Should the Dilated Ascending Aorta be repaired at the time of
Bicuspid Aortic Valve Replacement?
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INTRODUCTION
Bicuspid aortic valve (BAV) is the most common congenital valvular abnormality, with an overall prevalence of 0.5–2% [1].  Patients with BAV often present with accelerated calcific aortic valve disease (CAVD) requiring aortic valve replacement (AVR), more frequently and earlier than do patients with a tricuspid aortic valve [2,3].  Of patients with echocardiographic diagnosis of BAV, 50% will eventually require AVR [4].
The incidence of ascending aortic dissection in patients with BAV is estimated to be eight times higher than that in the general population [4].  Yet, single-center studies focusing on the long-term risk for dissection after isolated AVR in patients with BAV have yielded conflicting findings [5-8].  The indications for concomitant intervention on the thoracic aorta at the time of AVR are therefore controversial [9-11].  Performing concurrent aortic repair to avoid thoracic aortic aneurysm and dissection (TAAD) has been debated, and the Guideline recommendations (Class of recommendation, IIa; Level of evidence, C-Expert Opinion) for surgical replacement of the ascending aorta based on aortic size that currently state “Replacement of the ascending aorta is reasonable in patients with BAV undergoing AVR because of severe aortic stenosis or aortic regurgitation when the diameter of the ascending aorta is greater than 4.5 cm” [12].  However, the evidence supporting this recommendation is not definitive [6,10,11,13,14] and such an aggressive surgical treatment strategy of BAV-associated aortopathy has been questioned [5,15-17].
Although patient size, or morphometry, is associated with aortic dimensions in patients with bicuspid and tricuspid aortic valves [18-21], normalized aortic dimensions have not been used in Guidelines’ recommendations for surgery.  Thus we wanted to examine whether prediction of clinical outcomes would be improved by use of normalized aortic dimensions, therefore assessing the value of accounting for differences in patient morphometry in future Guidelines.
We sought to test the central hypothesis that concurrent repair of dilated or aneurysmal aortic disease during AVR in patients with BAV substantially improves morbidity and mortality outcomes, and that there is an aortic dimension, above which aortic repair yields improved patient outcomes.  We tested this hypothesis by comparing long-term outcomes of mortality and reoperation, for adult patients with BAV undergoing primary AVR, with or without concomitant aortic repair over ranges of aortic dimension and age, while accounting for other causes of mortality and reoperation in an observational two-institution study.
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METHODS
Patient Selection
From the medical records of Brigham and Women’s Hospital (BWH) and Massachusetts General Hospital (MGH) and with Institutional Review Board approval, 2,148 adults with a BAV undergoing their first aortic valve surgery between 1/1/2002 – 6/30/2014 were identified from institutional Society of Thoracic Surgeons and hospital databases. 
Exclusion criteria were age <18 or ≥90 years, documented connective tissue disease, previous aortic valve replacement or repair, previous thoracic aortic surgery including coarctation repair, congenital heart disease other than BAV, native tricuspid aortic valve and patients who underwent transcatheter or transapical aortic valve replacement were excluded from further analysis.  Patients undergoing aortic valve replacement for endocarditis, aortic dissection or aortic resection for a calcified aorta were also excluded from analysis.  Patients with imaging that was inadequate to distinguish whether the aortic valve was bicuspid or tricuspid, or with inadequate imaging or reporting of the aortic root and ascending aortic diameters were also excluded.  After inclusion and exclusion criteria were applied, 1,879 BAV patients were available for analysis (CONSORT diagram, Figure 1).

Data Collection
Patient characteristics and in-hospital outcomes of the index surgery were collected at the time of presentation and extracted from the patients’ electronic medical records.  Patient demographics and hospital outcomes were coded and defined according to the Society for Thoracic Surgeons Adult Cardiac Surgery database specifications, version 2.73 [22].  Text searches and individual review of hospital discharge summaries, surgical records and transthoracic and transesophageal echocardiogram reports were performed for diagnosis of BAV.  Deciles of income estimated by Zip code of residence [23,24] and comorbidity assessed by modified Elixhauser score [25] derived from ICD-9 codes occurring between 5 years and 30 days prior to the date of surgery and calculated using R [26].  Long-term mortality data were obtained from routine institutional follow-up protocols, from our internal research data repository, and the Massachusetts Department of Public Health and the U.S. Social Security Death Indices. The composite outcome of interest was a composite of all-cause mortality or reoperation upon the aortic valve or ascending aorta.  The time to a long-term event was calculated from the date of first surgery to the first documented qualifying event or to 6/30/2015, if none occurred.  Patients were followed for a median (10-90%’ile) of 4.3 (1.0 – 9.2) years.

Analysis Plan
To test the central hypothesis that concurrent repair of dilated or aneurysmal aortic disease during AVR in patients with BAV substantially improves morbidity and mortality outcomes, we performed separate analyses on each of two partially-overlapping patient populations. First, we examined only those patients undergoing AVR-only surgery who had a largest aortic dimension ≥35mm, compared to patients undergoing AVR with aortic resection (AVR-AR) who had a largest aortic dimension ≥40mm.  These dimensions were chosen because it was assumed that patients with aortic dimensions smaller than these would not be informative to the primary hypothesis but allowed matching using a 5mm difference in aortic dimensions.  We used the largest aortic dimension even though there is normal anatomical variation in aortic dimensions between root and tubular aorta because the Guidelines only provide a single value for their recommendation.  From the 1,879 patient cohort, 1,325 patients with aortic dimension greater than these cutoffs were included in subsequent analyses.  We performed analyses based upon the largest dimension measured at the levels of the sinuses of Valsalva and ascending aorta of each patient independent of anatomical norms, as the current Guidelines do not account for anatomical variation [27,28]. Aortic dimensions in excess of 60mm (n=46) were trimmed to 60 as it was felt that dimensions greater than 60mm would make little additional difference in surgical decision-making.   
As normal aortic dimensions are associated with age, gender and body size, we additionally normalized aortic dimensions to Z-scores using a robust population-based algorithm that provides separate estimations for both the sinuses of Valsalva and the ascending aorta and provided a more attractive option for combining dimensions across the length of the ascending aorta [18].  The Z-scores for individuals’ dimensions were calculated and the largest Z-score present for any portion of the aorta was used for analysis [18].  From the 1,879 patient cohort, we examined those patients undergoing AVR-only surgery who had a largest aortic Z-score ≥ 1.0, compared to patients undergoing AVR -AR who had a largest aortic Z-score ≥ 1.96 [19].  1141 patients with Z-scores above these cutoffs were included in subsequent analyses.  Z-scores of 1.96 [19] and 3.0 [29] were used as cut-point values for further examination of outcomes.

Statistical Analysis
Normally distributed variables are summarized by their means and standard deviations. Normality of continuous data was determined by the Kolmogorov-Smirnov test. Non-normally distributed continuous variables are summarized by medians with 10 – 90 percentiles.  Group differences in variables were compared by Fisher’s exact test, Student’s t-test or Mann-Whitney’s U test, as appropriate. All statistical tests were 2-sided and a p value <0.05 was considered statistically significant. 
We performed both proportional hazards regression modeling and applied the potential outcomes framework (POF) upon the composite outcome of mortality or reoperation.  Each analysis method was used on two overlapping patient sets derived from measurements of largest aortic dimension and Z-score (Figure 1). 

Proportional Hazards Regression Modeling  
A joint outcome of mortality or time to reoperation was analyzed by Kaplan-Meier and a backward stepwise Cox proportional hazards regression. For these analyses we selected variables based on their clinical significance, variation between study cohorts, and known contributions to life expectancy.  They included age, chronic obstructive pulmonary disease, hypertension, renal failure, cancer, peripheral vascular disease, diseased coronary vessels, left ventricular ejection fraction, and largest aortic size, amongst others. For exposure and each potential confounder, we first performed univariate analyses, followed by multivariate analysis including all potential confounders with a univariate P value < 0.05.  Age, gender, aortic size or Z-score and institution were forced into the model, along with testing for interaction of age with aortic size.  The proportional hazards assumption was tested using scaled Schoenfeld residuals. Potential colinearity was examined by reintroducing each omitted variable into the model. Results are presented as hazard ratios (HR) with 95% confidence intervals (CI).  

Matching using Potential Outcomes Framework  
We conducted a matched pairs analysis comparing AVR-only patients to AVR-AR patients using POF [30-32] to estimate the causal effect of AVR-AR on mortality rate and reoperation, compared to AVR-only.   We did this as POF has fewer model assumptions and is better able to account for large differences in many covariates, where assumptions of proportional hazards models are difficult to verify.   The background variables were split into three groups according to their perceived importance of matching.  For the primary matching variables, pairs were matched on aorta size ± 5mm, age ± 5 years, year of surgery ± 2 years.  The secondary matching variables were Elixhauser score ± 2 points, gender and institution.  Ages below 40 years were trimmed at 40 years and Elixhauser score was trimmed from below at 1 and from above at 7.  Tertiary predictors were selected based on literature review, known confounding covariates for the outcomes of interest, differences between the AVR-only and AVR-AR cohorts and clinical judgment, yielding 49 variables.  Next, we defined a distance for every pair of patients based on the individuals’ values of the matching and tertiary background variables.  In this distance, each tertiary variable has the same influence, each secondary variable has twice as strong influence and each primary variable has 5 times as strong influence as a tertiary variable. We then applied nearest neighbor matching based on within-pair distance, and selected the nearest unused neighbor to create pairs of patients for comparison. The quality of the match for the two matched groups was assessed by a balance plot, which contrasts the differences of the proportions for categorical variables and the differences of the means for the continuous variables in the entire dataset with their counterparts for the matched pairs (Supplementary Figure 1). 
To implement POF, for each matched pair we established which patient (AVR-only
or AVR-AR) had a better composite outcome of mortality or aortic reoperation during the observation period. We were unable to estimate a function of aorta size on age for which the choice between the two treatments is in balance [33].  In order to examine the primary hypothesis, we explored whether there are any particular configurations of age and largest aortic dimension for which deviation from the average treatment effect is substantial, suggesting that AVR-AR should, or should not, be performed.   We also performed the same analyses using largest aortic Z-score to determine if there are substantial improvements in predictive value from using normalized aortic dimensions to account for morphological differences.


