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Background: There is mounting evidence at experienced centers that aortic annular enlargement (AAE) 
procedures are safe adjuncts to surgical aortic valve replacement (SAVR) that do not increase perioperative 
morbidity and mortality. This systematic review and meta-analysis aims to assess the impact of AAE 
procedures on mid-term outcomes after SAVR. 
Methods: OVID MEDLINE, OVID Embase, and Cochrane Library were searched comprehensively. 
Comparative studies examining adult patients undergoing SAVR with and without AAE were eligible for 
inclusion. Studies involving aortic root replacement, Ross procedures, and Ozaki procedures were excluded. 
The risk of bias was assessed according to Risk Of Bias In Non-randomized Studies of Interventions 
(ROBINS-I), and the quality of evidence was evaluated according to Grading of Recommendations 
Assessment, Development and Evaluation (GRADE). Random effects meta-analysis facilitated the 
quantitative synthesis.
Results: A total of 2,765 records were retrieved. After full-text review, 15 eligible studies were identified 
for data extraction and synthesis. The dataset included a total of 216,654 patients (AAE: 7,967; no AAE: 
208,687). Only mid-term outcomes were available. In unmatched and unadjusted studies, perioperative 
mortality was noted to be higher in the AAE group. However, this difference was not observed in studies 
with matching or adjusted outcomes. In both the unmatched and unadjusted studies, and the matched and 
adjusted studies, there were no statistically significant differences identified regarding perioperative stroke, 
myocardial infarction, or permanent pacemaker implantation. Similarly, there were no statistically significant 
differences identified in mid-term mortality [hazard ratio (HR), 1.03; 95% confidence interval (CI): 0.95 to 
1.11; P=0.49; I2=20% (matched/adjusted studies)], aortic valve reintervention [HR, 0.98; 95% CI: 0.75 to 1.27; 
P=0.86; I2=0% (matched/adjusted studies)], or heart failure [HR, 1.06; 95% CI: 0.86 to 1.30; P=0.58; I2=25% 
(matched/adjusted studies)]. 
Conclusions: SAVR with AAE does not appear to be associated with increased perioperative morbidity 
or mortality. There is no conclusive indication that AAE enhances mid-term survival, freedom from 
reoperation, or freedom from heart failure after SAVR. 
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Introduction

Patient-prosthesis mismatch (PPM) is widely recognized as 
a significant factor impacting clinical outcomes following 
prosthetic valve implantation. In the context of surgical 
aortic valve replacement (SAVR), PPM, whether moderate 
or severe, has been shown to increase both all-cause 
mortality and cardiac-related mortality (1). In the current 
era, patients with PPM continue to have reduced long-term 
survival, as well as an increased risk of rehospitalizations 
for heart failure (2,3), with some studies also suggesting an 
increased risk of re-replacement of the aortic valve (3). 

To minimize the risk of PPM, the largest possible 
prosthetic valve should be implanted in each patient. When 
the native aortic root is small, i.e., at increased risk of PPM, 
an important approach is to enlarge the aortic annulus 
before implanting a prosthetic valve. This technique is 
referred to as aortic annular enlargement (AAE) and includes 
a variety of techniques, each differing in terms of either the 
location of the annular incision or the extent of the incision. 
These techniques include the posterior incisions of Nicks 
(4,5), Manouguian (5,6), the Nunez modification to the 
Manouguian (5,7), and the Y-incision described by Yang 
et al. (8). Additionally, the anterior annular incision with a 
right ventricular outflow tract (RVOT) incision, the Konno 
procedure (9), is often reserved for congenital heart disease 
and adult congenital heart disease applications. Despite the 
increasing importance of addressing PPM, the most recent 
valvular heart disease guidelines do not address when or if 
AAE should be performed (10,11). 

There is mounting evidence at experienced centers 
(8,12,13) that AAE procedures are safe adjuncts to SAVR 
that do not increase perioperative morbidity and mortality 
(8,12-15). Despite the increasing experience with AAE at 
high-volume centers, there is an absence of high-quality 
evidence related to the long-term results of AAE. There 
are no comparative studies of AAE versus SAVR without 
AAE that report mean follow-up periods of 10 years  
or more. With the literature available, it is unclear how 
AAE influences the mid- and long-term outcomes of  
SAVR (14,16). 

The most recent meta-analysis examining mid-term 
survival after AAE was completed by Sá et al. in 2022 (16). 
Kaplan-Meier curves were required for their quantitative 
synthesis to generate individual patient data (IPD) using 
one method of IPD extraction by Liu and colleagues (17). 
Therefore, their review excluded seven studies due to the 
absence of Kaplan-Meier curves (16). The other relevant 

meta-analyses were completed by Yu et al. in 2019 (14) and 
Sá et al. in 2021 (15). While Yu et al. (14) examined mid-
term mortality with five studies published up to 2018, Sá  
et al. (15) limited their analysis to the perioperative 
outcomes of AAE. Thus, this systematic review features the 
most up-to-date and inclusive meta-analysis on the impact 
of AAE on both the perioperative and mid-term outcomes 
after SAVR.

Methods

This systematic review is based on a protocol registered 
in the International Prospective Register of Systematic 
Reviews (PROSPERO; CRD 42023461543). The protocol 
was developed according to the Cochrane Handbook for 
Systematic Reviews of Interventions (18), and the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses 
for Protocols 2015 (PRISMA-P 2015) statement (19), with 
consultation from a health sciences librarian at the Gerstein 
Science Information Centre at the University of Toronto.

Literature search strategy

OVID MEDLINE, OVID Embase, and Cochrane 
Library were searched comprehensively with no limits 
on the publication time period or language. The search 
was completed on August 3, 2023. Search terms included 
“aortic annular enlargement, aortic root enlargement, and 
aortic valve replacement”, along with relevant synonyms. 
The reference lists of included studies were reviewed to 
retrieve additional eligible studies. Grey literature sources 
were not searched. The search strategy was developed in 
collaboration with a health sciences librarian at the Gerstein 
Science Information Center.

Eligibility criteria

Randomized controlled trials (RCTs), controlled (non-
randomized) clinical trials, and comparative observational 
studies were eligible for inclusion. Non-comparative 
observational studies, case reports, conference proceedings, 
abstracts, commentaries, letters to the editor, and 
unpublished work were excluded. The population was 
limited to adult patients, 18 years or older, who underwent 
SAVR. Studies that included concurrent procedures were 
eligible for inclusion, except those that included aortic 
root replacement with bioprosthetic or mechanical valves, 
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homograft root replacement, the Ozaki procedure, and the 
Ross procedure. Any study that included patients with a 
prior aortic root replacement or Ross procedure was also 
excluded. To be eligible for inclusion, each comparative 
study needed to have a clearly defined intervention group 
that underwent SAVR with AAE, and a clearly defined 
comparator group that underwent SAVR without AAE. 
Eligible AAE procedures included the following techniques: 
Nicks (4,5), Manouguian (5,6), Nunez modification to 
the Manouguian (5,7), Y-incision (8), Konno (9), and any 
other aortic annular incision that did not require coronary 
button mobilization and reimplantation. To be eligible 
for inclusion, each study needed to report on at least one 
of the outcomes of interest through at least 5 years of 
follow-up. This was confirmed through a full-text review 
of the potentially eligible studies by two independent 
reviewers. The primary outcome of interest was all-cause 
mortality. Relevant secondary outcomes included cardiac 
mortality, aortic valve reintervention, structural valve 
deterioration and non-structural valve dysfunction, valve 
thrombosis, infective endocarditis, major bleeding, stroke, 
and rehospitalization for heart failure. While this review 
intended to examine the long-term results following AAE, 
due to the absence of studies with mean follow-up lengths 
beyond 10 years, only mid-term outcomes were assessed. 

Data extraction and critical appraisal

Search results were de-duplicated in EndNote (Berkeley, 
California, USA) and were uploaded to Covidence 
(Covidence, Melbourne, Australia), an online platform 
that facilitates de-duplication, record screening, and 
data extraction for systematic reviews. Title and abstract 
screening were performed in Covidence by two independent 
reviewers. Disagreements were resolved by consensus, 
involving a third reviewer if consensus could not be 
reached. The records that remained after title and abstract 
screening underwent a full-text review by two independent 
reviewers. Data were extracted by two independent 
reviewers and included study design, patient demographics, 
surgical techniques, perioperative surgical outcomes, and 
long-term outcomes of interest. The data extraction form is 
available on request. Two of the included studies contained 
Kaplan-Meier curves that required digitization (20,21). 
This was performed using a web-based Shiny application 
previously developed by Liu and colleagues to facilitate 
the digitization and reconstruction of IPD from published 

Kaplan-Meier curves (17). Risk of bias was assessed in 
duplicate according to the Risk Of Bias In Non-randomized 
Studies of Interventions (ROBINS-I) tool, as all the 
eligible studies were of non-randomized design (18,22,23). 
An overall rating of low risk of bias is uncommon within 
the ROBINS-I methodology as this would mean that the 
observational study being evaluated would be comparable 
to a well-designed RCT examining the same question. The 
Grading of Recommendations Assessment, Development 
and Evaluation (GRADE) framework was used to determine 
the overall quality of evidence (24,25). This was completed 
by two reviewers based on consensus. Results are reported 
according to the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) 2020 statement (26).

Statistical analysis

Analyses were performed using Review Manager (RevMan 
version 5.4; Cochrane Collaboration, Oxford, UK) and 
random effects models, which incorporated between-trial 
heterogeneity and provided wider and more conservative 
confidence intervals (CIs) when heterogeneity was 
present (27). We assessed statistical heterogeneity among 
trials using I2, which is defined as the percentage of total 
variability across studies attributable to heterogeneity rather 
than chance. Published guidelines categorized I2 values 
as low (25% to 49%), moderate (50% to 74%), and high 
(≥75%) heterogeneity (28). For peri-operative outcomes, 
relative risks (RRs) were used to pool binary outcomes, and 
the mean difference (MD) was employed for continuous 
outcomes. When required, the method of Wan et al. (29) 
was used to convert continuous variables reported as 
medians and interquartile ranges, or ranges to means and 
standard deviations. For mid-term outcomes with different 
follow-up periods between groups, we pooled hazard ratios 
(HRs) or, if not provided, incidence rate ratios (IRRs) as 
approximations of the HR on the logarithmic scale using 
the generic inverse variance method in Review Manager. 
IRRs for each study were calculated either (I) as the ratio 
of the Kaplan-Meier survival-curve mortality estimates 
for each group, with standard error estimated using either 
the log-rank survival curve P value when available, or 
alternatively using the standard errors of the survival-curve 
mortality estimates and the ratio of means method (30,31); 
or otherwise (II) as the ratio of reported events divided 
by the group-specific patient-years of follow-up when the 
group-specific mean follow-up durations were provided, 
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with standard error on the logarithmic scale estimated as 
the square root of the sum of the reciprocals of the event 
rates (32). Individual trial and pooled summary results were 
reported with 95% CIs. Separate sub-groups were created 
for propensity-score matched or risk-adjusted observational 
data and unmatched/unadjusted observational data. The 
a priori-determined sensitivity analyses included studies at 
moderate versus serious and critical risk of bias, studies with 
both moderate and serious risk of bias versus critical risk of 
bias, and studies with and without concomitant procedures. 
An additional sensitivity analysis was performed to assess 
the impact of the Rao et al. study, as the procedures used 
in the AAE cohort were markedly heterogeneous (12). 
Uncertainty for the pooled binary and continuous outcomes 
is represented by 95% CIs. Differences between subgroups 
were assessed using Z-tests. P<0.05 was taken as statistically 
significant. 

