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Background: Valve-sparing aortic root replacement (VSARR), which includes reimplantation and 
remodeling techniques, has been developed as an important treatment for aortic root aneurysms. We aimed 
to evaluate the outcomes of reimplantation versus remodeling techniques in valve-sparing surgery for aortic 
root aneurysms.
Methods: A systematic review and meta-analysis was performed by searching PubMed, Embase and the 
Cochrane Library until November 2019. Fourteen retrospective cohort studies comparing reimplantation 
with remodeling techniques for aortic root aneurysms were included and contained at least one of the 
following outcomes: early mortality, late mortality, aortic valve-related reoperation, and postoperative 
moderate to severe aortic regurgitation (AR).
Results: The outcomes of 1,672 patients (1,011 underwent reimplantation surgery, and 661 underwent 
remodeling) were analyzed. Compared with remodeling, the reimplantation technique was associated with 
a significantly lower risk of late mortality (RR =0.34; 95% CI, 0.17–0.71; P=0.004; I2=37%) and reoperation 
(RR =0.31; 95% CI, 0.12–0.76; P=0.01; I2=55%). There was no significant difference in early mortality  
(RR =0.69; 95% CI, 0.31–1.53; P=0.36; I2=0%), postoperative moderate to severe AR (RR =0.64; 95% CI, 
0.31–1.32; P=0.22; I2=36%) or postoperative stroke (RR =1.26; 95% CI, 0.58–2.75; P=0.56; I2=0%) between 
the two groups. No evidence of publication bias was detected.
Conclusions: The current meta-analysis indicate that patients who undergo reimplantation procedures 
have a significantly lower risk of late mortality and reoperation than those who undergo remodeling 
procedures. Early mortality, postoperative moderate to severe AR and stroke were comparable between the 
two techniques.
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Introduction

The surgical treatment for patients with aortic root 
aneurysms is still under debate. In the past, standard 
composite aortic root replacement (Bentall and De Bono 
procedure) has been regarded as the first choice in the 
surgical treatment of aortic root aneurysms (1,2). In recent 
decades, valve-sparing aortic root replacement (VSARR), 
including reimplantation and remodeling techniques as well 
as their modifications (3-5), which can preserve native aortic 
valves and alleviate the risk of lifelong anticoagulation-
related hemorrhagic complications and mechanical valve-
related thromboembolism, has been developed for these 
patients. It should be noted that in recent years, VSARR has 
been performed in various heart centers, with an increasing 
number of surgeons opting to perform VSARR rather than 
composite aortic root replacement (6-9).

Reimplantation techniques were first introduced by 
David in 1992 (10) and remodeling by Yacoub in 1983 (11). 
Reimplantation techniques can successfully reduce annular 
dilatation and stabilize the basal ring and sinotubular 
junction; however, these techniques fail to restore the sinus 
of Valsalva (3,12), which enables the aortic annulus to 
move physiologically during the cardiac cycle. By contrast, 
although the remodeling technique is able to reconstruct 
the sinus of Valsalva, postoperative dilation of the 
ventriculo-aortic junction may possibly result in a relatively 
high failure rate (13,14). Schematic diagram illustrating the 
reimplantation and the remodeling techniques was shown 
in Figure 1.

Currently, there is still no consensus on which VSARR 
technique is superior in terms of long-term postoperative 
outcomes. The results of several previously published 
systematic reviews and meta-analyses remain controversial 
due to small populations and short follow-up periods (15-17).  
Recently, some retrospective cohort studies with larger 
populations and longer follow-up periods have been 
published and have provided new evidence for further 
analysis (18-21).

To further investigate the long-term outcomes of 
reimplantation and remodeling procedures in patients 
with aortic root aneurysms, we included an update of the 
currently published data and performed a systematic review 
and meta-analysis focused on early mortality, late mortality, 
reoperation rate, postoperative moderate to severe aortic 
regurgitation (AR) and stroke during follow-up.

We present the following article in accordance with the 
PRISMA reporting checklist (available at http://dx.doi.
org/10.21037/jtd-20-1407).