RESULTS
Whole Cohort Characteristics
Characteristics of the source cohort comprising 1,879 BAV individuals are described in Tables 1 and 2. Distributions of patients’ characteristics at the two institutions were similar (Supplementary Table 1).  Some characteristics differed, in part due to systematic differences in data recording depending on STS database version such as seen for medications, NYHA class, prior stroke and the presence of coronary artery disease. 
Differences in patient characteristics and aortic dimensions at the time of operation between operative cohorts (AVR-only vs. AVR-AR) were observed (Table 1). The AVR-only cohort was generally older and with a higher prevalence of risk factors for CAVD such as hyperlipidemia, renal failure, diabetes and hypertension than the AVR-AR cohort (Table 1).  Patients undergoing AVR-AR were less likely to have coronary artery disease, heart failure, left ventricular dysfunction, and to have undergone prior cardiac surgery.  As expected, the AVR-AR cohort had larger average aortic dimensions at operation than the AVR-only cohort (Table 1).  The AVR-AR cohort had less severe aortic stenosis but had increased likelihood of aortic regurgitation secondary to aortic root dilation, indicating that both aortic valve dysfunction and aortic dilation drove the propensity towards aortic resection. Patients with prior or concurrent coronary artery bypass grafting or mitral valve surgery during the current surgery were less likely to undergo AVR-AR (Table 1).  No patient presented for secondary surgery with ascending aortic dissection.

Study Cohort Characteristics
There was significant subject overlap between the aortic dimension and aortic Z-score cohorts.   Of the 1325 patients in the aortic dimension based cohort (AVR-only surgery with largest aortic dimension ≥35mm and AVR-AR surgery with largest aortic dimension ≥40mm) and the 1141 patients in the aortic Z-score based cohort (AVR-only surgery with largest aortic Z-score ≥ 1.0 and AVR -AR with largest aortic Z-score ≥ 1.96), 1115 patients were common to both cohorts (Figure 1).   Distributions of patients’ characteristics at the two institutions were similar (Supplementary Tables 2 and 3).  
For the cohort of 648 patients with BAV who underwent AVR-only with a largest aortic dimension ≥35 mm and 641 patients with BAV who underwent AVR-AR with a largest aortic dimension ≥40 mm, we observed differences in patient characteristics, aortic valve function and aortic dimensions (Table 2).  The AVR-only group was generally younger, and had a higher prevalence of risk factors for CAVD including diabetes, dyslipidemia, hypertension, renal dysfunction and peripheral vascular disease, than did the AVR-AR cohort.  They were also more likely to have coronary disease and undergo concomitant coronary artery bypass surgery.  Patients in the AVR-AR cohort had larger overall aortic dimensions and Z-scores, but had less severe aortic stenosis.  Patients in the AVR-only cohort had smaller aortic valve areas and higher trans-valvular gradients than patients in the AVR-AR cohort who had larger aortic dimensions and greater severity of aortic regurgitation.  The AVR-only cohort also had a higher prevalence of moderate or severe mitral regurgitation and concurrent mitral valve surgery.
For the cohorts of 505 patients who underwent AVR-only with a largest aortic Z-score ≥1.0 and 636 patients who underwent AVR-AR with a largest aortic Z-score greater ≥1.96, we observed differences in patient characteristics and in aortic valve function and aortic dimensions (Table 3) that generally resembled those seen in the comparison of cohorts based upon aortic dimensions.  

Patient Outcomes
There were no significant differences between the two cohorts in reoperation or mortality outcomes by surgeon, hospital or the operation performed (Table 4 and Supplementary Tables 4 and 5).  Event rates were low, with rates of reoperation and death within one year of only 1.8% and 5.4%, respectively.  There was no aortic dissection reported during follow-up. There were too few re-operations to permit proportional hazards modeling of re-operative risk alone, therefore the death and reoperation outcomes were combined for all analyses.
Within the observation period, the dimension-based and Z-score based analyses had similar associations with the composite outcome as assessed by logistic regression (Tables 4 and 5).  Older age, smoking, cancer and coronary artery disease and its risk factors were associated with the composite outcome.  More urgent operations with accompanying CABG were also associated with the outcome. There was no significant association between aortic dimension, type of operation or an interaction term of these two predictors, with outcome occurrence (Tables 4 and 5) except at the 5-year time point where there was a statistically significant excess of events in the AVR group.  Censoring events occurred more frequently in the elderly, and in patients with COPD, renal failure, cancer and those with low left ventricular ejection fraction (Table 4).  Surprisingly, hypertension was protective for these outcomes, perhaps because it was recognized as a risk factor for aortic dissection and well-treated.
Overall, there was no significant difference in outcomes between the AVR-only and AVR-AR procedures, nor across aortic dimensions or Z-scores (Table 6) when assessed using Cox proportional hazards.  The highest hazard ratios were observed for increased age and the use of dialysis preoperatively (Table 6).  Although the frequency of events was greater for patients with larger aortic dimensions, this did not reach statistical significance in multivariable analysis for either aortic dimension or Z-scores.  The proportional hazards assumption held in the final multivariate models (P=0.18 for dimension-based analysis and P=0.26 for Z-score based analysis).  

Analysis using the potential outcomes framework
POF was applied to the cohorts defined by aortic dimension and Z-score in separate analyses.  By applying a combination of caliper and nearest-neighbor matching, we obtained 292 matched pairs of patients, one patient from each surgical group in each pair. In 21 of these pairs the AVR-only patient had a superior outcome to his or her AVR-AR match, and in 15 pairs the AVR-AR patient had a superior outcome (P=0.30); see Supplementary Figure 2, where their values of aortic dimension and age can be compared informally.
The results of the POF analysis of event-free survival over the study period in the cohort classified using aortic dimensions are shown as a 'heat map' (Figures 3A and B).  Preference for one operation over the other is shown in Figure 3A; a smoothed representation of Supplementary Figure 2, with the same axes (age and aortic dimension).  The effective sample size shows the effective sample size, interpreted as level of precision for the configurations of age and aortic dimension is shown in Figure 3B.  The greatest statistical power was achieved for ages 55-80 years and an aortic dimension around 45mm (Figure 3B), but in this range neither operation performed substantially better than the other (Figure 3A).  
After transforming aortic dimensions to Z-scores, there was no important overall difference in outcomes and no change in the conclusion that AVR-AR is not associated with improvement in outcomes for any aortic dimension or age group.  Analysis of specific Z-score subgroups showed no advantage for patients with a Z-score between 1.96 – 3.0, or for a Z score ≥3 (Supplementary Figure 3).


DISCUSSION
This observational study compared mortality and aortic reoperation in adults with BAV who underwent AVR with a dilated aortic root or ascending aorta in a large two-institution study with tertiary expertise in aortic surgery to determine the effect of concurrent aortic resection upon a composite mortality and aortic reoperation outcome.  Our aims were to determine ages and aortic dimensions that concurrent repair of dilated or aneurysmal aortic disease during AVR in patients with BAV, substantially improves morbidity and mortality outcomes.  We performed two separate statistical analyses, each with their own strengths, in order to assess the relative value of each operation over a range of ages and assessing aortic size by largest aortic dimension and by largest dimensionless Z-score estimated using a population-based algorithm that accounts for differences in normal aortic dimensions in the aortic root and ascending aorta.  
Our principal findings were:  (1) There was a very low incidence of mortality and reoperation after both operations, leading a conclusion that both operations are reasonable choices for patients.  (2) We were unable to identify an age or aortic dimension, or combination thereof associated with better or worse outcomes after each operation.  Even though this study encompassed a 12-year experience at two major tertiary care institutions, the incidence of mortality and reoperation was too low to allow analysis of age or aortic dimension subgroups.  (3) Use of Z-scores to account for patient morphometry did not provide improved association of aortic size with outcomes.  Although it is likely that this finding is due to the low incidence of events, there was no apparent trend for improvement in prediction when accounting for patient morphometry.  These findings lead us to the conclusions that both operations are safe and have utility over a wide range of age and aortic sizes.
Complexity in Decision-Making
The decision if and when to operate on the dilated bicuspid ascending aorta is one of the more complex in medicine.  There are conflicting facts in play when making the decision.  (1) The risk of aortic dissection is probably higher in patients with BAV.  (2) The absolute rate of aortic dissection is low.  (3) Even though the relative risk of aortic dissection increases with increased aortic size, the majority of aortic dissections occur at low dimensions.  (4) Reoperation upon the ascending aorta is more difficult and carries more risk than primary aortic repair, therefore favoring concurrent operation.  (5) There is variability in the rate of aortic dilation amongst individuals, both before and after AVR, which cannot be accurately foretold for an individual patient.

