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Abstract 

OBJECTIVES: The most recent valve-sparing root replacement technique combines the advantages of the reimplantation (David) and 
remodelling (Yacoub) techniques. The aortic root is reconstructed according to the remodelling technique, the aortic valve is repaired 
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according to the principle of effective height, and an external ring provides annular support. The purpose of this study was to evaluate 
operative and mid-term outcomes using this technique in patients with Marfan syndrome.

METHODS: Adult patients with Marfan syndrome who had an indication for aortic root surgery according to European Society of 
Cardiology guidelines and were operated on using this new root replacement technique were retrospectively evaluated. Follow-up was 
obtained from standard outpatient visits and included echocardiography.

RESULTS: The study group comprised 22 patients (mean age 36 years, 68% males). Mean follow-up was 7.5 years. There were no mortal-
ities. Two patients required aortic valve replacement because of aortic regurgitation. In both patients, the aortic root was severely dilated 
(�65 mm) preoperatively, with grade III aortic valve regurgitation and aortic valve cusps that were very fragile. Aortic regurgitation was 
grade �I on follow-up in 18 of the remaining 20 patients.

CONCLUSIONS: Valve-sparing root replacement using remodelling combined with aortic-ring annuloplasty is safe in patients with 
Marfan syndrome. The mid-term outcome is promising in patients undergoing elective valve-sparing root replacement at recommended 
root diameters. However, in patients with extremely dilated aortic roots and already severe aortic regurgitation, the technique should be 
used cautiously as aortic cusps are fragile and might not be suitable for durable repair.

Clinical registration number: UMCG Research registry #11208

Keywords: Aortic root replacement · Aortic valve repair · Marfan syndromes

ABBREVIATIONS   

AR Aortic regurgitation  
ESC European Society of Cardiology  
MFS Marfan syndrome  
STJ Sinotubular junction  
VSRR Valve-sparing root replacement 

INTRODUCTION

Marfan syndrome (MFS) is an autosomal dominantly inherited 
connective tissue disorder characterized by thin body habitus 
and long extremities, mitral valve prolapse and aortic (root) dila-
tation [1]. Prophylactic aortic root replacement is a cornerstone 
of the treatment of MFS, reducing morbidity and mortality re-
lated to aortic root dissection and rupture [2]. Furthermore, aor-
tic root dilatation can result in aortic insufficiency requiring an 
intervention. Several surgical aortic root replacement techniques 
have been developed throughout the past 50 years, which can 
roughly be divided into an aortic valve replacement technique 
(Bentall and De Bono procedures) or valve-sparing root replace-
ment (VSRR) techniques (David/reimplantation or Yacoub/ 
remodelling techniques) [3–5]. Valve-sparing techniques are in-
teresting since they do not require lifelong anticoagulation ther-
apy, contrary to valve replacement with a mechanical valve 
prosthesis. Although technically demanding, the VSRR proce-
dures have shown favourable long-term results compared to 
valve replacement strategies. They are emerging as the preferred 
procedure in young patients with connective tissue disease. The 
durability of the remodelling technique of VSRR, however, has 
been debated due to the lack of annular stability this procedure 
provides, especially in patients with connective tissue disease. 
An alternative approach was described by Lansac et al. [6], which 
combines the remodelling technique with an aortic annuloplasty 
with an expansible external subvalvular aortic ring. This study 
aimed to evaluate operative and mid-term outcomes using this 
technique, specifically in patients with MFS.

PATIENTS AND METHODS

Ethical statement

The study was approved by the Medical Ethical Review Board of 
the University Medical Center Groningen (UMCG) (ref. 
M23.314091; METCnr 2023/129). The need for patient consent 
was waived due to the study’s retrospective nature.