Results 

Literature search

The search strategy retrieved 2,765 records. After de-
duplication, 2,210 unique records remained. Title and 
abstract screening were performed in duplicate, identifying 
139 potentially eligible studies that underwent full-text 
review by two independent reviewers. Overall, 32 potentially 
eligible studies (12,13,20,21,33-51) were identified (52-60),  
including 17 studies (13,45-60) that were excluded because 
they did not include any information on at least one of the 
mid-term outcomes of interest through 5 years of follow-
up. Consequently, 15 unique studies (12,20,21,33-44)  
remained and were included in data extraction and 
quantitative synthesis. The screening process is summarized 
in the PRISMA trial flow diagram (Figure 1).

Quality of evidence

All 15 included studies are observational and non-
randomized (12,20,21,33-44). Of the included studies, five 
compared propensity-matched groups (34,36,38,41,43), 
two employed case-control designs to define their reference 
SAVR groups (34,42), and four reported adjusted mid-
term outcomes of interest (21,37,43,44). Notably, Tam and 
colleagues described two distinct cohorts of patients within 
the same study—patients who underwent isolated SAVR 
with or without AAE, and patients who underwent SAVR 
combined with coronary artery bypass grafting (CABG) 
with or without AAE (43). As a result, these cohorts were 
extracted independently, and then combined in the pooled 
analyses. Only three studies were based on multicentre 
patient data (12,21,43); the rest reported single-center 
outcomes (20,33-42,44). 

Risk of bias was assessed for each outcome of interest 
within the included studies according to the ROBINS-I 
framework (Figure 2 and Figure S1, and Appendix 1) 
(18,22,23). None of the included studies within our 
systematic review were deemed to have an overall low risk 
of bias. Only three included studies reported on outcomes 
at moderate risk of bias (38,41,43). Mid-term mortality 
was deemed to be at moderate risk of bias in the studies 
by Shih et al., Tam et al., and Okamoto et al. (38,41,43). 
Cumulative incidence of aortic valve reintervention was 
assessed to be at moderate risk of bias in the study reported 
by Tam and colleagues (43). All five studies that reported 
on heart failure-related endpoints were at serious or 
critical risk of bias for that outcome (12,21,37,38,43). The 

Records identified from 
OVID MEDLINE, OVID 
Embase and Cochrane 

Library (n=2,765)

Title and abstract 
screening 
(n=2,210)

Full-text screening 
(n=139)

Eligible studies 
(n=32)

Studies without long-term 
outcome(s) 

(n=17)

Irrelevant studies 
(n=2,071)

Duplicate records removed before 
screening (n=555) 
•  Removed by Endnote (n=399)
•  Removed by Covidence (n=145)
•  Removed manually (n=11)

Excluded studies (n=107) 
•  Poster, abstract, 

correspondence, or review (n=19)
•  Non-comparative design (n=27)
•  Pediatric population (n=7)
•  No AAE group (n=39)
•  No SAVR comparator (n=11)
•  Apicoaortic bypass (n=1)
•  Study reporting on the same 

series of patients with shorter 
follow-up (n=3)

Included studies 
(n=15)

Figure 1 Preferred reporting items for systematic reviews and 
meta-analyses flow diagram. AAE, aortic annular enlargement; 
SAVR, surgical aortic valve replacement.
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remaining studies and their other reported outcomes of 
interest were at serious or critical risk of bias (12,20,21,33-
37,39,40,42,44).

Publication bias was assessed with visual analysis of the 
funnel plot for the primary outcome, mid-term mortality 

(Figure 3), with no indication of significant asymmetry. 

Baseline demographics

Meta-analyses of baseline characteristics (Table 1 and Table S1) 

First author Year
Domain 

1-confounding
Domain 

2-selection

Domain 
3-classification  
of interventions

Domain 
4-deviations 

from intended 
interventions

Outcome-specific  
domains

Domain 
5-missing 

data

Domain 
6-outcome 

measurement

Domain 
7-reported 

results

Overall 
risk of 
bias

Outcome

Matched or adjusted observational studies

Yousef 2023 S L M L Mortality M L M S Mortality

AoV reintervention M M M S AoV reintervention

Shih 2022 M L M L Mortality L L M M Mortality

AoV reintervention L M M M AoV reintervention

Mehaffey 2021 S L S L Mortality L L M S Mortality

AoV reintervention L M M S AoV reintervention

CHF rehospitalization L S M S CHF rehospitalization

Chauvette 2020 S L L NI Mortality L L M S Mortality

Tam 2020 M L L L Mortality L L M M Mortality

AoV reintervention L M M M AoV reintervention

CHF rehospitalization L S M S CHF rehospitalization

Tam* 2020 M L L L Mortality L L M M Mortality

Haunschild 2019 M L L M Mortality S L M S Mortality

Okamoto 2016 M L L L Mortality NI L M M Mortality

CHF NI S NI S CHF

Kulik 2008 S L L C Mortality M L M C Mortality

CHF composite M S M C CHF composite

Sommers 1997 S L L NI Mortality L L M S Mortality

Unmatched/unadjusted observational studies

Rao 2023 C L S C Mortality S L L C Mortality

AoV reintervention S M L C AoV reintervention

NYHA III–IV S S L C NYHA III–IV

Beckmann 2016 S L L C Mortality S L M C Mortality

Correia 2016 S L S C Mortality L L M C Mortality

Prifti 2015 C L L M Mortality NI L S C Mortality

AoV reintervention NI M S C AoV reintervention

Penaranda 2014 S L L S Mortality M L M S Mortality

Sakamoto 2006 C L L NI Mortality NI NI M C Mortality

Reoperation** NI M M C Reoperation**

Figure 2 ROBINS-I assessment for mortality, aortic valve reintervention, and heart failure. *, distinct secondary cohort reported within 
the same publication; **, long-term reoperation outcome was assumed to be related to aortic valve reintervention. L, low risk of bias; M, 
moderate risk of bias; S, serious risk of bias; C, critical risk of bias; NI, no information; AoV, aortic valve; CHF, congestive heart failure; 
NYHA, New York Heart Association; ROBINS-I, Risk Of Bias In Non-randomized Studies of Interventions.
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were performed to assess for differences between groups 
and the effectiveness of matching in the relevant studies 
(Figures S2-S31). Prior to adjustment or matching, patients 
who underwent AAE at the time of SAVR were younger 
(MD, −1.72 year; 95% CI: −2.61 to −0.82), less likely to be 
male sex (RR, 0.72; 95% CI: 0.63 to 0.81), and had higher 
body mass index (BMI; MD, 1.80 kg/m2; 95% CI: 0.44 to 
3.16), at the same body surface area (BSA; MD, −0.01 m2;  
95% CI: −0.03 to 0.01). They were less likely to have 
chronic renal failure (RR, 0.87; 95% CI: 0.77 to 0.99), 
coronary artery disease (RR, 0.92; 95% CI: 0.86 to 0.98), 
and preoperative atrial fibrillation (RR, 0.77; 95% CI: 0.69 
to 0.86). They were more likely to have diabetes (RR, 1.13; 
95% CI: 1.10 to 1.16), and a history of prior SAVR (RR, 
4.54; 95% CI: 2.45 to 8.44). Despite having a slightly higher 
preoperative left ventricular ejection fraction (LVEF; MD, 
0.87%; 95% CI: 0.11% to 1.62%), they tended to have a 
smaller preoperative aortic valve area (MD, −0.05 cm2; 95% 
CI: −0.08 to −0.02), including when indexed to BSA [indexed 
effective orifice area (iEOA); MD, −0.03 cm2/m2, 95% CI: 
−0.05 to −0.01], a smaller aortic annular diameter (MD, 
−1.36 mm; 95% CI: −2.12 to −0.59), and were more likely 
to present with predominantly stenotic aortic valve disease 
(RR, 1.03; 95% CI: 1.01 to 1.05). There were no significant 
differences regarding BSA, cerebrovascular disease, 
chronic obstructive pulmonary disease (COPD), smoking, 
dialysis, hypertension, dyslipidemia, peripheral vascular 
disease, congestive heart failure/reduced LVEF, New York 

Heart Association (NYHA) class III–IV, mean NYHA 
class, elective versus urgent/emergent surgery, Society of 
Thoracic Surgeons (STS) risk score, prior cardiac surgery, 
peak aortic gradient, mean aortic gradient, or bicuspid aortic 
valve. When examining only the studies with matching or 
adjusted outcomes, almost all significant baseline differences 
disappeared, with the only exceptions being that patients 
undergoing AAE had higher preoperative BMI (MD,  
1.24 kg/m2; 95% CI: 0.18 to 2.31), with no significant 
difference in their BSA, and were less likely to have a 
bicuspid aortic valve (RR, 0.64; 95% CI: 0.43 to 0.95). 

Of the 15 included studies, only five described attempting 
to standardize the size of the native aortic annulus between 
the SAVR with AAE and SAVR without AAE groups, 
including two matched/adjusted studies (37,41) and three 
unmatched and unadjusted studies (33,35,39). Kulik et al. 
described both groups as having a native annulus that would 
have necessitated a size 21 prosthesis or smaller (37). Shih 
et al. incorporated the aortic valve area into their propensity 
score matching model (41). Beckmann et al. defined both 
groups as having a projected iEOA ≤0.89 cm2/m2 when 
measured intraoperatively (33). Correia et al. defined both 
groups as having an implanted prosthesis size of 21 mm 
or smaller (35). Penaranda et al. defined both groups as 
having an annulus that would only accept a maximum valve 
size of 19 mm prior to any annular enlargement being  
performed (39).