Absolute and Relative Risk of Aortic Dissection
The principal rationale for performing aortic replacement concurrently with surgical AVR in patients with BAV is to prevent subsequent aortic dissection and to reduce the need for later reoperative surgery for aortic aneurysm.  The relative overabundance of aortic dilation, aneurysm and aortic dissection in patients with BAV, compared to those with TAV is well recognized [34-37] but not uniformly supported [8,38,39].  However, it is far from clear whether the absolute risk of aortic rupture or dissection mandates a different surgical approach compared to the tricuspid aortic valve.  Early studies indicated a 16% aortic dissection or aortic aneurysm operation rate over 20 years of follow-up in patients with BAV [11] and that freedom from reoperation for aortic replacement was reduced in patients with larger initial aortic dimensions [10].  In contrast, in one of the largest studies [7], there was a reported 1% aortic dissection rate and a 10% rate of progressive aortic enlargement over a 12-year follow-up period, well below that previously reported.   One of the most difficult aspects of preventing thoracic aortic dissection in BAV is that the majority of aortic dissections occur at an aortic dimension <55mm [40], even though the relative risk is much higher as the aorta dilates.  Furthermore, it is now recognized that the aortic size measured at dissection is considerably larger than present prior to dissection, thus prior studies may have over-estimated aortic size and ascribed increased risk to much larger aortic dimensions than present pre-dissection [41].
Thus, it appears that the absolute rate of aortic dissection is very low, especially over the last decade [4,6-8,42].   These conflicting findings have brought considerable debate and recent revision of Guidelines.  The debate is further fueled by Guidelines that do not take into account other patient characteristics, such as age, untreated hypertension, renal or cardiac disease, family history or genetic findings.  Given such a low rate of dissection, the operative risk must be low in order to justify resection.

Does the Non-resected Aorta Dilate Disproportionately
Some individuals with BAV have progressive aortic dilation after AVR and are likely to have an increasing risk of aortic dissection over time or to progress above a Guideline dimension for aortic resection, thus indicating a reoperation.   Confounding surgical decision-making, several studies have shown that disproportionate aortic dilation does [43-45], or does not [6,42,46-49], occur after resection of a diseased BAV.  It seems likely that mean aortic size does increase, but not disproportionate to the general population, after accounting for age and body habitus.  However, some individuals in all studies dilate at rate in excess of the population average, whether or not the BAV is resected [50,51]. 
To date, there is no valid prediction index for aortic dilation [48,50,52].  In the absence of a reasonable method for predicting those who will have disproportionate aortic dilation, there are strong patient and physician forces favoring resection at lower aortic dimensions, especially given the now low surgical risks of aortic resection we, and others, have observed.

Limitations
Retrospective cohort study design has inherent limitations but is the only feasible method to assess long-term BAV outcomes.  Patients were not randomly assigned to undergo concurrent aortic resection, thus there is considerable opportunity for bias by clinical presentation or surgical practices that are possibly unaccounted for in this study.  Although both statistical techniques used in this study are designed to reduce systematic bias in retrospective observational studies, they are unable to account for unmeasured confounders.  
We used all-cause rather than cardiac-specific mortality in all analyses, which can be disadvantageous as it includes mortality that is not due the primary disease.  However, it does allow for a more complete accounting of mortality and accounts for competing risks of death and potential biases observed in cause-of-death reporting.  We are unable to identify reoperations that occurred at other institutions or aortic dissection not causing mortality outside our network.  This may result in systematic under-reporting but it unlikely to bias study findings towards favoring either operation.
There are known systematic differences in methods of aortic dimension measurement between imaging modalities and use of anatomical landmarks for estimating aortic dimension.  These differences were probably small and unlikely to have affected surgical decision-making as surgical decision-making is usually based on reported aortic dimensions.
Although this study covers more than 12-years experience at two major tertiary care institutions, only 1,325 patients with complete data were identified and the follow-up period was relatively short.  Thus, there is a clear need for lifelong outcomes studies with detailed longitudinal imaging of the aorta to establish strong, well-supported conclusions that are best approached by longitudinal consortium studies.

CONCLUSIONS
Our results do not provide support for the 45mm aortic dimension recommended in the current Guidelines for aortic resection while performing AVR [12].  Although there are strong patient and provider forces favoring aortic resection at relatively low aortic dimensions to avoid a need for reoperation or aortic dissection, this study reports a very low rate of reoperation for aortic dilation.  Of course, the low risk of reoperation in the AVR-only group needs to be balanced against the similarly-low risk of undergoing concomitant aortic replacement at the time of AVR.  The findings of this study do not support either approach and thus does not establish an aortic dimensional threshold to guide decision-making for an individual patient within the range of 40-60mm.  Rather, they support a research direction that decisions about operative management of aortic disease should not only be based upon aortic dimensions.  Additional patient-specific decision-making may benefit from development of 4D-flow magnetic resonance imaging, molecular imaging of the aorta, enhanced intraoperative surgical observation including perception of aortic wall integrity, preoperative genotyping and biomarker studies, and intraoperative histological findings.  Advances in surgical and less-invasive techniques may alter the risk-benefit analysis in the future.  The use of TAVR in lower risk populations may reduce the impetus for concurrent aortic resection, as the chest doesn’t have to be opened for TAVR.

PERSPECTIVES 
Competency in Medical Knowledge: Patients with bicuspid aortic valve (BAV) disease have a low but still increased risk of aortic root and ascending aortic aneurysm and dissection compared to the general population.  Repair of the aortic root or ascending aorta during aortic valve surgery has very low risk but does not have significant mortality or reoperation advantage compared to aortic valve replacement surgery alone.
Competency in Patient Care:  There is no support from this study for Guideline recommendations supporting aortic repair above a certain aortic dimension between the range of 40-60mm while performing concurrent aortic valve replacement.  Patient-specific treatment decisions should take patient factors into account, in addition to aortic dimension.
Translational Outlook 1:  Fundamental limitations to observational studies mandate prospective, longitudinal consortium-based studies to examine the importance of aortic dimensions and other detailed patient phenotyping upon long-term outcomes.

Table 1.  Demographic, medical and surgical characteristics and aortic dimensions of 1,879 patients without exclusion criteria, undergoing aortic valve replacement, with or without ascending aortic aneurysm repair.
	 
	Spacer
	AVR only            (N=1229)
	Spacer
	AVR and AAA   (N=650)
	Spacer
	P value

	Preoperative data
	 
	
	
	
	
	 

	Age at AVR (years; N/%)
	 
	
	
	
	
	 

	< 50
	 
	127 (10%)
	
	49 (8%)
	
	0.0004

	50-59
	 
	194 (16%)
	
	106 (16%)
	
	

	60-69
	 
	327 (27%)
	
	160 (25%)
	
	

	70-79
	 
	347 (28%)
	
	242 (37%)
	
	

	≥80
	 
	234 (19%)
	
	93 (14%)
	
	

	Gender (Female; N/%)
	 
	379 (31%)
	
	159 (24%)
	
	0.003

	Race (Caucasian; N/%)
	 
	1158 (94%)
	
	624 (96%)
	
	0.092

	Height (cm; mean/SD)
	 
	172 (10)
	
	174 (10)
	
	<0.0001

	Weight (kg; mean/SD)
	 
	84 (19)
	
	86 (18)
	
	0.096

	BSA (m2; mean/SD)
	 
	1.96 (0.24)
	
	2.00 (0.23)
	
	0.004

	BMI (kg/m2; mean/SD)
	 
	28 (6)
	
	28 (5)
	
	0.7

	BMI>30 kg/m2 (N/%)
	 
	390 (32%)
	
	194 (30%)
	
	0.4

	Income decile (N/%)
	 
	
	
	
	
	 

	0-4
	 
	84 (7%)
	
	44 (7%)
	
	0.89

	5-7
	 
	168 (14%)
	
	85 (13%)
	
	

	8-10
	 
	943 (79%)
	
	509 (80%)
	
	

	Elixhauser score (N/%)
	 
	
	
	
	
	 

	0-4
	 
	888 (72%)
	
	422 (66%)
	
	

0.0001

	5-6
	 
	341 (28%)
	
	224 (34%)
	
	

	>6
	 
	0 (0%)
	
	4 (1%)
	
	

	Smoker past or current  (N/%)
	 
	448 (36%)
	
	208 (32%)
	
	0.053

	COPD (N/%)
	 
	158 (13%)
	
	60 (9%)
	
	0.017

	Diabetes (N/%)
	 
	212 (17%)
	
	43 (7%)
	
	<0.0001

	Dyslipidemia (N/%)
	 
	826 (67%)
	
	339 (52%)
	
	<0.0001

	Hypertension (N/%)
	 
	753 (61%)
	
	357 (55%)
	
	0.007

	Preop creatinine (mean/SD)
	 
	1.10 (0.53)
	
	1.04 (0.44)
	
	0.011

	Preop dialysis (N/%)
	 
	8 (1%)
	
	4 (1%)
	
	0.93

	Cancer (N/%)
	 
	202 (16%)
	
	83 (13%)
	
	0.03

	Prior stroke  (N/%)
	 
	81 (7%)
	
	31 (5%)
	
	0.11

	Peripheral vascular disease (N/%)
	 
	92 (7%)
	
	107 (16%)
	
	<0.0001

	
	 
	
	
	
	
	 

	Medications
	 
	
	
	
	
	 

	Beta blocker (N/%)
	 
	179 (15%)
	
	127 (20%)
	
	0.0002

	ACEI/ARB (N/%)
	 
	96 (8%)
	
	37 (6%)
	
