite graft replacement 

with biologic valve; purple squares = composite graft replacement with mechanical valve; 

blue circles = valve preservation; and brown diamonds = allograft root and ascending aorta 

replacement with coronary reimplantation.

Svensson et al. Page 14

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2016 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
Probability of first aortic or aortic valve–related reoperation. Solid lines represent parametric 

estimates enclosed within 68%confidence bands equivalent to ± 1 SE. Symbols are 

nonparametric Kaplan-Meier estimates with 68%confidence band. A, Stratified by 4 surgical 

strategies. B, Stratified by root remodeling for bicuspid valves versus reimplantation or 

remodeling for tricuspid aortic valves.
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FIGURE 4. 
Survival stratified by 4 surgical strategies. Format is as in Figure 3, A.
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FIGURE 5. 
Current Cleveland Clinic treatment algorithm for combined root and ascending aortic 

aneurysms. AR, Aortic regurgitation; AS, aortic valve stenosis; TAV, tricuspid aortic valve; 

BAV, bicuspid aortic valve; CAD, coronary artery disease; Ca2+, calcification; Prev., 

previous; AVR, aortic valve replacement; MRI, modified root-preserving reimplantation10; 

IRM, inclusion type of remodeling6,8; AG, allograft; ?CG, possibly composite valve graft,12 

depending on root abscess presence or active infection; Bio, biologic12; MCG, mechanical 

composite graft.12
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TABLE 3

Reoperation details

Reoperation Valve preservation

Composite graft

AllograftBiologic Mechanical

AVR 7 2 0 15

AVR + proximal aorta replacement 6 7 3 16

Proximal aorta replacement 0 0 1 1

Proximal and descending aorta replacement 4 2 0 1

Descending aorta replacement 5 2 2 0

Total n for table = 74. Proximal is defined as aorta proximal to the left subclavian artery and includes arch operations distal to the previous 
ascending aorta replacement. AVR, Aortic valve replacement.
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TABLE 4

Propensity-score risk–adjusted P values comparing aortic root procedure groups for risk of reoperation

Factor

Composite graft

AllograftBiologic Mechanical

Early phase

 Valve preservation .4* .05* .02*

 Composite biologic .3* .05*

 Composite mechanical .3*

Late phase

 Valve preservation .02† .7* .008†

 Composite biologic .02* .7†

 Composite mechanical .009†

*
Lower risk of reoperation.

†
Higher risk of reoperation.
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