Study population

Between August 2011 and October 2018, all patients with MFS 
who had an indication for aortic root surgery underwent VSRR 
according to the standardized technique described by Lansac 
et al. [6]. All consecutive patients were included in this study. 
Fourteen patients were operated in UMCG, 5 in Thorax Centrum 
Twente, 2 in University Hospital Brussels and 1 in University 
Medical Center Utrecht. Most patients (n¼ 19) were under close 
cardiac outpatient care in one of the Marfan or Aortic outpatient 
clinics. MFS was diagnosed according to the revised Ghent no-
sology in all patients [1]. Follow-up included regular imaging of 
the aortic root. Indication for aortic root surgery was according 
to European Society of Cardiology (ESC) Guidelines: aortic root 
diameter �50 or �45 mm with risk factors (family history of aor-
tic dissection or aortic size increase >2 mm/year, severe aortic 
or mitral regurgitation, or desire for pregnancy) [7]. Three 
patients had an urgent presentation and were not under surveil-
lance previously.

All aortic root surgery was performed by experienced aortic 
surgeons. Their initial training and experience were with the 
reimplantation technique, before adopting the technique of root 
remodelling with external aortic ring annuloplasty as the method 
of choice for VSRR in their institutes. Aortic surgery in the 
University Medical Center Groningen is being performed by a 
dedicated team of 3 aortic surgeons, one of whom also partici-
pated in the cases performed in Thorax Centrum Twente and 
University Medical Center Utrecht. The cases from University 
Hospital Brussels were performed by a single dedicated aortic 
surgeon with 20þ years of experience.
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Operative technique

The procedure was performed through a midline sternotomy 
(Fig. 1). Cardiopulmonary bypass was instituted via ascending 
aortic arterial cannulation and 2-stage venous cannulation of 
the right atrium. After cardiac arrest using antegrade and/or ret-
rograde blood cardioplegia, the aorta was transected at the sino-
tubular junction (STJ) level, and the aortic valve was 
systematically assessed. Moderate or severe calcification of 
cusps, poor mobility and cusp retraction (geometric height be-
low 17 mm in tricuspid valves and below 20 mm in bicuspid 
valves), as well as significant fenestrations were considered a 
contraindication for a repair [8].

After the inner aortic annular diameter was determined using 
Hegar dilators, a Valsalva Dacron conduit (Gelweave Valsalva 
graft, Vascutek, Inchinnan, England) and an annular ring 
(CORONEO Inc., Montreal, Canada) were selected according to 
sizing recommendations by Lansac et al. [8].

The aortic root was dissected free from the pulmonary trunk 
and infundibulum beyond the subannular plane of the aortic valve. 
The aneurysmatic aortic root was fully resected, leaving a rim of 
aortic wall of �2 mm and minimizing the coronary button size. A 
remodelling technique root replacement was performed. Before 
reimplanting the coronary buttons, the external subannular ring 
was lowered in place and anchored by 5 or 6 braided pledgeted 
sutures. Subsequently, effective height of each cusp was measured 
using a cusp caliper. Prolene 5.0 plicating stitches were added to 
the free edge of the cusps if necessary in order to obtain an effec-
tive height of at least 9 mm. The coronary reimplantation and dis-
tal anastomosis were performed in a standard fashion.

After cardiopulmonary bypass weaning, transoesophageal 
echocardiography was performed to assess the aortic valve. 
Effective height �9 mm was confirmed, and only central aortic 
valve regurgitation (AR) grade I or less was accepted.

Follow-up and echocardiographic assessment

All patients were followed annually in the outpatient clinic, and 
echocardiographic assessment of aortic valve function and ven-
tricular function was performed according to the relevant ESC 
Guidelines [9, 10]. Aortic regurgitation could be absent or graded 
as mild (grade I), moderate (grade II) or severe (grade III). In ad-
dition, a routine computed tomography angiogram of the tho-
racic aorta was performed 6–12 months after surgery, to identify 
potential false or true aneurysm formation at the suture lines.

RESULTS

Between August 2011 and October 2018, 22 adult patients with 
MFS presented with aortic root dilatation or aortic valve regurgi-
tation (Table 1). All patients underwent aortic root replacement 
according to the technique described by Lansac. No patients pri-
marily received a valve replacement (aortic valve replacement or 
Bentall), since a repair was deemed feasible in all instances. 
Baseline characteristics are listed in Table 1. Three patients 
underwent urgent surgery, 2 after being admitted with decom-
pensated heart failure due to grade III AR caused by gigantic 
aortic root aneurysms. Total follow-up was 150, 87 patient- 
years, with a mean follow-up of 7.5 years (range 4.4–10.7 years). 
Operative data are shown in Table 2.

