Journal of
Cardiovascular

Development and Disease

Review

Not All SAVR Are Created Equal: All the Approaches Available
for Surgical Aortic Valve Replacement

Francesco Cabrucci 1*(, Serge Sicouri 1 Massimo Baudo !, Dimitrios E. Magouliotis 1®, Yoshiyuki Yamashita 12

Beatrice Bacchi 3, Dario Petrone 3, Beman Wasef !, Aleksander Dokollari 4, Massimo Bonacchi 3

and Basel Ramlawi 121

check for
updates

Academic Editor: Jochen Wohrle

Received: 4 February 2025
Revised: 21 February 2025
Accepted: 22 February 2025
Published: 24 February 2025

Citation: Cabrucci, F,; Sicouri, S.;
Baudo, M.; Magouliotis, D.E.;
Yamashita, Y.; Bacchi, B.; Petrone, D.;
Wasef, B.; Dokollari, A.; Bonacchi, M.;
etal. Not AlISAVR Are Created Equal:
All the Approaches Available for
Surgical Aortic Valve Replacement. J.
Cardiovasc. Dev. Dis. 2025,12, 84.
https://doi.org/10.3390/
jedd12030084

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department of Cardiac Surgery Research, Lankenau Institute for Medical Research, Main Line Health,
Wynnewood, PA 19096, USA; sicouris@mlhs.org (S.S.); baudom@mlhs.org (M.B.);
magouliotisd@mlhs.org (D.E.M.); yamashitay@mlhs.org (Y.Y.); wasefb@mlhs.org (B.W.);
ramlawib@mlhs.org (B.R.)

2 Department of Cardiac Surgery, Lankenau Heart Institute, Main Line Health, Wynnewood, PA 19096, USA
E.U. Cardiac Surgery Department, AOU Careggi University Hospital, 50127 Firenze, Italy;

beatrice bacchi@unifi.it (B.B.); dario.petrone@unifi.it (D.P.); massimo.bonacchi@unifi.it (M.B.)
Department of Cardiac Surgery, St. Boniface Hospital, University of Manitoba,

Winnipeg, MB R2H 2A6, Canada; dokollaria@mlhs.org

Correspondence: francesco.cabrucci6@gmail.com or cabruccif@mlhs.org; Tel.: +1-610-453-6510

These authors contributed equally to this work.

Abstract: Surgical Aortic Valve Replacement (SAVR) is still one of the pillars of cardiac
surgery practice, and its role is evolving into a more complex operation. The competition
with structural valve therapies and the urgent demand for less invasive solutions have
unleashed surgeons’ creativity in adapting to these new challenges. All the possible ways
to surgically replace the aortic valve are analyzed in this review. Surgical techniques,
advantages and disadvantages, and key differences are listed, helping surgeons navigate
the available options. Sternotomy SAVR is the benchmark, but that is becoming obsolete
and, in some cases, no longer performed for teaching purposes. Mini sternotomy is the
easiest way to achieve minimal invasiveness in all anatomic situations, while right anterior
thoracotomy is an elegant solution mastered by fewer surgeons. Endoscopic and robotic-
assisted techniques are shaping the future of SAVR, yet they still lack wide adoption. The
choice of approach is mainly dictated by the anatomic features of the patient and the
surgeon’s skills. A flow diagram to overcome the learning curve and advance toward
more complex surgery is provided here. Mastering as many techniques as possible is
paramount when offering a patient-tailored approach and performing a safe and less
invasive operation.

Keywords: SAVR; mini-sternotomy; right anterior thoracotomy; transcervical SAVR;
endoscopic SAVR; robotic AVR; RAVR; patient-tailored surgical treatment

1. Introduction

While the adoption rate of transcatheter aortic valve replacement (TAVR) has out-
paced that of surgical aortic valve replacement (SAVR), the volume of SAVR has continued
to increase steadily over time, maintaining a risk-adjusted operative mortality rate of
no more than 2% [1,2]. SAVR is still one of the pillars of cardiac surgery practice, and
its role is evolving into a more complex operation. Two decades ago, a young surgeon
would have expected to deal with a “straightforward” full sternotomy SAVR, yet today,
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their first isolated SAVR may be encountered as a TAVR explant performed in a mini-
mally invasive fashion [3,4]. To overcome the pace of this terrific evolution, the key focus
is patient-tailored surgical treatment [5]. Currently, several ways to accomplish SAVR
have been demonstrated as safe and reproducible, but each approach has its advantages
and disadvantages.