Methods

Search strategy

Our meta-analysis was reported based on the Preferred 
Reporting Items for Systematic reviews and Meta-Analyses 
(PRISMA) and has been registered at International 
prospective register of systematic reviews (PROSPERO, 
number CRD42020159743). We performed a systematic 
search of major databases, including PubMed, Embase 
and the Cochrane library, by using keywords and medical 
subject heading (Mesh) that included the following words: 
(aorta OR aortic valve OR aortic aneurysm OR aortic root 
OR aortic dissection OR Marfan) AND (reimplantation 
OR remodeling OR valve sparing OR valve preserving OR 
David OR Yacoub). Additional articles from the reference 
lists of eligible studies that met the inclusion criteria were 
also included.

Selection criteria

All retrospective cohort studies comparing reimplantation 
with remodeling techniques for VSARR in patients with 
aortic root aneurysms, with or without dissection or Marfan 
syndrome, and containing at least one of the following 
outcomes were included: early mortality (<30 days or in-
hospital), late mortality, reoperation (valve-related or aorta-
related) rate, and postoperative moderate to severe aortic 
AR (including residual or recurrence). The exclusion criteria 
were as follows: follow-up less than one year, mean age 
younger than 18 years old, reviews, conference abstracts, 
case reports and letters. The quality of the included studies 
was assessed based on the Newcastle-Ottawa Scale (NOS) 
checklist of cohort studies, and a quality score was assigned 
for each study. 

Data extraction

The selection and assessment of studies as well as data 
extraction were completed by two review authors (ZZM 
and HSQ) independently. Calibration was performed, 
and discrepancies between the two authors were discussed 
until they reached a consensus. A third review author 
(LMY) participated in the discussion when necessary. The 
following information from each study was extracted as 
completely as possible: authors, year, country, operative 
period, number of patients in each group, duration of 
follow-up, age, sex, cardiopulmonary bypass (CPB) time, 
aortic clamping time, early mortality, late mortality, 
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reoperation rate, postoperative moderate to severe AR and 
stroke. The latest studies with the most complete data were 
selected with priority if several publications came from the 
same population.

Strategy for data synthesis

All analyses were performed in RevMan 5.3 software or 
STATA 15.0 software. Statistics were calculated as RRs with 
95% CIs and P values (considered statistically significant 
when P<0.05) for dichotomous variables including 
mortality, reoperation rate, postoperative AR, postoperative 
stroke and mean difference ± standard deviation (MD ± SD) 
for continuous variables including the CPB time and aortic 
clamping time. Subgroup analysis of Marfan syndrome 
and acute type A dissection was performed in studies of 
patients with specific etiology. The results were presented 
with forest plots. The heterogeneity between studies was 
evaluated with the Cochran Q test and the calculation of 
the I2 statistic (P value less than 0.1 or I2 greater than 50% 
indicated substantial heterogeneity). Publication bias was 
assessed with Egger’s test.

Results

Study characteristics

A total of 1,588 studies were identified through database 
searches, and 14 retrospective cohort studies published 

between 1998 and 2018 were finally included (Figure 2)  
(18,19,21-28,29-32). The NOS scores of the studies were 
all above 5, and no study was excluded due to poor quality. 
The baseline characteristics and NOS scores of all included 
studies are summarized in Tables 1,2. A total of 1,672 
patients were included, among whom 1,011 underwent 
reimplantation surgery, and 661 underwent remodeling 
surgery. The mean number of follow-up years ranged from 
1.5±0.7 years (22) to 8.9±5.2 years (19). 

Publication bias

No evidence of publication bias was detected with Egger’s 
test.

Analysis results

CPB time and aortic clamping time
The results of the CPB time and aortic clamping time are 
shown in Figure 3A,B. Six studies (18,19,21,23,25,31) were 
included in the analysis of CPB time (1,045 patients: 702 
with reimplantation and 343 with remodeling) and aortic 
clamping time (1,045 patients: 702 with reimplantation and 
343 with remodeling). The results indicated that a longer 
CPB time (random effects model, mean difference =20.31; 
95% CI, 9.40–31.22; P=0.0003) and aortic clamping time 
(random effects model, mean difference =25.90; 95% CI, 
13.73–38.07; P<0.0001) were observed in the reimplantation 
group, as expected previously. However, the Cochran Q 

Figure 1 Schematic diagram illustrating (A) the reimplantation and (B) remodeling techniques. 