Outcome

There was no in-hospital mortality nor mortality during follow- 
up. The postoperative course was uneventful in the majority of 
patients (17/22). One patient (#2) that underwent urgent surgery 
for severe aortic- and mitral regurgitation remained in cardio-
genic shock postoperatively, requiring temporally support by 

Figure 1: External and internal view of the aortic root and aortic valve after valve-sparing root replacement.
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extracorporeal life support. There was one patient in whom the 
postoperative course was complicated by pneumonia, one pa-
tient developed colitis, and 3 patients had postoperative atrial fi-
brillation. No patients required permanent pacemaker 
implantation. One patient underwent a repeat sternotomy for a 
late tamponade, none for bleeding, and no wound infections 
were noted.

The grade of AR, preoperative, postoperative and during 
follow-up of all patients is presented in Fig. 2. Two patients re-
quired an aortic valve reintervention during follow-up. Both 
patients initially presented with extremely dilated aortic roots 
(88 and 65 mm, respectively) and had to undergo aortic valve re-
placement because of recurrent grade III AR. Patient #1, who 
was operated on urgently, required a reoperation 1 week post-
operatively due to a cusp tear at the plication site. Patient #3 
had undergone a VSRR and a mitral valve annuloplasty initially. 
AR graded moderate at discharge, progressed to severe at 
20 months of follow-up, warranting replacement of the aortic 

valve. During redo-operation distinct prolapse of 1 of 3 cusps 
was identified in combination with some degree of annular dila-
tation despite the placement of a 27 mm external ring during 
the first operation.

In the remaining 20 patients with successful aortic valve re-
pair, AR at a mean follow-up of 7,8 years was grade II in 2 
patients and grade 0–I in 18 patients, with a mean peak gradient 
over the repaired aortic valves of 9 mmHg (range 5–20 mmHg). 
The mean left ventricular end-diastolic dimension was 52 mm 
(range 37–60 mm), mean left ventricular end-systolic dimension 
was 35 mm (range 30–49 mm), and left ventricular ejection frac-
tion was improved or >55% in all patients.

One patient (#8) presented with acute type B dissection 8 
months after the elective aortic root replacement. This was man-
aged conservatively in the acute phase. The patient underwent 
successful open repair of the thoracic descending aorta with an 
interposition graft 2 months later. One additional patient (#13) 
underwent a total aortic arch replacement for the formation of 
an aneurysm starting at the distal anastomosis 5 years after the 
initial root and ascending aorta replacement. In both patients, 
no concomitant aortic valve or root procedure was required.

All patients were in New York Heart Association class 1 during 
the latest follow-up. There was no occurrence of endocarditis 
during the follow-up period.

DISCUSSION

We describe our multicentre experience with a contemporary 
technique of VSRR, described by Lansac et al. [6], specifically in 
patients with MFS. This is one of the first studies with mid-term 
results up to 10 years of follow-up (mean 7.5 years) in this spe-
cific population. We observed no perioperative or follow-up 
mortality and good durability results. We demonstrate that up 
to 90% of patients were free from aortic valve reintervention 
during follow-up.