This review aims to analyze all the available surgical approaches to isolated SAVR,
briefly summarizing the techniques and listing the pros and cons of each operation to guide
surgeons in customizing the treatment strategy for each patient.

2. Methods

A comprehensive literature review was conducted to identify all surgical approaches
to isolated SAVR, excluding transcatheter techniques. The search was performed using the
PubMed, Scopus, Web of Science, and Cochrane Library databases, including results from

Va7

their inception to 2024. The keywords included “aortic valve replacement”, “surgical aortic
valve replacement”, “minimally invasive AVR”, “robotic AVR”, “full sternotomy AVR”,
“Endoscopic AVR”, “Transcervical AVR”, and “right anterior thoracotomy AVR”.

The inclusion criteria were peer-reviewed studies, reviews, and case series describing
surgical techniques, outcomes, and advancements in SAVR. Studies focused on isolated
AVR, without concomitant procedures, were included. Non-English articles and studies
involving TAVR were excluded.

Data extraction focused on surgical techniques (full sternotomy, partial sternotomy,
right anterior thoracotomy, robotic-assisted approaches), patient outcomes, operative time,
mortality, and long-term results. Narrative synthesis was performed to summarize the
advantages, limitations, and clinical implications of each approach using the most pertinent
and cited studies in the literature.

3. Sternotomy—The Benchmark for All Other “Cuts”

Although a long time has passed since the first modern SAVR was performed in Boston
in 1960 by Dwight Harken [6], median sternotomy remains the gold standard approach,
serving as the benchmark against which all other surgical techniques are evaluated [7,8].
The median sternotomy provides straightforward access for any type of cannulation,
cardioplegia delivery, aortic root enlargement techniques, and the performance of any
necessary concomitant surgical procedures. Despite its versatility, sternotomy SAVR is
losing favor in the era of minimal invasiveness and TAVR, to the extent that residents are
now being trained directly in minimally invasive techniques [9].

4. Mini Sternotomy—The Minimally Invasive Method That Fits All?

Mini sternotomy (MS) was the first and more ancestral minimally invasive approach
used for SAVR in the early 90s [10,11]. The intuitive concept on which MS relied was
to spare the caudal half of the sternum, reducing surgical trauma and the instability of
the rib cage created during full division of the sternum. Since its early adoption, MS has
demonstrated high feasibility across a complete range of anatomic variations. MS ensures
excellent exposure of the aortic root, enabling precise visualization and access for valve
repair or replacement. Furthermore, MS provides safe and effective access to all essential
surgical maneuvers typically performed during a full sternotomy [12]. Several arterial
and venous cannulation strategies have been described, from full central to complete
peripheral, and even bizarre configurations with only one superior vena cava cannula [13]
(Figure 1). All types of solutions have been tried to partially split the sternum, such as “J”,
“L”, “inverted L”, and “inverted T”. Currently, the most performed one is a “J” split on
the right side at the third or fourth intercostal space with central arterial cannulation and
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right femoral percutaneous vein cannulation [14]. This latter approach closely resembles
the full sternotomy that has also been used in aortic root repair or replacement, in aortic
arch surgery, and even in the emergency setting of type A aortic dissection repair [15,16].

Figure 1. The smallest mini sternotomy (MS) SAVR achieved by the first author, with all central
cannulation and a skin incision around 4 cm. (The arterial cannula is placed in the ascending aorta;
the superior vena cava and right atrium are both used for optimal venous drainage; the de-airing
root vent is in place; the left ventricular vent is in place via the right superior pulmonary vein; the
subxiphoid drainage and pacing wires are already in place; the photo was taken while weaning
off CPB).