	0.0008

	Lipid lowering (N/%)
	 
	348 (31%)
	
	153 (24%)
	
	<0.0001

	
	 
	
	
	
	
	 

	Prior Cardiac Status
	 
	
	
	
	
	 

	NYHA class (N/%)
	 
	
	
	
	
	 

	I or II
	 
	289 (56%)
	
	226 (73%)
	
	<0.0001

	III
	 
	183 (36%)
	
	71 (23%)
	
	

	IV
	 
	40 (8%)
	
	14 (5%)
	
	

	Heart failure (N/%)
	 
	227 (18%)
	
	97 (15%)
	
	0.051

	Prior CABG surgery (N/%)
	 
	48 (6%)
	
	3 (1%)
	
	<0.0001

	Prior non-aortic valve surgery (N/%)
	 
	29 (3%)
	
	9 (2%)
	
	0.16

	Spacer
	 
	
	
	
	
	 

	Coronary and Valve Disease
	 
	
	
	
	
	 

	Coronary artery disease (N/%)
	 
	639 (52%)
	
	232 (36%)
	
	<0.0001

	Diseased coronary vessels (N/%)
	 
	
	
	
	
	 

	0
	 
	813 (66%)
	
	528 (81%)
	
	<0.0001

	1
	 
	195 (16%)
	
	63 (10%)
	
	

	2
	 
	119 (10%)
	
	31 (5%)
	
	

	3
	 
	102 (8%)
	
	28 (4%)
	
	

	Aortic insufficiency (N/%)
	 
	
	
	
	
	 

	None, Trace or Mild
	 
	843 (69%)
	
	376 (58%)
	
	<0.0001

	Moderate
	 
	215 (17%)
	
	178 (27%)
	
	

	Severe
	 
	171 (14%)
	
	96 (15%)
	
	

	Aortic valve area (cm2; mean/SD)
	 
	0.78 (0.28)
	
	0.91 (0.38)
	
	<0.0001

	Ao valve mean gradient (mmHg; mean/SD)
	 
	50 (19)
	
	44 (19)
	
	<0.0001

	Mitral incompetence (N/%)
	 
	
	
	
	
	 

	None, Trace or Mild
	 
	1024 (83%)
	
	571 (88%)
	
	0.024

	Moderate
	 
	151 (12%)
	
	55 (8%)
	
	

	Severe
	 
	54 (4%)
	
	23 (4%)
	
	

	LV ejection fraction (N/%)
	 
	
	
	
	
	 

	<30%
	 
	69 (6%)
	
	17 (3%)
	
	0.0004

	30-49%
	 
	132 (11%)
	
	60 (9%)
	
	

	≥50%
	 
	1012 (83%)
	 
	562 (88%)
	 
	

	
	
	
	
	
	
	

	Aortic measurements (mm)
	 
	 
	 
	 
	 
	 

	Aortic root dimension (mean; SD; N)
	 
	34.1 / 5.9 / 507
	
	39.5 / 7.1 / 376
	
	<0.0001

	median (10-90% CI)
	 
	34 (27 - 42)
	
	39 (31 - 49)
	
	<0.0001

	Sinotubular junction dimension  (mean; SD; N)
	 
	30.2 / 5.7 / 726
	
	36.7 / 7.1 / 382
	
	<0.0001

	median (10-90% CI)
	 
	30 (24 - 38)
	
	36 (29 - 47)
	
	<0.0001

	Ascending aorta dimension  (mean; SD; N)
	 
	36.9 / 6.2 / 825
	
	47.7 / 5.6 / 634
	
	<0.0001

	median (10-90% CI)
	 
	37 (30 - 46)
	
	47 (42 - 54)
	
	<0.0001

	Largest aortic dimension  (mean; SD; N)
	 
	35.8 / 6.4 / 1229
	
	48.4 / 5.2 / 650
	
	<0.0001

	median (10-90% CI)
	 
	35 (28 - 44)
	
	48 (43 - 55)
	
	<0.0001

	 
	 
	
	
	
	
	 

	Aortic measurements (Z-score)
	 
	
	
	
	
	 

	Aortic root Z-score (mean; SD; N)
	 
	-0.62 / 1.84 / 507
	
	0.97 / 1.96 / 375
	
	<0.0001

	median (10-90% CI)
	 
	-0.69 (-2.71 - 1.84)
	
	0.80 (-1.34 - 3.54)
	
	<0.0001

	Z-score > 1.96 (N, %)
	 
	44 (15%)
	
	105 (28%)
	
	<0.0001

	Z-score > 3.0 (N, %)
	 
	15 (5%)
	
	56 (15%)
	
	<0.0001

	STJ Asc Ao Z-score  (mean; SD; N)
	 
	0.86 / 1.72 / 998
	
	3.77 / 1.12 / 643
	
	<0.0001

	median (10-90% CI)
	 
	0.86 (-1.34 - 2.91)
	
	3.77 (2.46 - 5.08)
	
	<0.0001

	Z-score > 1.96 (N, %)
	 
	243 (24%)
	
	625 (97%)
	
	<0.0001

	Z-score > 3.0 (N, %)
	 
	91 (9%)
	
	488 (76%)
	
	<0.0001

	Largest aortic Z-score  (mean; SD; N)
	 
	0.58 / 1.86 / 1229
	
	3.81 / 1.08 / 650
	
	<0.0001

	median (10-90% CI)
	 
	0.70 (-1.83 - 2.84)
	
	3.81 (2.50 - 5.08)
	
	<0.0001

	Z-score > 1.96 (N, %)
	 
	267 (22%)
	
	636 (98%)
	
	<0.0001

	Z-score > 3.0 (N, %)
	 
	101 (8%)
	
	499 (77%)
	
	<0.0001

	Spacer
	 
	
	
	
	
	 

	Operation
	 
	
	
	
	
	 

	Hospital
	 
	
	
	
	
	 

	BWH
	 
	433 (35%)
	
	293 (45%)
	
	<0.0001

	MGH
	 
	796 (65%)
	
	357 (55%)
	
	

	Year of operation (N/%)
	 
	
	
	
	
	 

	2002-2003
	 
	121 (10%)
	
	37 (6%)
	
	0.0005

	2004-2005
	 
	143 (12%)
	
	74 (11%)
	
	

	2006-2007
	 
	207 (17%)
	
	94 (14%)
	
	

	2008-2009
	 
	225 (18%)
	
	160 (25%)
	
	

	2010-2011
	 
	248 (20%)
	
	151 (23%)
	
	

	2012-2013
	 
	285 (23%)
	
	134 (21%)
	
	

	Urgency (N/%)
	 
	
	
	
	
	 

	Elective
	 
	961 (78%)
	
	557 (86%)
	
	<0.0001

	Not elective
	 
	268 (22%)
	
	93 (14%)
	
	

	CABG performed (N/%)
	 
	316 (26%)
	
	106 (16%)
	
	<0.0001

	DHCA used (N/%)
	 
	5 (0%)
	
	360 (56%)
	
	<0.0001

	Operation (N/%)
	 
	
	
	
	
	 

	AVR only
	 
	1229 (100%)
	
	-
	
	-

	AVR & Asc Ao 
	 
	-
	
	650 (100%)
	
	-

	Aortic valve implant type (N/%)
	 
	
	
	
	
	 

	Mechanical
	 
	210 (21%)
	
	149 (26%)
	
	0.0009

	Bioprosthesis
	 
	910 (79%)
	
	430 (74%)
	
	

	Mitral valve repair or replacement (N/%)
	 
	82 (7%)
	 
	21 (3%)
	 
	0.0012

	
	
	
	
	
	
	





Table 2.  Demographic, medical and surgical characteristics and aortic dimensions of 1,325 patients without exclusion criteria and with aortic dimensions ≥35mm (for the aortic valve replacement cohort) or 40mm (for the aortic valve replacement with ascending aortic aneurysm repair cohort).
	 
	
	AVR only      (N=648)
	
	AVR and AAA   (N=641)
	
	P value

	Preoperative data
	 
	
	
	
	
	 

	Age at AVR (years; N/%)
	 
	
	
	
	
	 

	< 50
	 
	38 (6%)
	
	47 (7%)
	
	<0.0001

	50-59
	 
	81 (12%)
	
	104 (16%)
	
	

	60-69
	 
	151 (22%)
	
	159 (25%)
	
	

	70-79
	 
	225 (33%)
	
	239 (37%)
	
	

	≥80
	 
	189 (28%)
	
	92 (14%)
	
	

	Gender (Female; N/%)
	 
	148 (22%)
	
	155 (24%)
	
	0.27

	Race (Caucasian; N/%)
	 
	642 (94%)
	
	618 (96%)
	
	0.041

	Height (cm; mean/SD)
	 
	174 (10)
	
	174 (10)
	
	0.52

	Weight (kg; mean/SD)
	 
	86 (18)
	
	86 (18)
	
	0.66

	BSA (m2; mean/SD)
	 
	2.01 (0.23)
	
	2.01 (0.23)
	
	0.95

	BMI (kg/m2; mean/SD)
	 
	28 (6)
	
	28 (5)
	
	0.35

	BMI>30 kg/m2 (N/%)
	 
	208 (30%)
	
	192 (30%)
	
	0.86

	Income decile (N/%)
	 
	
	
	
	
	 

	0-4
	 
	44 (7%)
	
	44 (7%)
	
	0.94

	5-7
	 
	92 (14%)
	
	84 (13%)
	
	

	8-10
	 
	526 (79%)
	
	501 (80%)
	
	