Even though the VSRR techniques are technically more de-
manding, they have successfully challenged the previous stan-
dard, namely total root replacement by a composite conduit 
(Bentall/De Bono procedure), as the preferred procedure. The 
benefits of a VSRR technique are well documented. By preserv-
ing the often anatomically normal native valve, the need for life-
long anticoagulation is prevented. This is especially important 
for the population that require root replacement at a younger 
age, like patients with MFS or other connective tissue diseases 
often do. Numerous studies showed that patients with MFS un-
dergoing VSRR had superior freedom from bleeding/thrombo-
embolism compared to patients with MFS undergoing a Bentall 
procedure [11–13]. In addition, a systematic review and meta- 
analysis of patients with MFS comparing the Bentall procedure 
with a VSRR (reimplantation technique) confirmed that freedom 
from valve-related reintervention, as well as mid- to long-term 
survival were both in favour of the VSRR group [14]. However, 
there is a distinction between the reimplantation technique de-
scribed by David and the VSRR remodelling technique by 
Yacoub. While the reimplantation technique can reduce and sta-
bilize the basal ring by fully incorporating the valve and annulus 
in the prosthesis, the remodelling technique allows for a more 
physiological reconstruction by preserving the root dynamics [6, 
15]. Since annular dilatation can still progress after the remodel-
ling procedure, most surgeons have recommended avoiding this 
technique in patients with connective tissue disorders [16, 17]. 

Table 1: Baseline characteristics

Characteristic

N 22
Age (years) (mean) 36 (15–62)
Male sex 15 patients (68%)
LVEF % (mean) 53% (35–60%)
Aortic root diameter (mm) (mean, range) 54 (45–88)

Aortic root diameter �45 and <50 mm 7 patients
Aortic root diameter �50 and <65 mm 12 patients
Aortic root diameter �65 mm and severe AR 3 patients

Aortic valve morphology (tricuspid/bicuspid) 20/2
Moderate or severe AR (grade � 2) 6 patients (27%)
Functional classificationa

Type 1a-b (STJ and/or root dilation) 3 patients
Type 2 (Cusp prolapse) 3 patients

Urgent or emergent operation 2 patients (8,7%)
aEl Khouri functional classification for aortic regurgitation [26].
AR: aortic regurgitation; LVEF: left ventricular ejection fraction; STJ: sino-
tubular junction.

Table 2: Operative data

Item

N 22
Aortic cross-clamp time (mean) 166 min
Cardiopulmonary bypass time (mean) 221 min
Concomitant procedure

Mitral valve repair 2 patients
Coroneo ring size (mean, range) 27 mm (25–29)
Valsalve prosthesis size (mean, range) 29 mm (28–32)
Valvular cusp repair

None 6 (27%)
Central plication 16 patients (73%)

1 cusp 7 patients
2 cusps 1 patient
3 cusps 6 patients
Fused cusp (bicuspid valve) 2 patients

Additional repair
cusp fenestration 2 patient (9%)
commissural annuloplasty (Cabrol) 1 patient (4.5%)
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Indeed a meta-analysis of 1385 patients with MFS undergoing 
VSRR demonstrated that the reimplantation technique was asso-
ciated with a reduced rate of reintervention when compared 
with the remodelling technique (0.7%/year vs 2.4%/year, 
p¼ 0.02). However, it was still inferior to the Bentall procedure 
(P¼ 0.02) [13]. As a matter of fact, VSRR was associated with a 
fourfold increased rate of reintervention on the aortic valve 
compared to the Bentall procedure (1.3% per year vs 0.3% per 
year; P¼ 0.02). In addition, a single-centre study by De Oliveira 
et al. [18] demonstrated that grade >II AR was present in up to 
25% of the patients undergoing reimplantation VSRR for MFS at 
8-year follow-up. Therefore, innovative VSRR techniques, which 
might benefit especially young patients with connective tissue 
disease, are being evaluated.

Long-term durability is the single most important concern of 
aortic root replacement technique in which the aortic valve is 
preserved. Understanding the mechanism of aortic root dilata-
tion in relation to normal aortic valve function is crucial for un-
derstanding aortic valve dysfunction in the setting of MFS and 
failure mechanisms after VSRR. The vast majority (80%) of 
patients with MFS experience root dilatation in the form of 
annuloaortic ectasia (characterized by a pear-shaped proximal 
aorta) [19]. Aortic root dilatation, both STJ and aortic annulus 
level, contribute to valve malfunction by reduction of the coap-
tation zone [20]. Gradual dilatation at the level of the STJ may 
also cause compensatory stretching and elongation of the free 
edge of the cusps. Even though this may initially preserve aortic 
competence by preservation of the coaptation zone, progression 
will eventually result in AR due to severe prolapse of one or mul-
tiple cusps. In addition, abnormalities associated with MFS, like 
fenestrations, may contribute to aortic valve incompetence.