A B
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Figure 2 Flow chart of study inclusion.
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95 records
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duplicates

1,493 titles
reviewed

1,298 records
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195 abstracts
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48 full-text
articles reviewed

12 studies
included

14 studies
included in this
meta-analysis

2 studies
identified from

the reference list

36 articles excluded:
19 due to inadequate information
7 conference abstract
1 mean age younger than 18
9 overlapping studies

147 articles
excluded

Table 1 Main characteristics and NOS scores of the included studies

Author Year Country Operative period Pathology Mean follow-up (years) NOS scores

Klotz 2018 German 1994.3–2016.12 Aneurysm 7.5±5.0 7

David 2014 Canada 1988.5–2010.12 Aneurysm 8.9±5.2 8

Graeter 2002 German 1995.10–2001.11 Aneurysm 5.0 7

Matalanis 2010 Australia 1999.11–2009.7 Aneurysm 2.3±2.2 8

Wang 2010 China 2003.8–2007.6 Marfan syndrome 3.8±1.3 6

Svensson 2007 America 1990.12–2004.10 Aneurysm NR 7

Jeanmart 2007 Belgium 1995.12–2005.10 Aneurysm 4.2±2.9 7

Ninomiya 2001 Japan 1998.8–2001.1 Aneurysm 1.5±0.7 6

Badiu 2010 German 2000.4–2009.2 Aneurysm 2.8±1.9 6

Kallenbach 2013 German 1994.1–2011.9 Aneurysm 3.9±3.9 6

Subramanian 2012 German 1995.3–2010.4 Acute type A dissection NR 7 

Patel  2008 America 1997.3–2006.9 Marfan syndrome 4.5 7

Leyh 2002 German 1995–2000 Acute type A dissection NR 6

Sheick-Yousif 2007 Israel 1993–2006 Aneurysm 5.5 6

Data with ± symbol represent mean difference and standard deviation. NOS, Newcastle-Ottawa Scale; NR, not reported.
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Figure 3 Forest plot showing the results of (A) cardiopulmonary bypass (CPB) time and (B) aortic clamping time with reimplantation and 
remodeling. SD, standard deviation; CI, confidence interval.

Table 2 Baseline characteristics of patients 

Author Year
Reimplantation Remodeling

Patients (n) Mean age (years) Male (%) Marfan (%) Patients (n) Mean age (years) Male (%) Marfan (%)

Klotz 2018 214 55.9±14.3 83.6 15.4 101 48.9±14.5 60.4 11.9 

David 2014 296 46.4±15.0 78.0 36.5 75 51.5±14.6 78.7 30.7 

Graeter 2002 21 47±17 81.0 NR 98 62±14 64.3 NR

Matalanis 2010 53 NR NR NR 8 NR NR NR

Wang 2010 9 NR NR 100.0 8 NR NR 100.0 

Svensson 2007 72 49 77.8 33.3 77 51 71.4 15.6 

Jeanmart 2007 66 51±15 83.3 6.1 48 54±17 68.8 10.4 

Ninomiya 2001 5 29±13 20.0 80.0 3 46±18 66.7 0.0 

Badiu 2010 74 NR NR NR 28 NR NR NR

Kallenbach 2013 83 53±17 71.1 18.1 13 58±19 30.8 15.4 

Subramanian 2012 27 53±15 40.7 7.4 51 62±14 35.3 0.0 

Patel 2008 44 NR NR 100.0 40 NR NR 100.0

Leyh 2002 8 52±15 NR 25.0 22 62±16 NR 4.5

Sheick-Yousif 2007 39 NR NR NR 89 NR NR NR

Data with ± symbol represent mean difference and standard deviation. NR, not reported.
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B
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test and I2 statistics indicated a high level of heterogeneity 
between studies in terms of both the CPB time (P=0.004; 
I2=71%) and aortic clamping time (P<0.00001; I2=86%). 
If we excluded the klotz2017 study from the analysis of 
CPB time, then heterogeneity no longer existed (P=0.66; 
I2=0%; random effects model, mean difference =15.68; 
95% CI, 9.87–21.49; P<0.00001), which demonstrated that 
the heterogeneity came from klotz 2018 (18). However, 
heterogeneity consistently existed between studies in the 
comparison of aortic clamping time. This may result from 
the diversity of the surgical maneuver among different 
institutions.