MS has been compared to conventional full sternotomy in several studies. Randomized
controlled trials (RCTs) and meta-analyses have shown no significant difference in mortality
between the two approaches [17,18]. MS is associated with slightly longer cross-clamp and
bypass times, but shorter ICU and hospital stays [17,19]. Multiple studies have reported
reduced blood loss and transfusion rates with MS [17,18]. While MS has been shown to be
a safe alternative to full sternotomy during SAVR operations, the current evidence from
RCTs is limited by small sample sizes and heterogeneity between studies [20]. Larger,
well-designed randomized trials may be needed to definitively establish the role of MS in
aortic valve surgery. However, a huge gap exists between the RCTs and real-world practice,
in which the adoption of MS is so widespread that no one, neither the surgeon nor the
patient, wants a complete split of the sternum during SAVR.
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5. Right Anterior Thoracotomy

Although it appears to be a recently developed concept, SAVR by right anterior
thoracotomy (RAT) was first described in a series of 50 patients in 1998. In this pioneering
work, RAT was more of a sternal-sparing approach than a true minimally invasive approach.
The skin incision was about 10 cm, with mobilization of two ribs and complete central
cannulation [21]. The RAT technique has made a giant step forward since then, becoming
an elegant and sophisticated sternal-sparing technique. The modern operative technique
has its foundation in the “square-box principle” workspace [22]. A 5 cm skin incision is
created at the third ICS, the right internal mammary artery is ligated, and the pericardium is
opened under single lung ventilation. By placing several pericardial retraction sutures, the
aorta is brought into proximity to the skin edges. The most crucial concept in this approach
is the decision regarding which rib is dislocated, either the second or the third one. The
decision is carried out by finger palpation of the aortic root position [23]. The operation is
accomplished by complete femoral cannulation, either semi-Seldinger or percutaneous.

While some regard the RAT approach as feasible in all patients, others contend that
its feasibility should be determined based on chest imaging. Van Praet et al. have metic-
ulously described several patterns of ascending aorta—sternum position based on CT
scans [24]. These patterns (Ia, Ib, II, and III) are labeled based on how much the as-
cending aorta is positioned leftward compared to the body of the sternum, with type
III classified as not suitable for RAT. However, some authors affirm that 20 mmHg of con-
tinuous positive end-expiratory pressure in the left lung can correct even the most leftward
dislocated aorta [22].

Multiple studies have concluded that RAT is a safe and effective minimally invasive
alternative to median sternotomy. In a propensity-matched population undergoing ster-
notomy, RAT was linked to a reduced incidence of postoperative atrial fibrillation and
blood transfusion, as well as shorter ventilation times and hospital stays [25]. RAT has
improved patient satisfaction with cosmesis and has shown lower chest drain outputs
compared to conventional sternotomy [26,27]. Glauber et al. reported favorable long-term
outcomes, with a 94.8% survival rate observed at a follow-up of 31.5 months [28]. With
the proper technique and experience, surgeons can safely perform RAT on a wide range of
patients, offering a reproducible minimally invasive approach to aortic valve surgery [29].

6. Endoscopic SAVR

Although endoscopic SAVR (ESAVR) shares similarities with RAT SAVR, it should not
be regarded as merely the same approach with the addition of a camera.

ESAVR was first described in 2014 by Vola et al., who used a five-port technique
(two of them 20 mm in size) with a 3f Enable prosthesis. Two years later, the same group
described a series using the Perceval S Sutureless valve [30,31].

Over the following years, several centers further developed and refined the ESAVR
technique, reducing the size and number of ports used.

Tokoro et al. published the results from the first series of 47 patients on whom a
three-port technique combined with a small 3 cm thoracotomy was performed without a rib
spreader. This group was also the first to use a 3D scope, trying to “give back” perception
of the depth to the surgeon [32]. After this group, Cresce et al., Yilmaz et al., and Hosoba
et al. described larger series of ESAVR procedures with 125, 266, and 216 consecutive
patients, respectively [33-35]. These series posed the basis for the modern ESAVR with
a minimal port size (5 mm), minimally invasive extracorporeal circulation (MiECC), and
peri-operative fast-track management. Overall, ESAVR has demonstrated low mortality
rates, with 30-day mortality ranging from 0.5% to 2.0%. Conversion to sternotomy is rare,
occurring in less than 1% of cases [34,35]. To facilitate the broader adoption of this approach,
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Danesi et al. meticulously outlined potential pitfalls and corresponding troubleshooting
strategies to help surgeons master the ESAVR technique [36,37].