	Elixhauser score (N/%)
	 
	
	
	
	
	 

	0-4
	 
	483 (71%)
	
	414 (65%)
	
	0.005

	5-6
	 
	201 (29%)
	
	223 (35%)
	
	

	>6
	 
	0 (0%)
	
	4 (1%)
	
	

	Smoker past or current  (N/%)
	 
	236 (35%)
	
	206 (32%)
	
	0.38

	COPD (N/%)
	 
	84 (12%)
	
	58 (9%)
	
	0.06

	Diabetes (N/%) *NIDDM or IDDM
	 
	112 (16%)
	
	43 (7%)
	
	<0.0001

	Dyslipidemia (N/%)
	 
	454 (66%)
	
	335 (52%)
	
	<0.0001

	Hypertension (N/%)
	 
	414 (61%)
	
	352 (55%)
	
	0.039

	Preop creatinine (mean/SD)
	 
	1.12 (0.61)
	
	1.04 (0.44)
	
	0.0069

	Preop dialysis (N/%)
	 
	5 (1%)
	
	4 (1%)
	
	0.99

	Cancer (N/%)
	 
	108 (16%)
	
	82 (13%)
	
	0.14

	Prior stroke  (N/%)
	 
	45 (7%)
	
	31 (5%)
	
	0.19

	Peripheral vascular disease (N/%)
	 
	48 (7%)
	
	107 (17%)
	
	<0.0001

	Spacer
	 
	
	
	
	
	 

	Medications
	 
	
	
	
	
	 

	Beta blocker (N/%)
	 
	112 (16%)
	
	127 (20%)
	
	0.002

	ACEI/ARB (N/%)
	 
	55 (8%)
	
	36 (6%)
	
	0.0004

	Lipid lowering (N/%)
	 
	214 (31%)
	
	153 (24%)
	
	0.002

	Spacer
	 
	
	
	
	
	 

	Prior Cardiac Status
	 
	
	
	
	
	 

	NYHA class (N/%)
	 
	
	
	
	
	 

	I or II
	 
	270 (58%)
	
	225 (73%)
	
	0.001

	III
	 
	100 (34%)
	
	70 (23%)
	
	

	IV
	 
	21 (7%)
	
	14 (5%)
	
	

	Heart failure (N/%)
	 
	136 (20%)
	
	97 (15%)
	
	0.025

	Prior CABG surgery (N/%)
	 
	29 (6%)
	
	3 (1%)
	
	<0.0001

	Prior non-aortic valve surgery (N/%)
	 
	14 (3%)
	
	9 (2%)
	
	0.41

	 
	 
	
	
	
	
	 

	Coronary and Valve Disease
	 
	
	
	
	
	 

	Coronary artery disease (N/%)
	 
	342 (50%)
	
	230 (36%)
	
	<0.0001

	Diseased coronary vessels (N/%)
	 
	
	
	
	
	 

	0
	 
	465 (68%)
	
	520 (81%)
	
	<0.0001

	1
	 
	97 (14%)
	
	62 (10%)
	
	

	2
	 
	64 (19%)
	
	31 (5%)
	
	

	3
	 
	58 (8%)
	
	28 (4%)
	
	

	Aortic insufficiency (N/%)
	 
	
	
	
	
	 

	None, Trace or Mild
	 
	452 (66%)
	
	370 (58%)
	
	0.0001

	Moderate
	 
	121 (18%)
	
	175 (27%)
	
	

	Severe
	 
	111 (16%)
	
	96 (15%)
	
	

	Aortic valve area (cm2; mean/SD)
	 
	0.80 (0.30)
	
	0.92 (0.39)
	
	<0.0001

	Ao valve mean gradient (mmHg; mean/SD)
	 
	50 (19)
	
	44 (19)
	
	<0.0001

	Mitral incompetence (N/%)
	 
	
	
	
	
	 

	None, Trace or Mild
	 
	569 (83%)
	
	563 (88%)
	
	0.045

	Moderate
	 
	86 (13%)
	
	55 (9%)
	
	

	Severe
	 
	29 (4%)
	
	23 (4%)
	
	

	LV ejection fraction (N/%)
	 
	
	
	
	
	 

	<30%
	 
	45 (7%)
	
	17 (3%)
	
	0.0013

	30-49%
	 
	75 (11%)
	
	60 (10%)
	
	

	≥50%
	 
	554 (82%)
	 
	553 (88%)
	 
	

	
	
	
	
	
	
	

	Aortic measurements (mm)
	 
	
	
	
	
	 

	Aortic root dimension (mean; SD; N)
	 
	37.3 / 5.3 / 289
	
	39.6 / 7.1 / 367
	
	<0.0001

	median (10-90% CI)
	 
	37 (31-44)
	
	39 (31-49)
	
	<0.0001

	Sinotubular junction dimension  (mean; SD; N)
	 
	32.8 / 5.8 / 396
	
	36.8 / 7.1 / 373
	
	<0.0001

	median (10-90% CI)
	 
	32 (26-41)
	
	36 (29-47)
	
	<0.0001

	Ascending aorta dimension  (mean; SD; N)
	 
	39.8 / 5.0 / 559
	
	47.9 / 5.5 / 625
	
	<0.0001

	median (10-90% CI)
	 
	39 (35-46)
	
	47 (42 - 54)
	
	<0.0001

	Largest aortic dimension  (mean; SD; N)
	 
	40.3 / 4.5 / 684
	
	48.5 / 5.1 / 641
	
	<0.0001

	median (10-90% CI)
	 
	39 (35-46)
	
	48 (43 - 55)
	
	<0.0001

	
	 
	
	
	
	
	 

	Aortic measurements (Z-score)
	 
	
	
	
	
	 

	Aortic root Z-score (mean; SD; N)
	 
	0.23 / 1.68 / 289
	
	0.98 / 1.97 / 367
	
	<0.0001

	median (10-90% CI)
	 
	0.22 (-1.9-2.41)
	
	0.81 (-1.33 - 3.58)
	
	<0.0001

	Z-score > 1.96 (N, %)
	 
	44 (15%)
	
	104 (28%)
	
	<0.0001

	Z-score > 3.0 (N, %)
	 
	15 (5%)
	
	56 (15%)
	
	<0.0001

	STJ Asc Ao Z-score  (mean; SD; N)
	 
	1.81 / 1.23 / 604
	
	3.79 / 1.11 / 634
	
	<0.0001

	median (10-90% CI)
	 
	1.73 (0.45 - 3.39)
	
	3.79 (2.49 - 5.08)
	
	<0.0001

	Z-score > 1.96 (N, %)
	 
	243 (40%)
	
	619 (98%)
	
	<0.0001

	Z-score > 3.0 (N, %)
	 
	91 (15%)
	
	487 (77%)
	
	<0.0001

	Largest aortic Z-score  (mean; SD; N)
	 
	1.75 / 1.23 / 684
	
	3.84 / 1.07 / 641
	
	<0.0001

	median (10-90% CI)
	 
	1.67 (0.34-3.37)
	
	3.83 (2.53 - 5.11)
	
	<0.0001

	Z-score > 1.96 (N, %)
	 
	267 (39%)
	
	630 (98%)
	
	<0.0001

	Z-score > 3.0 (N, %)
	 
	101 (15%)
	
	498 (78%)
	
	<0.0001

	Spacer
	 
	
	
	
	
	 

	Operation
	 
	
	
	
	
	 

	Hospital
	 
	
	
	
	
	 

	BWH
	 
	246 (36%)
	
	291 (45%)
	
	0.0005

	MGH
	 
	438 (64%)
	
	350 (55%)
	
	

	Year of operation (N/%)
	 
	
	
	
	
	 

	2002-2003
	 
	61 (9%)
	
	36 (6%)
	
	<0.0001

	2004-2005
	 
	74 (11%)
	
	73 (11%)
	
	

	2006-2007
	 
	131 (19%)
	
	93 (15%)
	
	

	2008-2009
	 
	111 (16%)
	
	156 (24%)
	
	

	2010-2011
	 
	128 (19%)
	
	150 (23%)
	
	

	2012-2013
	 
	179 (26%)
	
	133 (21%)
	
	

	Urgency (N/%)
	 
	
	
	
	
	 

	Elective
	 
	553 (81%)
	
	549 (86%)
	
	0.019

	Not elective
	 
	131 (19%)
	
	92 (14%)
	
	

	CABG performed (N/%)
	 
	160 (23%)
	
	105 (16%)
	
	0.002

	DHCA used (N/%)
	 
	1 (0%)
	
	357 (56%)
	
	<0.0001

	Operation (N/%)
	 
	
	
	
	
	 

	AVR only
	 
	684 (100%)
	
	-
	
	-

	AVR & Asc Ao 
	 
	-
	
	641 (100%)
	
	-

	Aortic valve implant type (N/%)
	 
	
	
	
	
	 

	Mechanical
	 
	129 (21%)
	
	148 (26%)
	
	0.038

	Bioprosthesis
	 
	489 (79%)
	
	422 (74%)
	
	

	Mitral valve repair or replacement (N/%)
	 
	47 (7%)
	 
	21 (3%)
	 
	0.004

	
	
	
	
	
	
	



Table 3.  Demographic, medical and surgical characteristics and aortic dimensions of 1,141 patients without exclusion criteria and with aortic Z-scores ≥1 (for the aortic valve replacement cohort) or 1.96 (for the aortic valve replacement with ascending aortic aneurysm repair cohort).
	 