Early mortality
Early mortality included 30-day mortality and in-hospital 
mortality. The results of early mortality are shown in  
Figure 4A. Nine studies (18,21-24,27-30) (927 patients: 
528 with reimplantation and 399 with remodeling) were 
included in the analysis of early mortality. No evidence of 
heterogeneity (P=0.69; I2=0%) and no significant difference 
were observed in early mortality between the reimplantation 
group and remodeling group (random effects model, RR 
=0.69; 95% CI, 0.31–1.53; P=0.36).

Late mortality
Late mortality was defined as mortality of patients that have 
been followed up for more than one year. If the studies 
only provided survival data (25,27), we calculated the exact 
mortality of these studies. The results of late mortality are 
shown in Figure 4B. Eight studies (18,21-23,25,27,28,30,31) 
(725 patients: 496 with reimplantation and 229 with 
remodeling) were included in the analysis of late mortality. 
The results showed that the late mortality rate was much 
higher in the remodeling group than in the reimplantation 
group (random effects model, RR =0.34; 95% CI, 0.17–0.71; 
P=0.004). No evidence of heterogeneity was observed 
(P=0.18; I2=37%). 

Reoperation rate
Reoperation included reoperations for aortic valve 
regurgitation, aortic valve endocarditis and aortic root 
abscesses during follow-up and did not include re-
exploration for bleeding. The results of reoperation are 
shown in Figure 5A. Twelve studies (18,19,21-26,28,30-32)  
(1,533 patients: 945 with reimplantation and 588 with 
remodeling) were included in the analysis of reoperation. 
The results showed that the reoperation rate was much 
higher in the remodeling group than in the reimplantation 

group (random effects model, RR =0.31; 95% CI, 0.12–
0.76; P=0.01). However, a high level of heterogeneity was 
indicated between studies (P=0.01, I2=55%).

Postoperative moderate to severe AR

AR of grade 3 or greater was regarded as moderate to 
severe. We calculated the exact number of patients with 
postoperative moderate to severe AR when the study only 
provided data of freedom from moderate to severe AR (25). 
The results of postoperative AR are shown in Figure 5B. 
Eleven studies (18,19,20,22,24,25,27-30,32) (1,444 patients: 
846 with reimplantation and 598 with remodeling) were 
included in the analysis of postoperative AR. No significant 
difference was shown between the two groups (random 
effects model, RR =0.64; 95% CI, 0.31–1.32; P=0.22). No 
evidence of heterogeneity was observed (P=0.12, I2=36%).

Postoperative stroke

The results of postoperative stroke are shown in Figure 6.  
Five studies (18,21,24,25,29) (752 patients: 462 with 
reimplantation and 290 with remodeling) were included 
in the analysis of postoperative stroke. No evidence 
of heterogeneity (P=0.72; I2=0%) and no significant 
difference were observed in postoperative stroke between 
the reimplantation group and remodeling group (random 
effects model, RR =1.26; 95% CI, 0.58–2.75; P=0.56).