While the cosmetic benefits of endoscopic surgery over a small thoracotomy are
relatively minor, the absence of a rib spreader has been reported to reduce the risk of post-
thoracotomy pain syndrome [38]. Moreover, the endoscopic approach provides a broader
field of view compared to direct vision through a small incision and is less impacted by
anatomical variations among patients. In obese patients, adequate exposure of the target
organ can still be achieved by advancing the scope deeper [32,34].

7. TransCervical SAVR—* A Transient Beacon of Innovation”

The transcervical approach for thymectomy has demonstrated outstanding outcomes.
This approach shows significantly reduced LOS and lower complication rates compared
to traditional sternotomy techniques [39]. The enthusiasm for this novel approach has
led to the development of the concept of transcervical SAVR. The rationale behind this
new solution was to create truly minimal invasive access aiming to completely preserve
the chest’s integrity while ensuring the effectiveness and benefits of a true surgical proce-
dure for SAVR [40]. The pioneering team, led by Dapunt et al., developed this operative
technique thanks to the “CoreVista System” (CardioPrecision Ltd., Glasgow, UK), a new
surgical retractor designed specifically for this operation [40] (Figure 2).

Figure 2. An animation of the CoreVista System (CardioPrecision Ltd., Glasgow, UK), a special
retractor and illumination system used for the first-in-human transcervical SAVR.
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Following extensive training with cadaver models, the first-in-human transcervical
SAVR was successfully carried out in 2015. The operation was accomplished by using a
3f Enable sutureless valve [40]. The same team also demonstrated the feasibility of tran-
scervical transaortic TAVR [41]. Although this innovative approach has been meticulously
described [40] and was initially met with success at prestigious international congresses,
no additional case series have been reported to date. The transcervical SAVR technique has
not been adopted by other centers, potentially due to a lack of awareness among surgeons
regarding the existence of this novel procedure.

8. Robotic AVR—Transitioning from Proof of Concept to a
New Standard?

The concept of robotic-assisted SAVR (RAVR) is 20 years old. In the early 2000s,
Folliguet et al. demonstrated the feasibility of this procedure by successfully performing
five operations using a two-port technique combined with a 5 cm right thoracotomy [42,43].
The Mayo Clinic was the first to pioneer the integration of the Da Vinci (Intuitive, Sunnyvale,
CA, USA) robotic system with the sutureless Perceval valve, aiming to further minimize
the size of the thoracotomy incision [44]. In the early stages of RAVR, Nisivaco et al. took a
significant step toward achieving a fully endoscopic operation by performing a series of five
robotic-assisted closed-chest removals of aortic valve papillary fibroelastomas [45]. In 2020,
Balkhy et al. reported the first fully endoscopic robotic-assisted aortic valve replacement
using a sutureless valve. The procedure employed a four-port technique, consisting of
two 8 mm ports, one 12 mm port, and one 25 mm port [46].

Badhwar et al. described the first consistent series of 20 RAVRs performed with
some techniques adapted from their consolidated experience with robotic mitral valve
surgery [47]. Their vision was to offer patients SAVR with a sutured prosthesis, either
biological or mechanical, through the least invasive operation possible. They performed
a 3 cm lateral thoracotomy at the fourth intercostal space, enabling the insertion of the
prosthesis into the chest cavity. This approach preserved the pectoralis major, latissimus
dorsi, and right internal thoracic artery while avoiding the rib damage associated with the
RAT technique [47]. Additionally, through analysis of the intraoperative console times, the
aortotomy closure was identified as the most difficult and time-consuming phase of the
surgery. Badhwar et al. established a benchmark that other robotic programs could use as
a foundation to initiate their own RAVR program, potentially mitigating the challenges of
the initial steep learning curve [47].

In 2023 Yoshikawa et al. described the first Japanese experience with RAVR, and this
year another landmark was achieved, namely fully endoscopic sutured RAVR [48,49].