The VSRR technique described in the current series addresses 
STJ diameter, annulus diameter, as well as free edge elongation 
and prolapse of the individual cusps. The remodelling technique 
remains appealing as aortic root dynamics are better 

maintained, and leaflet stress is minimized, which is thought to 
contribute to long-term durability [16, 21, 22].

In the first publication on the results of this technique by 
Lansac et al. [23], 18 patients with MFS were included, of which 
2 required a valve replacement due to grade III AR (cusp pro-
lapse and retraction) after 27 and 34 months, respectively. In a 
more recent publication on the long-term outcome of this tech-
nique, 23 MFS patients were included, of whom one required a 
reoperation one month postoperatively because of a false aneu-
rysm at the level of the septum below the left and right coronary 
sinus commissure, caused by a tear from the pledgeted anchor-
ing stitch of the aortic ring [24]. Length of follow-up in patients 
with MFS was not specified separately in both studies, but in the 
total cohort, freedom from valve-related reoperation was 90.5% 
at a mean follow-up of 47 ± 39.4 months [24]. Underlying 
MFS was not identified as a predictor of recurrence of AR 
(grade � II), only the presence of preoperative grade �II AR.

A recent study by Chauvette et al. [25] reported results from 
the AVIATOR registry, focusing on patients with heritable aortic 
disorders (83% MFS). In a total of 237 patients undergoing 4 
techniques of VSRR (root remodelling alone, remodelling with 
ring annuloplasty, remodelling with suture annuloplasty and 
reimplantation), they showed that no differences could be found 
between techniques in terms of post-op AR grade �2, reinter-
vention rate or survival rate. The incidence of reintervention on 
the aortic valve at 10 years was 10,9 ± 3.1% for the overall group, 
16.2 ± 6.1% for root reimplantation and 6.6 ± 3.3% for remodel-
ling with ring annuloplasty group. They did, however, observe 
that aortic annulus dimensions were significantly larger at 
10 years of follow-up in patients undergoing root remodelling 
alone, compared with the reimplantation and the remodelling 
with annuloplasty groups. This difference became apparent after 
3 years of follow-up.

Table 3 summarizes the results of the studies, including our 
own, on root remodelling with ring annuloplasty in patients with 

Figure 2: Grade of aortic regurgitation preoperative, postoperative and during follow-up. Two patients eventually underwent aortic valve replacement (�), respec-
tively, 1 week and 2 years after valve-sparing root replacement due to the recurrence of grade III aortic valve regurgitation. Both had initially presented with decom-
pensated heart failure due to grade III aortic regurgitation with extremely dilated aortic roots, 88 and 65 mm, respectively.
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MFS. Longer follow-up and larger numbers of patients are re-
quired to assess the long-term durability of this relatively new 
technique in patients with MFS. In our series, important charac-
teristics of patients undergoing valve-related reoperation were 
extensive aneurysms and poor quality of leaflets. Therefore, pa-
tient selection seems to be an important criterion for favour-
able results.

Limitations

Our study is limited by its retrospective design and a relatively 
small number of patients. It is, however, one of a very limited 
number of studies reporting the mid-term outcome of this tech-
nique solely in patients with MFS. Furthermore, the surgical 
technique was applied in a very standardized and well- 
documented fashion [8].

CONCLUSION

Valve-sparing aortic root replacement using aortic root remod-
elling, external annular stabilization and aortic valve repair is 
safe in patients with MFS. Moreover, in patients undergoing 
elective VSRR at recommended aortic root diameters, the mid- 
term outcome is promising. However, in patients with extremely 
dilated aortic roots and already grade III AR, the technique 
should be used cautiously as the aortic cusps are fragile and 
might not be suitable for a durable repair. Extended follow-up, 
preferably in larger multicentre studies, will help to establish the 
role of this technique of VSRR for patients with MFS.
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