Intraoperative details

AAE was performed through a variety of techniques (Table 2). 
The most common approaches were the Nicks, and the 
Manouguian procedures. Only one study (20) described the 
use of the Nunez technique in combination with the Nicks 
root enlargement. None of the included studies described 
the use of the Konno or Y-incision techniques. Importantly, 
two of the three largest multicentre studies did not capture 
the AAE technique within their study data (21,43). In 
both cases, this was due to limitations of the databases 
used in each of these studies; Mehaffey and colleagues 
used the STS Adult Cardiac Surgery Database (21), while 
Tam and colleagues used the CorHealth Ontario Cardiac 
Registry in combination with the Canadian Institute 
of Health Information Discharge Abstract Database to 
collect procedural data for each patient (43). Finally, in the 
multicentre study reported by Rao and colleagues, there 
was marked heterogeneity within the proposed aortic root 

Figure 3 Funnel plot for mid-term mortality. SE, standard error.
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enlargement group (12). Only 27 of the 90 patients in 
the group underwent a confirmed AAE, with three other 
patients undergoing an aortic root replacement within 
the group, and others within the group undergoing either 

a sinotubular junction (STJ) enlargement or a sinus of 
Valsalva patch augmentation. 

The indication(s) for AAE were infrequently reported 
within the included studies (Table 3). When indications were 

Table 2 Aortic annular enlargement techniques

First author Year
Cohort 
size

AAE group No AAE group Concomitant 
procedure(s)

AAE technique
N Description N Description

Matched or adjusted observational studies

Yousef 2023 2,371 131 AAE + AVR 2,240 Isolated AVR No 55% Nicks; 45% 
Manouguian

Shih 2022 216 54 AAE + AVR 162 Isolated AVR No 57.4% Nicks; 33.3% 
Manouguian; 9.3% 
unknown

Mehaffey 2021 189,268 5,412 AAE + AVR 183,856 AVR Yes NR

Chauvette 2020 125 21 AAE + redo AVR 104 Redo AVR NR 24% Nicks; 71% 
Manouguian; 5% 
unknown

Tam 2020 1,618 809 AAE + AVR 809 Isolated AVR No NR

Tam* 2020 1,050 525 AAE + AVR + CABG 525 AVR + CABG CABG NR

Haunschild 2019 338 169 AAE + AVR 169 AVR Yes Nicks

Okamoto 2016 116 58 AAE + AVR 58 AVR Yes Nicks

Kulik 2008 712 172 AAE + AVR 540 AVR in SAR Yes 28.5% Nicks; 71.5% 
Manouguian

Sommers 1997 530 98 AAE + Medtronic 
Hancock II bioAVR

432 Medtronic Hancock 
II bioAVR

NR Nicks

Unmatched/unadjusted observational studies

Rao 2023 602 90** Aortic root, STJ, or 
annular enlargement 
+ Medtronic Avalus 
bioAVR

512 Medtronic Avalus 
bioAVR

Yes Of patients with 
confirmed ARE**: 
70% Nicks; 15% 
Manouguian; 15% other

Beckmann 2016 128 36 AAE + bioAVR in SAR 92 Corcym Perceval 
bioAVR in SAR

Yes Nicks

Correia 2016 1,006 239 AAE + AVR in SAR 767 AVR in SAR Yes Nicks

Prifti 2015 55 35 AAE + 19 mm 
supraannular AVR

20 17 mm  
supraannular AVR

Yes 77% Nicks-Nunez; 23% 
Manouguian

Penaranda 2014 117 30 AAE + 21 mm AVR 87 19 mm AVR Yes Nicks

Sakamoto 2006 128 24 AAE + St Jude 
mechAVR

104 St Jude mechAVR NR 25% Nicks; 75% 
Manouguian

*, distinct secondary cohort reported within the same publication; **, only 27 patients had a confirmed AAE, and 3 patients had an aortic 
root replacement. AAE, aortic annular enlargement; AVR, aortic valve replacement; bioAVR, bioprosthetic aortic valve replacement; CABG, 
coronary artery bypass grafting; NR, not reported; SAR, small aortic root; STJ, sinotubular junction; mechAVR, mechanical aortic valve 
replacement.



Annals of Cardiothoracic Surgery, Vol 13, No 3 May 2024  195

© Annals of Cardiothoracic Surgery. All rights reserved. Ann Cardiothorac Surg 2024;13(3):187-205 | https://dx.doi.org/10.21037/acs-2024-aae-0023

reported, they were often listed as possible considerations 
that could be weighed at the surgeon’s discretion at the 
time of the operation. Only the study by Sakamoto and 
colleagues described an objective criterion, aortic annulus 

smaller than a size 21 valve sizer, without indicating that the 
decision could also be influenced by surgeon preference (40).  
Correspondingly, the intraoperative results of the AAE 
procedures, i.e., the extent of annular enlargement 

Table 3 Indications for and results of aortic annular enlargement

First author Year
Cohort 
size

AAE 
group

AAE indication AAE technique Annular size increase

Matched or adjusted observational studies

Yousef 2023 2,371 131 Surgeon discretion 55% Nicks; 45% Manouguian NR

Shih 2022 216 54 NR 57.4% Nicks; 33.3% 
Manouguian; 9.3% unknown

NR

Mehaffey 2021 189,268 5,412 NR NR NR

Chauvette 2020 125 21 NR 24% Nicks; 71% 
Manouguian; 5% unknown

NR

Tam 2020 1,618 809 NR NR NR

Tam* 2020 1,050 525 NR NR NR

Haunschild 2019 338 169 Surgeon discretion: smaller 
annulus than expected; inability to 
close aortotomy

Nicks NR

Okamoto 2016 116 58 Surgeon discretion: avoidance of 
severe PPM

Nicks NR

Kulik 2008 712 172 Surgeon discretion 28.5% Nicks; 71.5% 
Manouguian

At least 1 valve size larger 
than native annulus

Sommers 1997 530 98 Surgeon discretion: sizing table 
for Hancock II relative to BSA

Nicks 1–2 valve sizes larger than 
native annulus

Unmatched/unadjusted observational studies

Rao 2023 602 90** Surgeon discretion Of patients with confirmed 
ARE**: 70% Nicks; 15% 
Manouguian; 15% other

NR

Beckmann 2016 128 36 Surgeon discretion: small EOA 
relative to BSA

Nicks At least 1 valve size larger 
than native annulus

Correia 2016 1,006 239 Surgeon discretion: SAR relative 
to BSA; at least 21 mm prosthesis 
could not be used

Nicks 1–2 valve sizes larger than 
native annulus

Prifti 2015 55 35 Surgeon discretion: SAR <19 mm; 
severe LVH; severe LVH in LVOT; 
extensively calcified SAR

77% Nicks-Nunez; 23% 
Manouguian

1 valve size larger 
(supraannular 
implantation)

Penaranda 2014 117 30 NR Nicks NR

Sakamoto 2006 128 24 Small aortic annulus (<21 mm 
when measured with valve sizer)

25% Nicks; 75% Manouguian Manouguian technique 
gained 2 valve sizes

*, distinct secondary cohort reported within the same publication; **, only 27 patients had a confirmed AAE, and 3 patients had an aortic 
root replacement. AAE, aortic annular enlargement; NR, not reported; PPM, patient-prosthesis mismatch; BSA, body surface area; EOA, 
effective orifice area; SAR, small aortic root; LVH, left ventricular hypertrophy; LVOT, left ventricular outflow tract.
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achieved, were also infrequently described. The studies 
that did report the extent of annular enlargement described 
an implanted valve, at most, one-to-two valve sizes larger 
than the initial intraoperative measurement of the aortic  
root (20,33,35,37,40,42). 

Operative details, including valve type, sizing, and rates 
of concomitant procedures, were pooled (Figures S32-S39).  
In the matched or adjusted studies, there were notable 
procedural differences between the AAE and SAVR groups. 
The patients undergoing AAE were less likely to receive 
a mechanical valve (RR, 0.80; 95% CI: 0.68 to 0.93), 
and required both longer cardiopulmonary bypass (MD,  
21.33 min; 95% CI: 9.69 to 32.97) and aortic cross-clamp 
(MD, 19.25 min; 95% CI: 10.17 to 28.33) times. In the 
unmatched and unadjusted studies, patients receiving AAE 
were less likely to receive both concomitant mitral valve 
surgery (RR, 0.55; 95% CI: 0.39 to 0.78) and concomitant 
tricuspid valve surgery (RR, 0.27; 95% CI: 0.10 to 0.73). 
Implanted valve size in the AAE group was lower, but only 
in the matched/adjusted studies (MD, −0.67 mm; 95% 
CI: −1.09 to −0.25). Only one matched study described 
concomitant mitral and tricuspid valve surgeries, and 
these were well-balanced after propensity matching (38). 
Notably, there was no significant difference in the rate of 
concomitant CABG observed between groups, in either 
the matched/adjusted studies or the unmatched/unadjusted 
studies. 

Perioperative outcomes

Perioperative outcomes were also assessed via meta-analyses 
(Figures S40-S55). In the unmatched and unadjusted 
studies, AAE patients were less likely to have severe PPM 
(iEOA ≤0.65 cm2/m2; RR, 0.61; 95% CI: 0.40 to 0.93), 
moderate or severe PPM (defined as iEOA ≤0.85 cm2/m2  
in most studies; RR, 0.70; 95% CI: 0.58 to 0.84), and were 
at increased risk of chest reopening (RR, 1.10; 95% CI: 
1.01 to 1.20). Notably, they were also at increased risk of 
perioperative mortality (RR, 1.34; 95% CI: 1.02 to 1.76), 
and prolonged mechanical ventilation/other respiratory 
complications (RR, 1.67; 95% CI: 1.23 to 2.26). However, 
when only the matched or adjusted studies were considered, 
the risks of perioperative mortality (RR, 1.06; 95% CI: 
0.69 to 1.61), and prolonged ventilation/other respiratory 
complications (RR, 1.61; 95% CI: 0.75 to 3.47) were 
not significantly higher in the AAE group. In both the 
unadjusted/unmatched and the matched/adjusted studies, 
there were no significant differences identified regarding 

the risk of perioperative stroke, myocardial infarction, 
permanent pacemaker implantation, intensive care unit 
(ICU) length of stay, hospital length of stay, deep sternal 
wound infection, postoperative iEOA, moderate PPM, peak/
mean transprosthetic gradient at discharge or paravalvular 
leak. The only perioperative complication that was found 
to be statistically significant in the matched and adjusted 
studies, was an increased risk of chest reopening in the AAE 
group (RR, 1.58; 95% CI: 1.13 to 2.21). This was primarily 
due to the results of Tam et al. (43), which accounted 
for 89% of the weighting for this matched/adjusted 
pooled outcome. Without the study from Tam et al. (43),  
the pooled outcome for the risk of chest reopening in 
the remaining matched/adjusted studies was no longer 
statistically significant (RR, 0.97; 95% CI: 0.36 to 2.65). 