Discussion

Currently, high-quality evidence-based studies such as 
randomized control trials are unlikely to be performed in 
patients with aortic root aneurysms because the prevalence 
of this disease is relatively rare in large populations (33). 
However, by conducting a meta-analysis of observational 
studies, we can provide evidence for further surgical 
treatment strategies for aortic root aneurysms. The current 
meta-analysis was based on 14 retrospective cohort studies 
from 14 centers comparing reimplantation and remodeling 
techniques of VSARR in patients with aortic root 
aneurysms, which included a population of 1,672 patients 
from Canada, Germany, America, Belgium, Australia, 
China, Japan and Israel. The results of this meta-analysis 
indicate that patients who undergo remodeling procedures 
may have an almost three times higher risk of late mortality 
and reoperation than those who undergo reimplantation 
procedures. Although no significant difference was observed 
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Figure 4 Forest plot showing the results of (A) early mortality and (B) late mortality with reimplantation and remodeling. MH,  
Mantel-Haenszel; CI, confidence interval. 
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Figure 5 Forest plot showing the results of (A) reoperation, (B) postoperative moderate to severe aortic regurgitation (AR)with 
reimplantation and remodeling. MH, Mantel-Haenszel; CI, confidence interval.
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B
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in early mortality, postoperative moderate to severe AR 
and postoperative stroke between two groups, the trend 
appeared to favor reimplantation technique for early 
mortality and postoperative AR.

Several previously published systematic reviews and meta-
analyses have compared the outcomes of reimplantation and 
remodeling techniques. In 2011, Liu et al. included seven 
studies and reported that the reimplantation technique 
resulted in a lower risk of reoperation related to aortic 
insufficiency (AI) (15). Additionally, in 2011, Rahnavardi 
et al. illustrated that the reimplantation technique was 
favored by surgeons for higher freedom from AI according 
to the analysis of 14 papers, but they had included several 
overlapping studies from the same institution (16). In 2015, 
Arabkhani et al. analyzed 31 studies (most of which were 
single-armed studies) and indicated that no significant 
difference was observed in the survival or reoperation rate 
between the reimplantation and remodeling groups (17). 
The conclusions drawn by these articles are important but 
should also be treated with caution due to the overlapping 
studies, the short follow-up periods and the enrollment of 
single-armed trials. We believe the results of the present 
meta-analysis are more reliable because all 14 articles 
comparing reimplantation and remodeling are included, and 
it contains several latest studies with larger sizes and longer 
follow-ups (18-21).

Currently, the definitions of reimplantation and 
remodeling techniques are not only restricted to the classic 
David or Yacoub procedures because modifications of these 
two procedures have been continuously proposed (3-5). In 
2003, Dr. Craig Miller announced that all modifications of 
VSARR could be divided into reimplantation or remodeling 
groups according to whether the operation employed three 
aortic suture lines (reimplantation) or two (remodeling) (3).  

The reimplantation technique anchors the proximal aortic 
valve to the ventriculo-aortic junction below the leaflets, 
and sutures are completed inside the tubular graft or 
tailored graft, which helps to reduce aortic sinus dilatation 
and stabilize the aortic valve, sino-tubular junction and 
ventriculo-aortic junction (10,12). The remodeling technique 
relies on suturing the tailoring tubular Dacron to the 
remnants of the aortic sinus tissue and aortic annulus, which 
make it possible to preserve the native sinus of Valsalva 
and enable physiological movements of the valve, but there 
is a risk of postoperative dilation of the ventriculo-aortic 
junction and bleeding at the suture sites (11,13,14) This may 
explain why a higher long-term mortality and reoperation 
rate occur with remodeling than with reimplantation, as 
shown in our results. According to previous published 
studies, reoperation on the ascending aorta and aortic root 
had a relatively higher operative mortality than primary 
aorta procedures and hospital mortality for reoperation 
varied between 6% and 19% (34-38). However, there is 
scarcely any articles compared the mortality for reoperation 
between reimplantation and remodeling, which is expected 
to be answered in future studies. 

For the aforementioned reason, young patients with 
inherent genetic diseases such as Marfan syndrome, on 
whom dilation usually begins with the aortic sinus and 
expands to the sinus junction and ascending aorta, are 
better treated with reimplantation than with remodeling. 
Elderly patients with degenerative aortic aneurysms, AI 
and normal aortic annuli are suggested to be treated with 
remodeling techniques. Because in these patients, the 
dilation of the sino-tubular junction and aortic sinuses 
mostly occurs secondary to dilation of the ascending aorta, 
making it possible to preserve the native aortic sinus (39). 
Although VSARR is currently being performed by an 

Figure 6 Forest plot showing the results of postoperative stroke with reimplantation and remodeling. MH, Mantel-Haenszel; CI, confidence 
interval.
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increasing number of centers, the surgical indications in 
different institutions are inconsistent, and the selection 
of patients is greatly influenced by the subjective will of 
surgeons. Therefore, guidelines concerning the selection of 
candidates and techniques are warranted in the future.