	
	
	AVR only       (N=505)
	
	AVR and AAA   (N=636)
	
	P value

	Preoperative data
	 
	 
	
	
	
	
	 

	Age at AVR (years; N/%)
	
	
	
	
	
	
	 

	< 50
	
	
	48 (10%)
	
	49 (8%)
	
	0.0006

	50-59
	
	
	73 (14%)
	
	105 (17%)
	
	

	60-69
	
	
	111 (22%)
	
	158 (25%)
	
	

	70-79
	
	
	153 (30%)
	
	233 (37%)
	
	

	≥80
	
	
	120 (24%)
	
	91 (14%)
	
	

	Gender (Female; N/%)
	
	
	130 (26%)
	
	158 (25%)
	
	0.73

	Race (Caucasian; N/%)
	
	
	471 (93%)
	
	612 (96%)
	
	0.024

	Height (cm; mean/SD)
	
	
	172 (10)
	
	174 (10)
	
	0.015

	Weight (kg; mean/SD)
	
	
	82 (18)
	
	85 (18)
	
	0.013

	BSA (m2; mean/SD)
	
	
	1.95 (0.23)
	
	1.99 (0.23)
	
	0.005

	BMI (kg/m2; mean/SD)
	
	
	28 (5)
	
	28 (5)
	
	0.17

	BMI>30 kg/m2 (N/%)
	
	
	131 (26%)
	
	185 (29%)
	
	0.26

	Income decile (N/%)
	
	
	
	
	
	
	 

	0-4
	
	
	37 (8%)
	
	44 (7%)
	
	0.94

	5-7
	
	
	66 (14%)
	
	83 (13%)
	
	

	8-10
	
	
	386 (79%)
	
	497 (80%)
	
	

	Elixhauser score (N/%)
	
	
	
	
	
	
	 

	0-4
	
	
	359 (71%)
	
	415 (65%)
	
	0.014

	5-6
	
	
	146 (29%)
	
	217 (34%)
	
	

	>6
	
	
	0 (0%)
	
	4 (1%)
	
	

	Smoker past or current  (N/%)
	
	
	163 (32%)
	
	202 (32%)
	
	0.85

	COPD (N/%)
	
	
	55 (11%)
	
	56 (9%)
	
	0.23

	Diabetes (N/%) *NIDDM or IDDM
	
	
	69 (14%)
	
	40 (6%)
	
	<0.0001

	Dyslipidemia (N/%)
	
	
	299 (59%)
	
	327 (51%)
	
	0.01

	Hypertension (N/%)
	
	
	279 (55%)
	
	346 (54%)
	
	0.75

	Preop creatinine (mean/SD)
	
	
	1.10 (0.62)
	
	1.04 (0.44)
	
	0.038

	Preop dialysis (N/%)
	
	
	3 (1%)
	
	4 (1%)
	
	0.94

	Cancer (N/%)
	
	
	71 (14%)
	
	81 (13%)
	
	0.51

	Prior stroke  (N/%)
	
	
	36 (7%)
	
	30 (5%)
	
	0.097

	Peripheral vascular disease (N/%)
	
	
	30 (6%)
	
	106 (17%)
	
	<0.0001

	Spacer
	
	
	
	
	
	
	 

	Medications
	
	
	
	
	
	
	 

	Beta blocker (N/%)
	
	
	72 (14%)
	
	125 (20%)
	
	<0.0001

	ACEI/ARB (N/%)
	
	
	39 (7%)
	
	36 (6%)
	
	<0.0001

	Lipid lowering (N/%)
	
	
	140 (28%)
	
	148 (23%)
	
	0.1

	Spacer
	
	
	
	
	
	
	 

	Prior Cardiac Status
	
	
	
	
	
	
	 

	NYHA class (N/%)
	
	
	
	
	
	
	 

	I or II
	
	
	116 (59%)
	
	223 (73%)
	
	0.005

	III
	
	
	64 (33%)
	
	69 (23%)
	
	

	IV
	
	
	16 (8%)
	
	14 (5%)
	
	

	Heart failure (N/%)
	
	
	82 (16%)
	
	94 (15%)
	
	0.51

	Prior CABG surgery (N/%)
	
	
	18 (5%)
	
	3 (1%)
	
	<0.0001

	Prior non-aortic valve surgery (N/%)
	
	13 (4%)
	
	9 (2%)
	
	0.01

	 
	
	
	
	
	
	
	 

	Coronary and Valve Disease
	
	
	
	
	
	
	 

	Coronary artery disease (N/%)
	
	
	232 (4627
	
	225 (35%)
	
	0.0003

	Diseased Coronary Vessels (N/%)
	
	
	
	
	
	
	 

	0
	
	
	364 (72%)
	
	518 (81%)
	
	0.001

	1
	
	
	63 (11%)
	
	61 (10%)
	
	

	2
	
	
	47 (9%)
	
	31 (5%)
	
	

	3
	
	
	31 (6%)
	
	26 (4%)
	
	

	Aortic insufficiency (N/%)
	
	
	
	
	
	
	 

	None, Trace or Mild
	
	
	313 (62%)
	
	366 (58%)
	
	0.003

	Moderate
	
	
	98 (19%)
	
	176 (27%)
	
	

	Severe
	
	
	94 (19%)
	
	94 (15%)
	
	

	Aortic valve area (cm2; mean/SD)
	
	
	0.81 (0.33)
	
	0.92 (0.39)
	
	0.0002

	Ao valve mean gradient (mmHg; mean/SD)
	
	
	50 (20)
	
	44 (19)
	
	<0.0001

	Mitral incompetence (N/%)
	
	
	
	
	
	
	 

	None, Trace or Mild
	
	
	426 (84)
	
	558 (88%)
	
	0.22

	Moderate
	
	
	59 (12%)
	
	55 (9%)
	
	

	Severe
	
	
	20 (4%)
	
	23 (4%)
	
	

	LV ejection fraction (N/%)
	
	
	
	
	
	
	 

	<30%
	
	
	14 (5%)
	
	16 (3%)
	
	0.043

	30-49%
	
	
	47 (9%)
	
	58 (9%)
	
	

	≥50%
	 
	 
	422 (85%)
	 
	551 (88%) 
	 
	

	
	
	
	
	
	
	
	

	Aortic measurements (mm)
	
	 
	 
	 
	 
	
	 

	Aortic root (mean; SD; N)
	
	
	37.8 / 6.3 / 188
	
	39.6 / 7.1 / 365 
	
	0.003

	median (10-90% range)
	
	
	38 (29 - 46)
	
	39 (31 - 49)
	
	0.025

	Sinotubular junction  (mean; SD; N)
	
	
	33.3 / 6.0 / 307
	
	36.7 / 7.2 / 372 
	
	<0.0001

	median (10-90% range)
	
	
	33 (26 - 41)
	
	36 (29 - 47)
	
	<0.0001

	Ascending aorta  (mean; SD; N)
	
	
	40.7 / 5.1 / 448 
	
	47.9 / 5.6 / 621
	
	<0.0001

	median (10-90% range)
	
	
	40 (36 - 47)
	
	47 (42 - 54)
	
	<0.0001

	Largest aortic dimension  (mean; SD; N)
	
	
	41.4 / 4.7 / 505
	
	48.5 / 5.09 / 636
	
	<0.0001

	median (10-90% range)
	
	
	41 (36 - 48)
	
	48 (43 - 55)
	
	<0.0001

	
	
	
	
	
	
	
	 

	Aortic measurements (Z-score)
	
	
	
	
	
	
	 

	Aortic root (mean; SD; N)
	
	
	0.5 / 1.9 / 188
	
	1.0 / 1.94 / 365
	
	0.004

	median (10-90% range)
	
	
	0.7 (-2.1 - 2.9)
	
	0.8 (-1.3 - 3.6)
	
	0.030

	Z-score > 1.96 (N, %)
	
	
	44 (23%)
	
	105 (29%)
	
	0.19

	Z-score > 3.0 (N, %)
	
	
	15 (8%)
	
	56 (15%)
	
	0.015

	STJ Asc Ao  (mean; SD; N)
	
	
	2.2 / 1.1 / 479 
	
	3.8 / 1.1 / 629
	
	<0.0001

	median (10-90% range)
	
	
	2.0 (1.1 - 3.7)
	
	3.8 (2.5 - 5.1)
	
	<0.0001

	Z-score > 1.96 (N, %)
	
	
	243 (94%)
	
	625 (99%)
	
	<0.0001

	Z-score > 3.0 (N, %)
	
	
	91 (35%)
	
	488 (78%)
	
	<0.0001

	Largest aortic Z score  (mean; SD; N)
	
	
	2.2 / 1.0 / 505
	
	3.9 / 1.04 / 636
	
	<0.0001

	median (10-90% range)
	
	
	2.0  (1.2 - 3.7)
	
	3.8 (2.6 - 5.1)
	
	<0.0001

	Z-score > 1.96 (N, %)
	
	
	267 (53%)
	
	636 (100%)
	
	<0.0001

	Z-score > 3.0 (N, %)
	
	
	101 (20%)
	
	499 (78%)
	
	<0.0001

	Spacer
	
	
	
	
	
	
	 

	Operation
	
	
	
	
	
	
	 

	Hospital
	
	
	
	
	
	
	 

	BWH
	
	
	164 (33%)
	
	341 (67%)
	
	<0.0001

	MGH
	
	
	289 (45%)
	
	347 (55%)
	
	

	Year of operation (N/%)
	
	
	
	
	
	
	 

	2002-2003
	
	
	44 (9%)
	
	36 (6%)
	