Assessment of primary and secondary endpoints

The only outcomes of interest with sufficient data to allow 
for pooled analysis were the mid-term mortality (Figure 4),  
aortic valve reintervention (Figure 5), and heart failure 
(Figure 6). The other outcomes of interest were reported by 
too few studies to provide meaningful pooled estimates of 
effect (Figures S56-S61).

Mid-term mortality was reported by nine studies with 
matched groups or adjusted outcomes (21,34,36-38,41-44)  
and s ix  s tudies  wi thout  matching or  ad justment 
(12,20,33,35,39,40). The unmatched/unadjusted cohorts 
within six of the studies with matching/adjustment were also 
available and were included in the synthesis of unmatched/
unadjusted studies (21,36,37,42-44). Of note, the study 
by Tam and colleagues yielded an independent secondary 
cohort, SAVR with CABG both with and without AAE, 
that contained both matched/adjusted and unmatched/
unadjusted outcome data for mid-term mortality (43). The 
estimates from the primary and secondary cohorts were 
combined in the pooled analyses for mid-term mortality. 
The study by Mehaffey and colleagues, with a median 
follow-up of 3.3 years, provided two separate HRs for mid-
term mortality, up to 3 years of follow-up, and greater than 
3 years of follow-up (21). As the primary interest of the 
review was mid-term mortality, we elected to consolidate 
the two HRs into an average HR. Importantly, the pooled 
HR was unchanged when the two HRs were replaced by the 
average HR. Overall, there was no significant difference in 
the mid-term mortality observed between groups in either 
the unmatched/unadjusted (HR, 0.91; 95% CI: 0.80 to 1.03; 
P=0.12; I2=63%) or matched/adjusted (HR, 1.03; 95% CI: 
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Figure 4 Meta-analysis for mid-term mortality. Mean duration of follow-up in round brackets for AAE + SAVR vs. SAVR groups; method 
used to calculate hazard ratio or incident rate ratio in square brackets. The ≤3 and >3 years HRs provided in Mehaffey et al. were replaced 
with an average HR as the pooled HR is essentially unchanged. AAE, aortic annular enlargement; SAVR, surgical aortic valve replacement; 
SE, standard error; IV, inverse variance; CI, confidence interval; KM, Kaplan-Meier; HR, hazard ratio; CABG, coronary artery bypass graft; 
RoM, ratio of means.

Figure 5 Meta-analysis for aortic valve reintervention. Mean duration of follow-up in round brackets for AAE + SAVR vs. SAVR groups; 
method used to calculate hazard ratio or incident rate ratio in square brackets. Tam et al., Mehaffey et al., and Rao et al. provided hazard 
ratios, and Shih et al. provided group-specific follow-up. For Sakamoto et al., Prifti et al., and Yousef et al., where no group-specific follow-up 
or hazard ratio was provided, equal follow-up was assumed to calculate incident rate ratios. AAE, aortic annular enlargement; SAVR, surgical 
aortic valve replacement; SE, standard error; IV, inverse variance; CI, confidence interval; CABG, coronary artery bypass graft; KM, Kaplan-
Meier; HR, hazard ratio.
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0.95 to 1.11; P=0.49; I2=20%) studies. 
Unmatched/unadjusted aortic valve reintervention was 

reported by seven studies (12,20,21,40,41,43,44). Two of 
the seven studies also reported matched or adjusted results 
(21,43). There was no significant difference in aortic valve 
reintervention observed between groups in either the 
unmatched/unadjusted studies (HR, 1.08; 95% CI: 0.85 to 
1.39; P=0.53; I2=0%) or the matched/adjusted studies (HR, 
0.98; 95% CI: 0.75 to 1.27; P=0.86; I2=0%). 

Unadjusted/unmatched congestive heart failure was 
reported by four studies (12,21,37,43). Three of the four 
studies also reported matched or adjusted results (21,37,43), 
along with another study that reported only propensity-
matched results (38). There was no significant difference 
in heart failure observed between groups in either the 
unmatched/unadjusted studies (HR, 1.10; 0.998 to 1.21; 
P=0.06; I2=0%) or the matched/adjusted studies (HR, 1.06; 
95% CI: 0.86 to 1.30; P=0.58; I2=25%).

The overall quality of evidence for each outcome of 
interest was assessed using the GRADE methodology and 
is presented in the summary of findings table (Table 4)  
(24,25). For both mid-term mortality and aortic valve 
reintervention, the quality of evidence was low and very 
low in the matched/adjusted and the unmatched/unadjusted 
subsets, respectively. For heart failure, the quality of 
evidence was very low in both the matched/adjusted and the 
unmatched/unadjusted subsets. In the case of the matched 
or adjusted subsets, their ratings resulted from the inherent 
limitations of unblinded and non-randomized study 
designs. While for the unmatched and unadjusted subsets, 

the serious and critical risk of bias associated with multiple 
included studies warranted an additional downgrade to very 
low-quality evidence. Importantly, the matched/adjusted 
subset for heart failure was also downgraded to very low 
quality due to the presence of studies at serious and critical 
risk of bias (Table 4 and Table S2). 

Sensitivity analyses

Sensitivity analyses were performed to assess the impact 
of the Rao 2023 study (12), the inclusion of concomitant 
procedures, and the studies at various risk of bias levels 
(Tables 5,6 and Figures S62,S63). The sensitivity analyses 
were limited to mid-term mortality and aortic valve 
reintervention, as there were too few included studies in 
the heart failure outcome to warrant additional hypothesis 
testing. The pooled results for both mid-term mortality 
and aortic valve reintervention did not differ with regards 
to the presence or absence of the Rao 2023 study (12), 
concomitant procedures, or the removal of either studies 
only at critical risk of bias or studies at both serious and 
critical risk of bias.

Discussion

As is consistent with the current understanding of AAE 
procedures, the results of this meta-analysis attest to their 
perioperative safety. The findings of no increased risk of 
perioperative mortality, myocardial infarction, permanent 
pacemaker implantation, or stroke when AAE is performed 

Figure 6 Meta-analysis for heart failure. Mean duration of follow-up in round brackets for AAE + SAVR vs. SAVR groups; method used to 
calculate hazard ratio or incident rate ratio in square brackets. AAE, aortic annular enlargement; SAVR, surgical aortic valve replacement; 
SE, standard error; IV, inverse variance; CI, confidence interval; NYHA, New York Heart Association; CHF, congestive heart failure; HR, 
hazard ratio; CABG, coronary artery bypass graft; KM, Kaplan-Meier; pts, patients.
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in appropriately matched patients, align with the previous 
work of Yu et al. (14) and Sá et al. (15). Similarly, this 
synthesis is aligned with the previous work of Yu et al. (14) 
and Sá et al. (16) that did not demonstrate a difference in 
mid-term mortality in appropriately matched patients. 
However, this review is the first to describe the mid-term 
risks of aortic valve reintervention and heart failure after 
AAE. It is also the first synthesis to identify an increased 
risk of chest reopening after AAE procedures that were 
present within matched groups. This finding was primarily 
driven by the increased risk of chest reopening in the 
secondary cohort of one study, i.e., SAVR with CABG with 
or without AAE (43). While Tam et al. (43) have theorized 
that this may have been due to the addition of AAE to 
a more complex operation, i.e., SAVR with CABG, this 
finding warrants further exploration, ideally through well-
matched comparative studies with detailed descriptions of 
concomitant procedures.

Despite the increasing use of AAE during SAVR, there 
remains a paucity of long-term data concerning the impact 
of AAE on SAVR. For the studies that do have a mid-term 
follow-up, the reported outcome domains are sparse, with 
only enough data at this time to derive pooled estimates 
for all-cause mortality, aortic valve reintervention, and 
heart failure. A few of the many mid- and long-term 
outcomes that can factor into the decision to perform an 

AAE include cardiac mortality, stroke, and structural valve 
deterioration. Outcomes such as these are not available 
to patients and their surgeons in the context of AAE. At 
best, there is indirect evidence of the long-term viability 
of AAE procedures. When performed in high-volume 
centers of expertise or examined in syntheses (14,15) 
with appropriate adjustment to account for meaningful 
differences in baseline risks between patient populations, 
there appears to be no added perioperative morbidity or 
mortality due to AAE (8,12-15). When these procedures 
are successfully performed, the iEOA is either restored 
to that of a comparator group with a native annulus that 
can accommodate the same valve size without requiring 
augmentation, or the annular enlargement cohort exceeds 
the iEOA of a comparator group that received a valve that 
was sized too small relative to their BSA. Given the growing 
understanding of the risks posed by PPM, i.e., increased 
risk of mortality (2,3), heart failure rehospitalization (2,3), 
and aortic valve reintervention (3), a successful AAE cohort 
would be expected to either reach the equivalent survival 
to a comparator group with an appropriately sized valve or 
superior survival versus one with significant PPM.