Despite the advantages and pitfalls of certain techniques, 
the outcome greatly depends on the surgeons’ experience 
and skill. As indicated in our results, reimplantation 
has a longer CPB time and aortic clamping time than 
remodeling, which results in longer learning curves for 
younger surgeons, particularly with David V operations, 
as they require surgeons to complete classic David surgery, 
constriction of the aortic annulus and sino-tubular junction, 
and reconstruction of the sinus of Valsalva during one 
operation (34,40). In terms of the remodeling technique, 
it is easier and faster for young surgeons to master the 
operation, but the design of the aortic sinus is also largely 
based on personal experience (3).

It seemed to be paradoxical that reimplantation, which 
had longer CPB time and aortic clamping time, appeared 
to have better trend in early outcomes than remodeling. 
Remodeling was reported to have higher risk of operative 
bleeding because of the difference of suture method (41), 
which may explain the relatively higher early mortality. 
With the development of extracorporeal circulation and 
myocardial protection techniques, CPB time was no longer 
the determinant factor of mortality. Other factors like age, 
sex and comorbidities also influenced the early outcomes (33).  
However, significant difference in early mortality was 
not observed between two groups therefore we cannot 
draw the conclusion that remodeling was associated with 
higher early mortality. Recently, a technique combining 
remodeling and external ring annuloplasty was proposed 
and recommended as the class 1 indication for the treatment 
of aortic root aneurysms in the 2014 ESC guideline (42). By 
reconstructing the aortic root with a remodeling technique, 
the native aortic sinus and physiological cusp motions can be 
preserved when an external subvalvular aortic annuloplasty 
stabilizes the ventriculo-aortic junction, which combines 
both the advantages of remodeling and reimplantation 
(43,44). A study in 2018 reported that the 5-year outcomes 
of remodeling technique combining external ring 
annuloplasty were comparable with the reimplantation 
technique, with a survival of 100%, a freedom from valve-
related reoperation of 97%±2% and a freedom from aortic 
insufficiency ≥2 or reoperation of 84%±5% (45). But longer 
follow-up times and larger sample sizes are still required 
before a final conclusion can be drawn.

We need to acknowledge that our study has some 
limitations. First, our study was based on retrospective 
observational cohort studies. Baseline information, selection 
criteria and surgical indications varied across different 
centers. Both the experience of surgeons and emergency 
surgery can affect the outcomes. Due to the nature of 
retrospective observational studies, it’s unlikely that the 
all bias and heterogeneity resulted from above problems 
can be adjusted or eliminated. Second, the time period 
for patients who underwent surgeries spanned from 1988 
to 2016. Although all included studies were followed up 
for more than one year, the difference of follow-up time 
between institutions can hardly be balanced, neither can we 
set a specified time-point (for example, 5-year follow-up) 
for further analysis. Additionally, the mean follow-up time 
for all included studies was limited to less than 10 years, 
and some were less than 5 years, which make it unlikely 
for long-term mortality and complications to be evaluated. 
Therefore, further investigation and longer follow-up data 
are warranted so that the outcomes of certain techniques can 
be fully assessed. Third, considering the limited information 
of etiology and pathology provided by included studies, we 
were unable to obtain etiology information from all articles 
and subgroup analysis could only performed within limited 
studies available of the outcomes of patient groups with 
specific etiology. The results of subgroup analysis should 
be interpreted with caution. Future researches with the 
accumulation of relevant research data and the extension of 
follow-up time may be able to answer the above mentioned 
questions more accurately.

Conclusions

In conclusion, the current meta-analysis indicates that 
patients who undergo reimplantation procedures have a 
significantly lower late mortality and reoperation rate than 
those who undergo remodeling procedures. However, 
no significant difference in early mortality, postoperative 
moderate to severe AR and postoperative stroke was 
exhibited between the two groups. Higher quality studies 
with larger population size and longer follow-up data are 
required for further analysis of VSARR outcomes.
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