	0.0001

	2004-2005
	
	
	52 (10%)
	
	72 (11%)
	
	

	2006-2007
	
	
	96 (19%)
	
	93 (15%)
	
	

	2008-2009
	
	
	78 (15%)
	
	157 (25%)
	
	

	2010-2011
	
	
	102 (20%)
	
	149 (23%)
	
	

	2012-2013
	
	
	133 (26%)
	
	129 (20%)
	
	

	Urgency (N/%)
	
	
	
	
	
	
	 

	Elective
	
	
	410 (81%)
	
	546 (86%)
	
	0.036

	Urgent or more
	
	
	95 (19%)
	
	90 (14%)
	
	

	CABG performed (N/%)
	
	
	104 (21%)
	
	102 (16%)
	
	0.048

	DHCA used (N/%)
	
	
	0 (0%)
	
	355 (56%)
	
	<0.0001

	Operation (N/%)
	
	
	
	
	
	
	 

	AVR only
	
	
	505 (100%)
	
	-
	
	-

	AVR & Asc Ao 
	
	
	-
	
	636 (100%)
	
	

	Aortic valve implant type (N/%)
	
	
	
	
	
	
	 

	Mechanical
	
	
	100 (22%)
	
	147 (26%)
	
	0.17

	Bioprosthesis
	
	
	350 (78%)
	
	419 (74%)
	
	

	Mitral valve repair or replacement (N/%)
	 
	 
	32 (6%)
	 
	21 (3%)
	 
	0.016

	
	
	
	
	
	
	
	






Table 4.   Reoperation and mortality outcomes of 1,325 patients without exclusion criteria and with aortic dimensions ≥35mm (for the aortic valve replacement cohort) or 40mm (for the aortic valve replacement with ascending aortic aneurysm repair cohort).
	 
	 
	
	AVR only      (N=648)
	
	AVR and AAA   (N=641)
	
	P value

	Postoperative outcomes
	 
	 
	 
	 
	 
	 
	 

	Duration of followup                         (years; median (10-90% CI))
	
	 
	5.5 (2.1 - 10.7)
	 
	5.6 (2.2 - 10.2)
	 
	0.61

	Operative mortality (N/%)
	 
	 
	8 (1%)
	 
	6 (1%)
	 
	1.00

	Death or aortic reoperation
	 
	 
	
	 
	
	 
	 

	1-year  (N / %)
	 
	 
	68 / 674
	 
	51 / 628
	 
	0.25

	5-year  (N / %)
	 
	 
	37 / 377
	 
	20 / 369
	 
	0.03

	10-year (N / %)
	 
	 
	1 / 88
	 
	1 / 71
	 
	1.00

	Second operation type 
	 
	 
	
	 
	
	 
	 

	Aortic repair or replacement
	 
	 
	0 (0%)
	 
	2 (20%)
	 
	1.00

	AVR and Aortic repair or replacement
	 
	 
	2 (17%)
	 
	6 (60%)
	 
	

	
	
	
	
	
	
	
	


 

Table 5.  Reoperation and mortality outcomes of 1,141 patients without exclusion criteria and with aortic Z-scores ≥1.0 (for the aortic valve replacement cohort) or 1.96 (for the aortic valve replacement with ascending aortic aneurysm repair cohort).
	 
	 
	
	AVR only                (N=485)
	
	AVR and AAA   (N=630)
	
	P value

	Postoperative outcomes
	 
	 
	 
	 
	 
	 
	 

	Duration of followup                         (years; median (10-90% CI))
	
	 
	5.4 (2.2 - 10.4)
	 
	5.6 (2.2 - 10.2)
	 
	0.8425

	Operative mortality (N/%)
	 
	 
	8 (1%)
	 
	6 (1%)
	 
	1.00

	Death  or aortic reoperation
	 
	 
	
	 
	
	 
	 

	1-year  (N / %)
	 
	 
	47 / 479
	 
	50 / 614
	 
	0.34

	5-year  (N / %)
	 
	 
	26 / 261
	 
	19 / 364
	 
	0.03

	10-year (N / %)
	 
	 
	1 / 58
	 
	1 / 71
	 
	1.00

	Second operation type 
	 
	 
	
	 
	
	 
	 

	Aortic repair or replacement
	 
	 
	0 (0%)
	 
	2 (20%)
	 
	1.00

	AVR and Aortic repair or replacement
	 
	 
	2 (17%)
	 
	6 (60%)
	 
	

	
	
	
	
	
	
	
	


 


Table 6.  Cox proportional hazard model of the reoperation and mortality outcomes of 1,325 patients without exclusion criteria and with aortic dimensions ≥35mm (for the aortic valve replacement cohort) or 40mm (for the aortic valve replacement with ascending aortic aneurysm repair cohort) compared to outcomes observed for a Z-score based analysis of 1,141 patients without exclusion criteria and with aortic Z-scores ≥1.0 (for the aortic valve replacement cohort) or 1.96 (for the aortic valve replacement with ascending aortic aneurysm repair cohort).
	
	 
	Univariate analysis
	 
	Multivariate aortic dimension based analysis (N=1325)
	 
	Multivariate aortic Z-score based analysis (N=1141)

	
	
	HR (95% CI)
	P-values
	Overall         P value
	
	HR (95% CI)
	P-values
	Overall         P value
	
	HR (95% CI)
	P-values
	Overall         P value

	Preoperative data
	 
	 
	
	 
	
	 
	 
	 
	
	 
	 
	 

	Age at AVR (years)
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	< 50
	 
	1
	-
	<0.0001
	
	1
	
	<0.0001
	
	 
	
	<0.0001

	50-59
	 
	1.62 (0.87-3.02)
	0.13
	 
	
	1.28 (0.68-2.41)
	0.45
	 
	
	1.25 (0.65-2.43)
	0.5
	 

	60-69
	 
	2.25 (1.24-4.08)
	0.007
	 
	
	1.39 (0.75-2.58)
	0.30
	 
	
	1.30 (0.68-2.50)
	0.43
	 

	70-79
	 
	5.31 (2.96-9.51)
	<0.00001
	 
	
	2.88 (1.52-5.47)
	0.001
	 
	
	2.84 (1.45-5.56)
	0.002
	 

	≥80
	 
	8.10 (3.95-16.6)
	<0.00001
	 
	
	4.63 (2.14-10.0)
	<0.0001
	 
	
	4.25 (1.84-9.79)
	0.0007
	 

	Gender (Female)
	 
	1.01 (0.69-1.49)
	0.95
	 
	
	 
	
	
	
	 
	
	


	Race (Caucasian)
	 
	1.16 (0.54-2.50)
	0.69
	 
	
	 
	
	 
	
	 
	
	 

	Height (cm)
	 
	1.00 (0.98-1.01)
	0.66
	 
	
	 
	
	 
	
	 
	
	 

	Weight (kg)
	 
	0.99 (0.99-1.00)
	0.26
	 
	
	 
	
	 
	
	 
	
	 

	BSA (m2)
	 
	0.66 (0.32-1.34)
	0.25
	 
	
	 
	
	 
	
	 
	
	 

	BMI (kg/m2)
	 
	0.98 (0.95-1.01)
	0.24
	 
	
	 
	
	 
	
	 
	
	 

	BMI>30 kg/m2
	 
	0.82 (0.56-1.20)
	0.30
	 
	
	 
	
	 
	
	 
	
	 

	Income decile
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	0-4
	 
	1
	-
	0.51
	
	 
	
	 
	
	 
	
	 

	5-7
	 
	0.89 (0.43-1.84)
	0.76
	 
	
	 
	
	 
	
	 
	
	 

	8-10
	 
	0.74 (0.40-1.37)
	0.30
	 
	
	 
	
	 
	
	 
	
	 

	Elixhauser score
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	0-4
	 
	1
	-
	0.017
	
	 
	
	 
	
	 
	
	 

	5-8
	 
	1.85 (1.32-2.58)
	0.0003
	 
	
	 
	
	 
	
	 
	
	 

	9-11
	 
	2.75 (0.38-19.8)
	0.31
	 
	
	 
	
	 
	
	 
	
	 

	Smoker past or current
	 
	1.73 (1.25-2.41)
	0.0011
	 
	
	 
	
	 
	
	 
	
	 

	COPD
	 
	3.14 (2.13-4.61)
	<0.00001
	 
	
	2.2 (1.46-3.3)
	0.0002
	 
	
	1.55 (0.95-2.54)
	0.079
	 

	Diabetes *NIDDM or IDDM
	 
	1.90 (1.22-2.94)
	0.0043
	 
	
	 
	
	 
	
	 
	
	 

	Dyslipidemia
	 
	0.84 (0.60-1.18)
	0.31
	 
	
	 
	
	 
	
	 
	
	 

	Hypertension
	 
	0.44 (0.30-0.63)
	<0.0001
	 
	
	0.63 (0.42-0.93)
	0.021
	 
	
	0.64 (0.42-0.97)
	0.036
	 

	Preop creatinine (mg/dL)
	 
	1.45 (1.26-1.68)
	<0.0001
	 
	
	 
	
	 
	
	 
	
	 

	Preop dialysis
	 
	6.43 (2.37-17.4)
	0.0003
	 
	
	6.58 (2.31-18.7)
	0.0004
	 
	
	6.98 (2.09-23.3)
	0.0016
	 

	Cancer
	 
	2.34 (1.61-3.40)
	<0.0001
	 
	
	1.58 (1.06-2.35)
	0.025
	 
	
	1.71 (1.11-2.63)
	0.015
	 

	Prior stroke 
	 
	1.46 (0.77-2.77)
	0.25
	 
	
	 