The overall literature regarding AAE is poorly defined. 
Most studies do not report preoperative aortic annular 
dimensions, including the high-powered database studies 
that are often limited in that they lack the granularity of 

Table 4 GRADE summary of findings table for pooled mid-term mortality, aortic valve reintervention, and heart failure outcomes

Outcome
SAVR + 
AAE group

SAVR 
group

Studies
Pooled estimate, 
HR (95% CI)

P value
Heterogeneity 
(I2)

GRADE 
quality

Mid-term mortality—matched or adjusted 7,445 188,557 9* 1.03 (0.95, 1.12) 0.45 20% Lowa

Mid-term mortality—unmatched/unadjusted 7,834 208,363 12* 0.91 (0.80, 1.03) 0.12 63% Very lowa,b

Aortic valve reintervention—matched or 
adjusted

6,221 184,665 2 0.98 (0.75, 1.27) 0.86 0% Lowa

Aortic valve reintervention—unmatched/
unadjusted

6,596 196,363 7 1.08 (0.85, 1.39) 0.53 0% Very lowa,b

Heart failure—matched or adjusted 6,451 185,263 4 1.06 (0.86, 1.30) 0.58 25% Very lowa,b

Heart failure—unmatched/unadjusted 6,443 193,021 4 1.10 (0.998, 1.21) 0.06 0% Very lowa,b

GRADE Working Group grades of evidence—high quality: further research is very unlikely to change our confidence in the estimate of 
effect; moderate quality: further research is likely to have an important impact on our confidence in the estimate of effect and may change 
the estimate; low quality: further research is very likely to have an important impact on our confidence in the estimate of effect and is likely 
to change the estimate; very low quality: we are very uncertain about the estimate. a, quality limited by the absence of randomized and 
blinded study designs; b, quality limited by the inclusion of studies at critical risk of bias; *, separate estimate from a secondary cohort of 
Tam et al. counted as the same study. GRADE, Grading of Recommendations Assessment, Development and Evaluation; SAVR, surgical 
aortic valve replacement; AAE, aortic annular enlargement; HR, hazard ratio; CI, confidence interval.
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individual patients’ echocardiographic data. Matching 
patients in the annular enlargement and comparator groups 
by their native aortic annular dimensions is also rarely 
described. As such, it is rarely possible to determine whether 
the expected outcome is for the annular enlargement 
cohort to reach equivalence to an appropriately sized 
comparator or exceed the performance of a group with a 
significant PPM. The decision of when to perform AAE 
is similarly unclear. Although the adverse effects of PPM 
continue to be recognized, most studies either do not list 

objective decision-making criteria, such as predicted PPM, 
or when they do, they qualify the criteria with the decision 
remaining subject to surgeon discretion. When even the 
best available studies are subjected to this uncertainty, the 
possibility of unmeasured known and unknown confounders 
multiplies. The finding that patients undergoing AAE are 
less likely to receive mechanical valves within the matched 
and adjusted studies is perhaps a signal that alternate means 
of avoiding the unfavorable hemodynamics of a mismatched 
bioprosthesis are being employed in comparator groups, 

Table 5 Sensitivity analyses for subgroup differences in mid-term mortality

Mid-term mortality RR (95% CI) N Interaction P value

Matched/adjusted studies

Primary analysis 1.03 (0.95, 1.11) 9

Subgroup analyses: risk of bias

Moderate vs. serious/critical 1.05 (0.80, 1.38) vs. 1.03 (0.93, 1.14) 3 vs. 6 0.89

Moderate/serious vs. critical 1.03 (0.94, 1.13) vs. 1.06 (0.68, 1.65) 8 vs. 1 0.90

Subgroup analysis: concomitant procedures

Yes vs. not reported vs. no 1.02 (0.92, 1.13) vs. 0.91 (0.49, 1.71) vs. 1.16 (0.94, 1.43) 5 vs. 2 vs. 3 0.51 (0.28*)

Unmatched/unadjusted studies

Primary analysis 0.91 (0.80, 1.03) 12

Subgroup analyses: excluding Rao 2023 (reported only unmatched/unadjusted data)

Excluding Rao 2023 vs. Rao 2023 only 0.91 (0.80, 1.04) vs. 0.81 (0.45, 1.43) 11 vs. 1 0.69

Subgroup analyses: risk of bias

Moderate vs. serious/critical 0.81 (0.66, 1.00) vs. 0.99 (0.91, 1.08) 1 vs. 11 0.08

Moderate/serious vs. critical 0.92 (0.80, 1.06) vs. 0.85 (0.69, 1.06) 6 vs. 6 0.55

Subgroup analysis: concomitant procedures

Yes vs. not reported vs. no 0.92 (0.81, 1.04) vs. 0.76 (0.48, 1.21) vs. 0.81 (0.65, 1.00) 9 vs. 2 vs. 2 0.50 (0.31*)

All studies (prioritizing matched/adjusted if unmatched/unadjusted also reported)

Primary analysis (all studies) 1.00 (0.92, 1.08) 15

Subgroup analyses: risk of bias

Moderate vs. serious/critical 1.05 (0.80, 1.38) vs. 0.99 (0.90, 1.09) 3 vs. 12 0.67

Moderate/serious vs. critical 1.02 (0.93, 1.11) vs. 0.88 (0.72, 1.08) 8 vs. 7 0.21

Moderate vs. serious vs. critical 1.05 (0.80, 1.38) vs. 1.02 (0.91, 1.13) vs. 0.88 (0.72, 1.08) 3 vs. 5 vs. 7 0.44

Subgroup analysis: concomitant procedures

Yes vs. not reported vs. no 0.99 (0.90, 1.08) vs. 0.79 (0.50, 1.25) vs. 1.16 (0.94, 1.43) 10 vs. 3 vs. 3 0.23 (0.17*)

*, interaction P value for yes vs. no concomitant procedures only (i.e., excluding studies in which concomitant procedures were not 
reported). RR, relative risk; CI, confidence interval.
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thereby diminishing the potential benefits seen with AAE 
procedures. Finally, the definition of a successful AAE is 
equally uncertain. In the rare studies where the annular 
increase is reported, it is often conservative, with one to 
two valve sizes at most (20,33,35,37,40,42). With new 
techniques (8,61) yielding annular enlargement to the extent 
of three to five valve sizes, one must wonder whether a 
single valve size increase is enough, and whether the studies 
that do not report their annular dimensions are achieving 
any annular increase at all. An illustration of this technical 
variability can be seen wherein patients undergoing AAE in 
the matched or adjusted studies were more likely to receive 
a smaller valve size. Importantly, the same AAE methods 
were described in both subsets. Despite the numerous 
techniques described for AAE, their central principle is 
the alleviation of PPM, and it is this principle that is often 
unable to be assessed within the existing literature. 

There are inherent methodologic limitations within 
this systematic review. Firstly, all the included studies 
were non-randomized, leaving a significant possibility of 
confounding, particularly with regard to the selection of 
patients undergoing AAE. While some studies reported 
mid-term secondary outcome data for stroke, structural 

valve deterioration, non-structural valve dysfunction, 
infective endocarditis, or major bleeding, they lacked the 
specificity in terms of the outcome descriptions and the 
requisite breadth of data across the dataset to be able to 
enter quantitative syntheses. As the included studies were 
published from 1997 to 2023, there is additionally an era 
effect that can be expected in terms of both the evolution of 
prosthetic aortic valve technologies, as well as the surgical 
volumes and technical developments with the various AAE 
techniques at both the center and surgeon levels. 

The quality of available observational studies remains 
poor and randomized trials are unlikely. Collaborative 
multicentre prospective studies with clear decision-making 
criteria for AAE and a priori determined benchmarks of 
technical success, including the number of valve sizes 
gained, and the expected post-operative transprosthetic 
gradients, would be able to better assess the impact of AAE 
procedures on the long-term outcomes of SAVR. It is likely 
that the exact technique of AAE is less important than the 
successful upsizing of the prosthetic valve and avoidance 
of PPM. With regards to propensity matching, selecting 
comparator patients based on preoperative annular size may 
yield a much more informative comparison than matching 

Table 6 Sensitivity analyses for subgroup differences in aortic valve reintervention

Aortic valve re-intervention RR (95% CI) N Interaction P value

Matched/adjusted studies

Primary analysis 0.98 (0.75, 1.27) 2

Unmatched/unadjusted studies

Primary analysis 1.08 (0.85, 1.39) 7

All studies (prioritizing matched/adjusted if unmatched/unadjusted also reported)

Primary analysis (all studies) 1.03 (0.80, 1.31) 7

Subgroup analyses: excluding Rao 2023 (reported only unmatched/unadjusted data)

Excluding Rao 2023 vs. Rao 2023 only 1.03 (0.80, 1.31) vs. 1.16 (0.14, 9.67) 6 vs. 1 0.91

Subgroup analyses: risk of bias

Moderate vs. serious/critical 1.32 (0.29, 6.04) vs. 1.03 (0.79, 1.34) 2 vs. 5 0.75

Moderate/serious vs. critical 1.00 (0.78, 1.28) vs. 2.58 (0.60, 11.01) 4 vs. 3 0.21

Moderate vs. serious vs. critical 1.32 (0.29, 6.04) vs. 1.00 (0.77, 1.31) vs. 2.58 (0.60, 11.01) 2 vs. 2 vs. 3 0.43

Subgroup analysis: concomitant procedures

Yes vs. not reported vs. no 1.01 (0.76, 1.32) vs. 6.54 (0.42, 101) vs. 1.04 (0.61, 1.78) 3 vs. 1 vs. 3 0.41 (0.92*)

*, interaction P value for yes vs. no concomitant procedures only (i.e., excluding studies in which concomitant procedures were not 
reported). RR, relative risk; CI, confidence interval.
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based on the size of the prosthetic valve implanted. Patients 
matched by implanted valve size would also likely be 
matched to BSA, and thus would not be expected to have 
a meaningful difference in PPM, a potential driver of their 
mid- and long-term outcomes (2,3). 

Conclusions

Despite the variability in technical success amongst the 
studies reviewed and inherent issues with generalizability 
from single-center, non-randomized, observational studies, 
particularly those that select patients for AAE without 
formal criteria, AAE remains an important technique to 
address the challenge of SAVR in the small aortic root. 
SAVR with AAE does not appear to be associated with 
increased perioperative morbidity or mortality. There is 
no conclusive indication that AAE enhances mid-term 
survival, freedom from reoperation after SAVR, or freedom 
from heart failure. When considering mid- to long-term 
outcomes, it is important to consider what the definition 
of success would be for AAE procedures. It is critical to 
be able to understand whether an AAE has succeeded in 
alleviating PPM, and what the natural history of a particular 
comparator group is, to contextualize the technical 
innovations and refinements of AAE to come. 
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Supplemental Figures:  
 

 
 
Figure S1. ROBINS-I assessment for all reported outcomes within each of the included studies 

 

Legend for ROBINS-I assessment: L, low risk of bias; M, moderate risk of bias; S, serious risk 

of bias; C, critical risk of bias; NI, no information. 

 

Abbreviations: AoV, aortic valve; CHF, congestive heart failure; IE, infective endocarditis; 

NYHA, New York Heart Association functional class; PVL, paravalvular leak; SVD, 

structural valve deterioration. 

 

* Distinct secondary cohort reported within the same publication 

** Long-term reoperation outcome was assumed to be related to aortic valve reintervention 

 
 

First author Year Domain 1-
Confounding

Domain 2-
Selection

Domain 3-
Classification of 

Interventions

Domain 4-Deviations 
from Intended 
Interventions

Outcome-Specific Domains Domain 5-
Missing Data

Domain 6-Outcome 
Measurement

Domain 7-
Reported 

Results

Overall Risk of 
Bias Outcome

Mortality M L M S Mortality
AoV Reintervention M M M S AoV Reintervention

Non-Structural Valve Dysfunction-PVL S S M S Non-Structural Valve Dysfunction-PVL
Mortality L L M M Mortality

AoV Reintervention L M M M AoV Reintervention
Mortality L L M S Mortality

AoV Reintervention L M M S AoV Reintervention
Stroke Hospitalization L M M S Stroke Hospitalization
CHF Rehospitalization L S M S CHF Rehospitalization

Chauvette 2020 S L L NI Mortality L L M S Mortality

Mortality L L M M Mortality
AoV Reintervention L M M M AoV Reintervention

CHF Rehospitalization L S M S CHF Rehospitalization
Tam* 2020 M L L L Mortality L L M M Mortality

Haunschild 2019 M L L M Mortality S L M S Mortality
Mortality NI L M M Mortality

Cardiac Mortality NI M M M Cardiac Mortality
SVD NI S NI S SVD

IE NI S NI S IE
Major Bleeding NI S NI S Major Bleeding

Stroke NI S NI S Stroke
CHF NI S NI S CHF

Mortality M L M C Mortality
CHF Composite M S M C CHF Composite

Mortality L L M S Mortality

Cardiac Mortality L M M S Cardiac Mortality

Mortality S L L C Mortality
AoV Reintervention S M L C AoV Reintervention

SVD S M L C SVD
Non-Structural Dysfunction S M L C Non-Structural Dysfunction

Valve Thrombosis S M L C Valve Thrombosis
NYHA III-IV S S L C NYHA III-IV

IE S S L C IE
Major Anticoagulant-Related Hemorrhage S S L C Major Anticoagulant-Related Hemorrhage

Thromboembolism S S L C Thromboembolism
Beckmann 2016 S L L C Mortality S L M C Mortality

Correia 2016 S L S C Mortality L L M C Mortality
Mortality NI L S C Mortality

AoV Reintervention NI M S C AoV Reintervention
Penaranda 2014 S L L S Mortality M L M S Mortality

Mortality NI NI M C Mortality
Reoperation** NI M M C Reoperation**

Prosthetic Valve IE NI S M C Prosthetic Valve IE
Thromboembolism NI S M C Thromboembolism
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Prfiti 2015 C L L M

Sakamoto 2006 C L L

Unmatched/Unadjusted Observational Studies

Rao 2023 C L S C
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Kulik 2008 S L L C

Sommers 1997 S L L

L

Tam 2020 M L L L

Okamoto 2016 M L L

L

Shih 2022 M L M L

Mehaffey 2021 S L S

Matched or Adjusted Observational Studies

Yousef 2023 S L M L

Supplemental Figures: 

Figure S1 ROBINS-I assessment for all reported outcomes within each of the included studies.
Legend for ROBINS-I assessment: L, low risk of bias; M, moderate risk of bias; S, serious risk of bias; C, critical risk of bias; NI, no 
information.
Abbreviations: AoV, aortic valve; CHF, congestive heart failure; IE, infective endocarditis; NYHA, New York Heart Association functional 
class; PVL, paravalvular leak; SVD, structural valve deterioration.
* Distinct secondary cohort reported within the same publication.
** Long-term reoperation outcome was assumed to be related to aortic valve reintervention.
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Figures S2-S31. Meta-analyses for baseline characteristics 

 
 

 
Figure S2. Forest plot for age at time of operation (years) 

 

 
Figure S3. Forest plot for male sex 

Figures S2-S31. Meta-analyses for baseline characteristics

Figure S2 Forest plot for age at time of operation (years).

Figure S3 Forest plot for male sex.
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Figure S4. Forest plot for preoperative body surface area (m2) 

 

 
Figure S5. Forest plot for preoperative body mass index (kg/m2) 

 

Figure S4 Forest plot for preoperative body surface area (m2).

Figure S5 Forest plot for preoperative body mass index (kg/m2).



© Annals of Cardiothoracic Surgery. All rights reserved. https://dx.doi.org/10.21037/acs-2024-aae-0023

 5 

 
Figure S6. Forest plot for cerebrovascular disease 

 

 
Figure S7. Forest plot for chronic obstructive pulmonary disease (COPD) 

Figure S6 Forest plot for cerebrovascular disease.

Figure S7 Forest plot for chronic obstructive pulmonary disease (COPD).
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Figure S8. Forest plot for smoking 

 

 
Figure S9. Forest plot for chronic renal failure 

Figure S8 Forest plot for smoking.

Figure S9 Forest plot for chronic renal failure.
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Figure S10. Forest plot for dialysis 

 

 
Figure S11. Forest plot for hypertension 

Figure S10 Forest plot for dialysis.

Figure S11 Forest plot for hypertension.
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Figure S12. Forest plot for diabetes 

 

 
Figure S13. Forest plot for dyslipidemia 

 

Figure S12 Forest plot for diabetes.

Figure S13 Forest plot for dyslipidemia.
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Figure S14. Forest plot for coronary artery disease 

 

 
Figure S15. Forest plot for preoperative atrial fibrillation 

Figure S14 Forest plot for coronary artery disease.

Figure S15 Forest plot for preoperative atrial fibrillation.
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Figure S16. Forest plot for peripheral vascular disease 

 

 
Figure S17. Forest plot for left ventricular ejection fraction (LVEF, %) 

 

Figure S16 Forest plot for peripheral vascular disease.

Figure S17 Forest plot for left ventricular ejection fraction (LVEF, %).
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Figure S18. Forest plot for CHF or low LVEF 

 

 
Figure S19. Forest plot for NYHA III or IV 

Figure S18 Forest plot for CHF or low LVEF.

Figure S19 Forest plot for NYHA III or IV.
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Figure S20. Forest plot for mean NYHA grade 

 

 
Figure S21. Forest plot for non-elective surgery 

 

Figure S20 Forest plot for mean NYHA grade.

Figure S21 Forest plot for non-elective surgery.
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Figure S22. Forest plot for Society of Thoracic Surgeons (STS) score (%) 

 

 
Figure S23. Forest plot for prior cardiac surgery 

 

Figure S22 Forest plot for Society of Thoracic Surgeons (STS) score (%).

Figure S23 Forest plot for prior cardiac surgery.
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Figure S24. Forest plot for prior SAVR 
 

 
 
Figure S25. Forest plot for peak aortic gradient (mm Hg) 
 

Figure S24 Forest plot for prior SAVR.

Figure S25 Forest plot for peak aortic gradient (mm Hg).
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Figure S26. Forest plot for mean aortic gradient (mm Hg) 
 

 
 
Figure S27. Forest plot for aortic valve area (cm2) 
 
 

Figure S26 Forest plot for mean aortic gradient (mm Hg).

Figure S27 Forest plot for aortic valve area (cm2).
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Figure S28. Forest plot for indexed effective orifice area (cm2/m2) 
 

 
 
Figure S29. Forest plot for aortic annular diameter (mm) 
 

Figure S28 Forest plot for indexed effective orifice area (cm2/m2).

Figure S29 Forest plot for aortic annular diameter (mm).
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Figure S30. Forest plot for aortic stenosis [including mixed stenosis and insufficiency] vs 
insufficiency 
 

 
 
Figure S31. Forest plot for bicuspid aortic valve 
 
 

Figure S30 Forest plot for aortic stenosis [including mixed stenosis and insufficiency] vs insufficiency.

Figure S31 Forest plot for bicuspid aortic valve.
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Figures S32-S39. Meta-analyses for operative outcomes 
 

 
  
Figure S32. Forest plot for mechanical vs bioprosthetic aortic valve replacement 
 

 
 
Figure S33. Forest plot for concomitant CABG 

Figure S32 Forest plot for mechanical vs. bioprosthetic aortic valve replacement.

Figure S33 Forest plot for concomitant CABG.

Figures S32-S39. Meta-analyses for operative outcomes
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Figure S34. Forest plot for concomitant mitral valve surgery 
 

 
 
Figure S35. Forest plot for concomitant tricuspid valve surgery 
 

Figure S34 Forest plot for concomitant mitral valve surgery.

Figure S35 Forest plot for concomitant tricuspid valve surgery.
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Figure S36. Forest plot for cardiopulmonary bypass time (min) 
 

 
 
Figure S37. Forest plot for aortic cross clamp time (min) 
 

Figure S36 Forest plot for cardiopulmonary bypass time (min).

Figure S37 Forest plot for aortic cross clamp time (min).
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Figure S38. Forest plot for aortic prosthesis size (mm) with arbitrary small standard deviation of 
0.1 imputed for Penaranda 2014 and Prifti 2015 to allow inclusion in the pooled analysis. These 
studies would otherwise be excluded in the pooled analysis as each group received only one 
prosthesis size for these two studies resulting in zero standard deviations. 
 
 

 
 
Figure S39. Forest plot for aortic prosthesis size (mm) without imputed standard deviations from 
(thereby excluding) Penaranda 2014 and Prifti 2015 
  

Figure S38 Forest plot for aortic prosthesis size (mm) with arbitrary small standard deviation of 0.1 imputed for Penaranda 2014 and Prifti 
2015 to allow inclusion in the pooled analysis. These studies would otherwise be excluded in the pooled analysis as each group received only 
one prosthesis size for these two studies resulting in zero standard deviations.

Figure S39 Forest plot for aortic prosthesis size (mm) without imputed standard deviations from (thereby excluding) Penaranda 2014 and 
Prifti 2015.
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Figures S40-S55. Meta-analyses for early postoperative outcomes 
 
 

 
 
Figure S40. Forest plot for postoperative indexed effective orifice area (cm2/m2) 
 

 
 
Figure S41. Forest plot for severe patient-prosthesis mismatch (PPM) 
 
  

Figure S40 Forest plot for postoperative indexed effective orifice area (cm2/m2).

Figure S41 Forest plot for severe patient-prosthesis mismatch (PPM).

Figures S40-S55. Meta-analyses for early postoperative outcomes
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Figure S42. Forest plot for moderate patient-prosthesis mismatch (PPM) 
 

 
 
Figure S43. Forest plot for moderate or severe patient-prosthesis mismatch (PPM) 
 

Figure S42 Forest plot for moderate patient-prosthesis mismatch (PPM).

Figure S43 Forest plot for moderate or severe patient-prosthesis mismatch (PPM).



© Annals of Cardiothoracic Surgery. All rights reserved. https://dx.doi.org/10.21037/acs-2024-aae-0023

 24 

 
Figure S44. Forest plot for perioperative mortality 
  

Figure S44 Forest plot for perioperative mortality.
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Figure S45. Forest plot for perioperative chest reopening. Increased risk of perioperative chest 
reopening among the matched/adjusted studies was primarily due to the results of Tam 2020 
which accounted for 89% of the weighting.  Excluding Tam 2020, the pooled risk of chest 
reopening in the remaining matched/adjusted studies was no longer statistically significant (RR 
0.97 [0.36, 2.65]). 
 