	
	 
	
	 
	
	 

	Peripheral vascular disease
	 
	1.58 (1.04-2.40)
	0.032
	 
	
	1.68 (1.07-2.61)
	0.023
	 
	
	1.45 (0.89-2.38)
	0.13
	 

	Spacer
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Medications
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Beta blocker
	 
	0.73 (0.47-1.12)
	0.15
	 
	
	 
	
	 
	
	 
	
	 

	ACEI/ARB
	 
	0.83 (0.44-1.59)
	0.58
	 
	
	 
	
	 
	
	 
	
	 

	Lipid lowering
	 
	1.33 (0.93-1.92)
	0.12
	 
	
	 
	
	 
	
	 
	
	 

	Spacer
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Prior Cardiac Status
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	NYHA class (N=600)
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	I or II
	 
	1
	
	0.0048
	
	 
	
	 
	
	 
	
	 

	III
	 
	2.14 (1.29-3.56)
	0.0034
	 
	
	 
	
	 
	
	 
	
	 

	IV
	 
	2.83 (1.17-6.82)
	0.021
	 
	
	 
	
	 
	
	 
	
	 

	Heart failure
	 
	3.11 (2.17-4.47)
	<0.0001
	 
	
	1.98 (1.33-2.95)
	0.0008
	 
	
	2.03 (1.28-3.24)
	0.0027
	 

	Prior CABG or non-aortic valve surgery
	 
	2.84 (1.66-4.85)
	0.0001
	 
	
	 
	
	 
	
	 
	
	 

	Prior MI
	 
	3.31 (2.21-4.95)
	<0.0001
	 
	
	 
	
	 
	
	 
	
	 

	Prior CVA 
	 
	1.46 (0.77-2.77)
	0.25
	 
	
	 
	
	 
	
	 
	
	 

	
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Coronary and Valve Disease
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Coronary artery disease
	 
	2.41 (1.73-3.35)
	<0.0001
	 
	
	 
	
	 
	
	 
	
	 

	Diseased coronary vessels
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	0
	 
	1
	-
	<0.0001
	
	 
	
	 
	
	 
	
	 

	1
	 
	1.82 (1.14-2.89)
	0.011
	 
	
	 
	
	 
	
	 
	
	 

	2
	 
	2.53 (1.55-4.13)
	0.0002
	 
	
	 
	
	 
	
	 
	
	 

	3
	 
	3.58 (2.24-5.75)
	<0.0001
	 
	
	 
	
	 
	
	 
	
	 

	Aortic insufficiency
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	None, Trace or Mild
	 
	1
	
	0.002
	
	 
	
	 
	
	 
	
	 

	Moderate
	 
	0.72 (0.48-1.10)
	0.13
	 
	
	 
	
	 
	
	 
	
	 

	Severe
	 
	0.40 (0.22-0.73)
	0.0029
	 
	
	 
	
	 
	
	 
	
	 

	Aortic valve area (cm2)
	 
	1.09 (0.59-1.99)
	0.79
	 
	
	 
	
	 
	
	 
	
	 

	Ao valve mean gradient (mmHg)
	 
	0.99 (0.98-1.00)
	0.25
	 
	
	 
	
	 
	
	 
	
	 

	Mitral incompetence
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	None, Trace or Mild
	 
	1
	
	0.001
	
	 
	
	 
	
	 
	
	 

	Moderate
	 
	2.12 (1.38-3.26)
	0.0006
	 
	
	 
	
	 
	
	 
	
	 

	Severe
	 
	2.26 (1.14-4.46)
	0.019
	 
	
	 
	
	 
	
	 
	
	 

	LV ejection fraction
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	<30%
	 
	3.42 (2.09-5.59)
	<0.0001
	<0.0001
	
	 
	
	 
	
	 
	
	 

	30-49%
	 
	2.02 (1.29-3.15)
	0.002
	 
	
	 
	
	 
	
	 
	
	 

	≥50%
	 
	1
	
	 
	
	 
	
	 
	
	 
	
	 

	
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Aortic measurements
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Largest aortic dimension (mm)
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	35-39
	 
	1
	
	0.56
	
	1
	
	 0.26 
	
	-
	
	 

	40-44
	 
	0.74 (0.46-1.18)
	0.20
	 
	
	0.91 (0.55-1.49)
	0.70
	 
	
	-
	
	 

	45-49
	 
	0.99 (0.64-1.53)
	0.95
	 
	
	1.39 (0.78-2.47)
	0.27
	 
	
	-
	
	 

	>=50
	 
	0.95 (0.61-1.48)
	0.82
	 
	
	1.59 (0.86-2.96)
	0.14
	 
	
	-
	
	 

	
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Largest  aortic Z-score
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	<1.96
	 
	1
	
	0.85
	 
	-
	
	 
	
	1
	
	0.64

	1.96 - 2.99
	 
	0.97 (0.58-1.64)
	0.92
	
	 
	-
	
	 
	
	1.07 (0.6-1.9)
	0.82
	

	≥3.0
	 
	0.89 (0.56-1.41)
	0.62
	
	 
	-
	
	 
	
	1.25 (0.67-2.35)
	0.49
	

	
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Operation
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Hospital
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	BWH
	 
	1
	-
	 
	
	 
	
	 
	
	 
	
	 

	MGH
	 
	0.93 (0.66-1.30)
	0.68
	 
	
	 
	
	 
	
	 
	
	 

	Year of operation
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	2002-2003
	 
	1
	-
	0.58
	
	 
	
	 
	
	 
	
	 

	2004-2005
	 
	1.65 (0.89-3.06)
	0.11
	 
	
	 
	
	 
	
	 
	
	 

	2006-2007
	 
	1.67 (0.90-3.10)
	0.11
	 
	
	 
	
	 
	
	 
	
	 

	2008-2009
	 
	1.37 (0.71-2.68)
	0.35
	 
	
	 
	
	 
	
	 
	
	 

	2010-2011
	 
	1.31 (0.63-2.74)
	0.47
	 
	
	 
	
	 
	
	 
	
	 

	2012-2013
	 
	1.33 (0.58-3.05)
	0.50
	 
	
	 
	
	 
	
	 
	
	 

	Urgency
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Elective
	 
	1
	
	 
	
	1
	
	 
	
	1
	
	 

	Urgent or more
	 
	2.80 (1.99-3.92)
	<0.0001
	 
	
	1.74 (1.18-2.57)
	0.0054
	 
	
	1.82 (1.18-2.81)
	0.0068
	 

	CABG performed
	 
	2.72 (1.95-3.79)
	<0.0001
	 
	
	1.63 (1.14-2.34)
	0.008
	 
	
	1.76 (1.18-2.64)
	0.006
	 

	DHCA used
	 
	1.30 (0.92-1.84)
	0.13
	 
	
	 
	
	 
	
	 
	
	 

	Operation
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	AVR only
	 
	1
	
	 
	
	1
	
	 
	
	 
	
	 

	AVR & Asc Ao 
	 
	0.94 (0.68-1.30)
	0.70
	 
	
	0.98 (0.6-1.61)
	0.95
	 
	
	1.12 (0.68-1.85)
	0.64
	 

	Aortic valve implant type
	 
	 
	
	 
	
	 
	
	 
	
	 
	
	 

	Mechanical
	 
	1
	
	 
	
	 
	
	 
	
	 
	
	 

	Bioprosthesis
	 
	2.43 (1.46-4.06)
	0.0007
	 
	 
	 
	
	 
	 
	 
	
	 

	Mitral valve repair or replacement
	 
	1.41 (0.74-2.69)
	0.29
	 
	 
	 
	 
	 
	 
	 
	 
	 


	
	
	
	
	
	
	
	
	
	
	
	
	



Figure 1.  CONSORT Diagram
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Figure 2.  Kaplan-Meier plots of the composite reoperation and mortality outcomes of 1,325 patients without exclusion criteria and with aortic dimensions ≥35mm (for the aortic valve replacement cohort) or 40mm (for the aortic valve replacement with ascending aortic aneurysm repair cohort) compared to outcomes observed for a Z-score based analysis of 1,141 patients without exclusion criteria and with aortic Z-scores ≥1.0 (for the aortic valve replacement cohort) or 1.96 (for the aortic valve replacement with ascending aortic aneurysm repair cohort).
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Figure 3:  Analysis of event-free survival over the study period in the cohort classified using aortic dimensions. There was no difference in outcomes when examined across the five subgroups shown in the figure (P=0.70). Figure 3A shows a self-scaling smoothed heat map of the relative advantage of AVR-AR over AVR-only, over the range of aortic size and age.  White color is used for superiority of AVR-AR over AVR-only, black for superiority of AVR-only, and shades of gray are for neither procedure having an advantage.  Figure 3B shows a self-scaling smoothed heat map of effective sample size over the range of aortic size and age, with white areas showing better sample size than black areas. 
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Figure 4:  Analysis of event-free survival over the study period in the cohort classified using aortic Z-scores. There was no difference in outcomes when examined across the four subgroups shown in the figure (P=0.62). Figure 4A shows a self-scaling smoothed heat map of the relative advantage of AVR-AR over AVR-only, over the range of aortic size and age.  White color is used for superiority of AVR-AR over AVR-only, black for superiority of AVR-only, and shades of gray are for neither procedure having an advantage.  Figure 4B shows a self-scaling smoothed heat map of effective sample size over the range of aortic size and age, with white areas showing better sample size than black areas.  
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