 

Figure S45 Forest plot for perioperative chest reopening. Increased risk of perioperative chest reopening among the matched/adjusted 
studies was primarily due to the results of Tam 2020 which accounted for 89% of the weighting. Excluding Tam 2020, the pooled risk of 
chest reopening in the remaining matched/adjusted studies was no longer statistically significant (RR 0.97 [0.36, 2.65]).
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Figure S46. Forest plot for perioperative stroke 
 

 
 
Figure S47. Forest plot for perioperative myocardial infarction 
 

Figure S46 Forest plot for perioperative stroke.

Figure S47 Forest plot for perioperative myocardial infarction.
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Figure S48. Forest plot for perioperative new permanent pacemaker 
 

 
 
Figure S49. Forest plot for prolonged mechanical ventilation (>24 hours) or other respiratory 
complications 
 

Figure S48 Forest plot for perioperative new permanent pacemaker.

Figure S49 Forest plot for prolonged mechanical ventilation (>24 hours) or other respiratory complications.
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Figure S50. Forest plot for deep sternal wound infection 
 

 
 
Figure S51. Forest plot for ICU length of stay (days) 
 

Figure S50 Forest plot for deep sternal wound infection.

Figure S51 Forest plot for ICU length of stay (days).
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Figure S52. Forest plot for hospital length of stay (days) 
 

 
Figure S53. Forest plot for peak transprosthetic gradient at discharge (mm Hg) 
  

Figure S52 Forest plot for hospital length of stay (days).

Figure S53 Forest plot for peak transprosthetic gradient at discharge (mm Hg).
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Figure S54. Forest plot for mean transprosthetic gradient at discharge (mm Hg) 
 

 
 
Figure S55. Forest plot for paravalvular leak at discharge and during follow up  

Figure S54 Forest plot for mean transprosthetic gradient at discharge (mm Hg).

Figure S55 Forest plot for paravalvular leak at discharge and during follow up.
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Figures S56-S61. Meta-analyses of secondary outcomes lacking sufficient data 
 

 

 
 
Figure S56. Forest plot for structural valve deterioration during follow-up 
 

 
 
Figure S57. Forest plot for complete heart block or permanent pacemaker insertion 
 
 

 
 
Figure S58. Forest plot for thromboembolism during follow-up. Assumed equal follow-up 
lengths between groups if only overall follow-up was provided. 
 

Figure S56 Forest plot for structural valve deterioration during follow-up.

Figure S58 Forest plot for thromboembolism during follow-up. Assumed equal follow-up lengths between groups if only overall follow-up 
was provided.

Figure S57 Forest plot for complete heart block or permanent pacemaker insertion.

Figures S56-S61. Meta-analyses of secondary outcomes lacking sufficient data
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Figure S59. Forest plot for stroke during follow-up 
 

 
 
Figure S60. Forest plot for bleeding during follow-up 
 

 
 
Figure S61. Forest plot for endocarditis during follow-up 
 
  

Figure S60 Forest plot for bleeding during follow-up.

Figure S59 Forest plot for stroke during follow-up.

Figure S61 Forest plot for endocarditis during follow-up.
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Figures S62-S63. Summaries of sensitivity analyses 
 

 

 
Figure S62. Sensitivity analyses for mid-term mortality 
  

Figure S62 Sensitivity analyses for mid-term mortality.

Figures S62-S63. Summaries of sensitivity analyses
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Figure S63. Sensitivity analyses for aortic valve reintervention 
 

Figure S63 Sensitivity analyses for aortic valve reintervention.
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Supplemental Tables:

Table S1 Characteristics of included studies (detailed)

First author Year
Cohort 
size

Group Group number, n (%) Age (year) Male sex (%) Body surface area (m2)
Cerebrovascular 
disease (%)

AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE

Matched or adjusted observational studies

Yousef 2023 2371 AAE + AVR Isolated AVR 131 (5.5%) 2240 (94.5%) 62.0 [55.0−70.0] 68.0 [60.0−76.0] 32.1 63.6 1.99±0.27 2.03±0.27 14.5 18.0

Shih 2022 216 AAE + AVR Isolated AVR 54 (25%) 162 (75%) 63.92±12.63 64.94±10.84 29.6 29.0 1.89±0.28 1.91±0.25 5.6 3.1

Mehaffey 2021 189268 AAE + AVR AVR 5412 (2.9%) 183856 (97.1%) 75 [70−79] 76 [71−81] 40.0 62.0 − − 21.0 19.4

Chauvette 2020 125 AAE + Redo AVR Redo AVR 21 (16.8%) 104 (83.2%) 63±3 63±3 28.6 42.3 − − 0.0 0.0

Tam 2020 1618 AAE + AVR Isolated AVR 809 (50%) 809 (50%) 65.57±12.36 65.48±13.38 43.3 44.4 1.92±0.27 1.91±0.26 4.1 4.9

Tam* 2020 1050 AAE + AVR + CABG AVR + CABG 525 (50%) 525 (50%) 72.12±8.80 72.36±8.68 54.1 53.5 1.94±0.24 1.94±0.25 5.9 6.5

Haunschild 2019 338 AAE + AVR AVR 169 (50%) 169 (50%) 67.48±10 67.58±9 34.0 34.0 1.9±0.2 1.9±0.2 − −

Okamoto 2016 116 AAE + AVR AVR 58 (50%) 58 (50%) 73.4±11.9 74.7±8.5 19.0 19.0 1.45±0.16 1.38±0.16 0.0 0.0

Kulik 2008 712 AAE + AVR AVR in SAR 172 (24.2%) 540 (75.8%) 66.8±12.3 69.1±11.8 30.8 25.2 − − − −

Sommers 1997 530 AAE + Medtronic Hancock II bioAVR Medtronic Hancock II 
bioAVR

98 (18%) 432 (82%) 64±13 64±12 55.0 87.0 1.79±0.22 1.83±0.19 − −

Unmatched/unadjusted observational studies

Rao 2023 602 Aortic root, STJ, or annular 
enlargement + Medtronic Avalus AVR

Medtronic Avalus AVR 90 (15.0%)** 512 (85.0%) 67.9±7.2 69.3±8.9 62.2 78.3 2.00±0.21 2.00±0.22 1.1 4.7

Beckmann 2016 128 AAE + bioAVR in SAR Corcym Perceval bioAVR 
in SAR

36 (28.1%) 92 (71.9%) 62 (37−92) 79 (37−91) 16.7 18.5 1.8±0.2 1.8±0.2 − −

Correia 2016 1006 AAE + AVR in SAR AVR in SAR 239 (23.8%) 767 (76.2%) 70.4±12.5 69.9±9.6 18.4 12.0 1.59±0.15 1.57±0.13 5.0 6.3

Prifti 2015 55 AAE + 19 mm supraannular AVR 17 mm supraannular AVR 35 (63.6%) 20 (36.4%) 67.6±10 69.75±7.4 17.0 10.0 1.68±0.16 1.67±0.2 8.6 20.0

Penaranda 2014 117 AAE + 21 mm AVR 19 mm AVR 30 (25.6%) 87 (74.4%) 83.8 (80.2−93.4) 84.1 (80.1−92.7) 13.0 2.0 1.7 (1.5−2.1) 1.6 (1.2−2.1) 20.0 13.0

Sakamoto 2006 128 AAE + St Jude mechAVR St Jude mechAVR 24 (18.75%) 104 (81.25%) 52.6±11.9† 72.7† 1.60±0.15† − −
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Table S1 (continued)

First author Year
Renal failure (%) Dialysis (%)

Coronary artery 
disease (%)

COPD (%) Smoking (%) Diabetes (%) Hypertension (%)
Urgent  
status (%)

Emergent  
Status (%)

Urgent/Emergent 
Status (%)

AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE

Matched or adjusted observational studies

Yousef 2023 − − 0.8 1.8 − − − − − − 35.9 31.8 − − − − − − 24.4 24.0

Shih 2022 − − 0.0 0.6 − − 3.7 3.1 5.6 6.2 33.3 35.8 81.5 79.0 11.1 6.2 0 0 11.1 6.2

Mehaffey 2021 − − 1.7 1.8 55.4 58.8 − − 23.3 24.0 39.6 34.7 88.1 86.5 21.7 24.2 0 0 21.7 24.2

Chauvette 2020 − − − − 10.0 11.0 3.0 5.0 − − 28.0 15.0 62.0 59.0 − − − − 19.0 13.0

Tam 2020 − − 3.5 4.4 35.0 37.8 24.0 22.4 43.3 42.4 38.4 39.3 75.8 75.6 11.6 12.5 0 0 11.6 12.5

Tam* 2020 − − 4.6 4.8 98.3 96.4 23.0 24.4 52.2 49.5 50.9 53.1 87.8 89.5 21.0 21.1 0 0 21.0 21.1

Haunschild 2019 − − 2.0 2.0 − − 4.0 4.0 26.0 25.0 32.0 34.0 89.0 85.0 11.0 11.0 0 0 11.0 11.0

Okamoto 2016 6.9 10.3 − − 10.3 10.3 0.0 3.4 12.1 13.8 22.4 17.2 67.2 63.8 − − − − 0.0 1.7

Kulik 2008 − − − − − − − − 12.8 10.4 − − − − − − − − − −

Sommers 1997 − − − − 38.0 40.0 − − − − − − − − − − − − − −

Unmatched/unadjusted observational studies

Rao 2023 4.4 9.2 − − 30.0 47.3 − − − − − − 74.4 75.2 − − − − − −

Beckmann 2016 19.0 16.0 − − − − 8.0 5.0 − − 22.0 33.0 66.0 73.0 − − − − − −

Correia 2016 26.8 29.6 2.5 1.2 27.2 24.1 6.7 5.7 − − 17.6 12.9 57.7 44.1 − − − − − −

Prifti 2015 5.7 0.0 − − 17.1 20.0 14.3 25.0 31.4 30.0 23.0 25.0 46.0 50.0 − − − − − −

Penaranda 2014 0.0 3.0 − − − − − − − − 17.0 16.0 77.0 75.0 − − − − 7.0 7.0

Sakamoto 2006 − − − − − − − − − − − − − − − − − − − −
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Table S1 (continued)

First author Year
EuroSCORE II (%) STS score (%)

Previous cardiac 
surgery (%)

Previous SAVR (%) Preoperative LVEF (%)
Preoperative  
LVEF (< 35%) (%)

Preoperative  
NYHA ≥3 (%)

AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE

Matched or adjusted observational studies

Yousef 2023 − − 1.7 [1.1−2.9] 1.7 [1.1−3.1] 17.6 15.2 − − 60.0 [55.0−63.0] 58.0 [55.0−63.0] − − − −

Shih 2022 − − 2.1±1.6 2.0±2.1 14.8 16.1 − − 59.16±8.81 58.33±7.6 − − 18.5 14.8

Mehaffey 2021 − − 2.99±4.1 2.97±4.2 13.0 11.6 − − − − − − − −

Chauvette 2020 13.8±1.6 10.4±1.6 − − 100.0 100.0 100.0 100.0 62±1 60±1 − − 67.0 65.0

Tam 2020 − − − − 0.0 0.0 0.0 0.0 − − 4 4 38.4 37.7

Tam* 2020 − − − − 0.0 0.0 0.0 0.0 − − 5 5 40.2 41.1

Haunschild 2019 − − − − 0.0 0.0 0.0 0.0 60±11 60±11 − − 51.0 47.0

Okamoto 2016 − − − − 5.2 0.0 1.7 0.0 63.1±7.8 62.7±7.2 − − − −

Kulik 2008 − − − − − − − − − − − − 38.4 40.9

Sommers 1997 − − − − − − − − − − − − 77.0 73.0

Unmatched/unadjusted observational studies

Rao 2023 − − 1.6±1.0 1.8±1.2 1.1 4.1 1.1 1.0 − − − − 51.1 43.1

Beckmann 2016 − − − − 14.0 2.0 − − 60 (42−70) 60 (25−90) − − 28.0 84.0

Correia 2016 − − − − 8.8 6.9 0.4 0.0 65.3±15.9 64.6±16.0 − − 49.4 57.9

Prifti 2015 − − − − 17.1 0.0 0.0 0.0 58±13 54.7±7.4 20 5 − −

Penaranda 2014 − − NS 10.0 8.0 − − 64 (30−78) 63 (13−78) − − 80.0 78.0

Sakamoto 2006 − − − − − − − − − − − − − −
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Table S1 (continued)

First author Year
Preoperative mean aortic gradient (mmHg) Preoperative iEOA (cm^2/m^2) Preoperative aortic annulus diameter (mm) Aortic stenosis (%) Aortic insufficiency (%) Mixed aortic valve disease (%)

AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE

Matched or adjusted observational studies

Yousef 2023 − − − − − − 90.1 86.5 32.1 37.1 − −

Shih 2022 45.95±17.11 42.15±17.14 0.37±0.12 0.38±0.14 − − 90.7 87.7 − − − −

Mehaffey 2021 − − − − − − − − − − − −

Chauvette 2020 31.9±2.4 30.1±2.5 0.49±0.06 0.66±0.06 − − 82.0 74.0 − − − −

Tam 2020 − − − − − − 85.0 83.9 − − − −

Tam* 2020 − − − − − − 87.6 87.0 − − − −

Haunschild 2019 − − − − − − 95.0 95.0 4.0 4.0 − −

Okamoto 2016 − − 0.42±0.14 0.52±0.17 19.3±1.8 19.7±1.9 74.1 74.1 0.0 0.0 25.9 25.9

Kulik 2008 39.1±18.0 48.4±25.4 − − − − − − − − − −

Sommers 1997 − − − − − − 57.0 42.0 14.0 27.0 29.0 31.0

Unmatched/unadjusted observational studies

Rao 2023 46±17 42±18 0.41±0.14 0.47±0.30 23.2 24.1 88.9 82.2 2.2 7.0 8.9 10.4

Beckmann 2016 48±20 48±19 0.38±0.17 0.38±0.11 19 (17−21) 20 (17−22) 100.0 100.0 − − − −

Correia 2016 63.2 ±20.2 58.8±16.7 0.35±0.14 0.38±0.13 − − 71.1 68.8 6.3 7.4 22.2 23.7

Prifti 2015 63.3±17 66±12.7 − − − − 100.0 100.0 − − − −

Penaranda 2014 − − 0.40 (0.14−0.53) 0.41 (0.16−0.64) 19 19 100.0 100.0 − − 30.0 17.0

Sakamoto 2006 − − − − − − 8.6† 50† 33.6†
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Table S1 (continued)

First author Year
BAV (%) Mechanical valve (%) Mean implanted valve size (mm) Concomitant valve surgery (%) Concomitant CABG (%) Concomitant other procedure(s) (%)

AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE AAE No AAE

Matched or adjusted observational studies

Yousef 2023 − − 25† 23.0 [21.0−25.0] 25.0 [23.0−25.0] 0.0 0.0 0.0 0.0 0.0 0.0

Shih 2022 30.2 50.0 19.6 12.4 22.13±1.94 23.39±2.28 0.0 0.0 0.0 0.0 0.0 0.0

Mehaffey 2021 − − − − 23.0‡ 23.0‡ 0.0 0.0 42.6 45.2 0.0 0.0

Chauvette 2020 − − − − 21.2±0.4 22.1±0.4 − − − − − −

Tam 2020 − − 22.0 31.0 − − 0.0 0.0 0.0 0.0 0.0 0.0

Tam* 2020 − − 13.9 15.0 − − 0.0 0.0 100.0 100.0 0.0 0.0

Haunschild 2019 − − 7.0 6.5 21 [21−23] 23 [21−23] 0.0 0.0 0.0 0.0 33.0 17.0

Okamoto 2016 13.8 15.5 31.0 36.0 19.4±1.6 19.3±1.3 22.4 24.1 10.3 10.3 24.1 31.0

Kulik 2008 − − 43.0 40.2 22.0 20.7 7.6 18.9 43.6 39.6 − −

Sommers 1997 − − 0.0 0.0 23.8±1.94 25.2±2.07 − − − − − −

Unmatched/unadjusted observational studies

Rao 2023 41.1 35.0 0.0 0.0 23.1±1.9 23.7±2.1 0.0 0.0 26.7 32.0 46.7 31.6

Beckmann 2016 − − 0.0 0.0 − 23.07 − − − − 6.0 33.0

Correia 2016 15.3† 23.8 47.7 21.8±1.0 20.7±0.5 9.2 18.8 17.2 13.7 59.0 68.2

Prifti 2015 25.7 45.0 100.0 100.0 19 17 20.0 25.0 17.1 20.0 − −

Penaranda 2014 − − 0.0 3.0 21 19 − − 43.0 51.0 16.7 21.8

Sakamoto 2006 − − 100.0 100.0 24.1† 28.9† 0.0 0.0 3.1†

Continuous variables are presented as mean ± standard deviation, median (range), or median [interquartile range]. *, distinct secondary cohort reported within the same publication; **, of 90 patients within the intervention arm, only 27 patients 
(30%) had a confirmed AAE and 3 patients (3.3%) within the intervention arm had an aortic root replacement; †, demographic information derived from the overall cohort of the respective study; ‡, median implanted valve size. AAE, aortic annular 
enlargement; BAV, bicuspid aortic valve; bioAVR, bioprosthetic aortic valve replacement; AVR; aortic valve replacement; COPD, chronic obstructive pulmonary disease; iEOA, indexed effective orifice area; LVEF, left ventricular ejection fraction; 
mechAVR, mechanical aortic valve replacement; NS, no statistically significant difference in STS score between ARE and no ARE groups; SAR, small aortic root; SAVR, surgical aortic valve replacement; STJ, sinotubular junction.
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Table S2 GRADE domain−specific judgements for midterm mortality, aortic valve reintervention, and heart failure

Outcome
AAE + 
SAVR

SAVR Studies Design Risk of bias
Unexplained 
heterogeneity

Indirectness Imprecision
Publication 
bias

Large effect
Dose 
response

Plausible residual 
confounding

Overall quality

Midterm mortality

Matched or adjusted 7445 188,557 9* Low quality − −** − − − N/A N/A N/A Low

Unmatched/unadjusted 7834 208,363 12* Very low quality Downgrade −** − − − N/A N/A N/A Very low

Aortic valve reintervention

Matched or adjusted 6221 184,665 2 Low quality − −** − − − N/A N/A N/A Low

Unmatched/unadjusted 6596 196,363 7 Very low quality Downgrade −** − − − N/A N/A N/A Very low

Heart failure

Matched or adjusted 6451 185,263 4 Low quality Downgrade −** − − − N/A N/A N/A Very low

Unmatched/unadjusted 6443 193,021 4 Very low quality Downgrade −** − − − N/A N/A N/A Very low

GRADE Working Group grades of evidence—high quality: further research is very unlikely to change our confidence in the estimate of effect; moderate quality: further research is likely to have an important impact on our confidence in the estimate 
of effect and may change the estimate; low quality: further research is very likely to have an important impact on our confidence in the estimate of effect and is likely to change the estimate; very low quality: we are very uncertain about the estimate. 
*, separate estimate from secondary cohort of Tam et al. considered as same study; **, the vast majority of heterogeneity was felt to be explained by the risk of bias observed within each of the subsets of examined studies. GRADE, Grading of 
Recommendations Assessment, Development and Evaluation; AAE, aortic annular enlargement; SAVR, surgical aortic valve replacement; N/A, not applicable; −, no change to overall quality rating.
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Appendix 1: Detailed risk of bias assessment

Only three included studies reported on outcomes at 
moderate risk of bias (1-3). All three studies were designed 
with extensive propensity score matching that addressed the 
relevant a priori-specified baseline confounders that could 
bias the selection of patients for or against receiving an AAE 
procedure at the time of SAVR. The remaining studies and 
their reported outcomes of interest were either at severe 
or critical risk of bias (4-15). These ratings were primarily 
driven by unclear or incomplete accounting methods for 
confounding variables or the complete absence of matching 
or adjustment of outcomes. Notably, in the studies by 
Rao et al. (12) Beckmann et al., (4) Correia et al. (6), and 
Kulik et al. (8), there were also critical issues regarding 
the composition of the intervention group (12) and the 
imbalance of important concomitant procedures (4,6,8,12). 

The study by Sakamoto et al. did not provide information 
regarding baseline characteristics, intraoperative details 
and perioperative outcomes to be able to compare the 
characteristics of the St. Jude mechanical AVR with AAE 
versus St. Jude mechanical AVR without AAE groups (13). 
However, the data regarding mid-term mortality and aortic 
valve reintervention are described by Sakamoto et al. These 
outcomes are reported for the distinct groups of interest, i.e., 
AAE and St. Jude mechanical AVR and St. Jude mechanical 
AVR without AAE (13). As such, these estimates remain in 
the mid-term outcomes syntheses.
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