Reinforcing the concept that the enhanced visualization of 3D cameras and degree of
freedom offered by robotic consoles can be utilized to treat all patients,
Badhwar et al. reignited the challenges of TAVR. A propensity-matched analysis of
144 pairs of low-risk patients undergoing either RAVR or TAVR showed the clear
superiority of RAVR in terms of stroke, paravalvular leak, pacemaker implantation,
and mortality [50].

Pioneering new frontiers, Sutherland et al. presented a proof of concept for robotic-
assisted uniportal transcervical SAVR, leveraging the CoreVista retractor system and a
cross-specialty team to achieve a futuristic, totally endoscopic approach with enhanced
visualization and dexterity, as well as minimally invasive neck access [51] (Figure 3). Could
RAVR be emerging as the new standard of care?
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Figure 3. The proof of concept for a robot-assisted transcervical approach to aortic valve replacement
by Sutherland et al. [51] (abstract presented at ISMICS 2023, Boston, MA, USA).

Figure 4 offers readers a direct view of the surgical field in action. To enhance un-
derstanding, QR codes are provided, linking to some of the best peer-reviewed videos
available. These resources give readers a quick and convenient opportunity to visualize
and comprehend the procedures discussed in this review.

MS SARV RAT SAVR

MINIMALLY INVASIVE
SAVR

Figure 4. Each QR code is directly linked to some of the best surgical tutorials published in the
Multimedia Manual of Cardio-Thoracic Surgery (EACTS)—MMCTS.org. SAVR—surgical aortic
valve replacement; MS—mini sternotomy [52]; RAT—right anterior thoracotomy [53]; endoscopic
SAVR [37]; RAVR—robotic-assisted aortic valve replacement [49].
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9. Sutureless Prostheses in MICS SAVR: “An Ace Up on
Surgeon’s Sleeve”

Rapid deployment and sutureless prostheses have proven to be valuable and adaptable
tools in complex surgical procedures [54]. Moreover, these prostheses have demonstrated
excellent hemodynamic performance and long-term durability [55,56]. In minimally inva-
sive surgery, these features make sutureless valves a strategic asset, assisting the surgeon
in achieving two distinct goals.

First, sutureless prostheses aid the surgeon in navigating a restricted surgical field
and situations where access to the aortic annulus for manual manipulation is challenging.
It is no coincidence that many “firsts” in new minimally invasive approaches have been
achieved using sutureless prostheses [30,31,40,46].

Since minimally invasive surgery requires surgeons to operate within a limited space,
this has led to longer CPB and cross-clamp times, particularly during the learning curve.
Sutureless valves have emerged as a promising option in this context. Studies have shown
that sutureless valves significantly reduce aortic cross-clamp and cardiopulmonary bypass
times compared to conventional bioprostheses [57,58]. The use of sutureless valves in mini-
mally invasive SAVR has demonstrated excellent hemodynamic results, low mortality rates,
and a reduced need for blood transfusions [58,59]. In particular, the use of sutureless valves
can significantly reduce operative times in RAT SAVR [28,29]. Overall, sutureless valves
appear to facilitate minimally invasive SAVR procedures, improving surgical outcomes and
potentially expanding indications for less invasive approaches to aortic valve replacement.

10. Discussion—How to Choose the Better SAVR?

As previously discussed, SAVR can be accomplished safely through multiple operative
techniques. The choice of the optimal approach remains a topic of ongoing debate, and a
definitive solution appears to be far from being reached.

The first question to be addressed when comparing two different surgical strategies
is safety. However, neither of the aforementioned approaches have demonstrated clear
superiority when compared to the benchmark outcomes of sternotomy. In a large network
meta-analysis involving 15,000 patients comparing MS, RAT, and sternotomy SAVR, MS
demonstrated a slight advantage in terms of short-term mortality; however, no significant
differences were observed between the long-term outcomes [60]. Even when analyzed
through a Bayesian network meta-analysis, no significant safety differences have been
identified between MS and RAT SAVR [61]. It is important to note that this statistical
method has faced significant criticism, as even small differences among studies can lead to
biased results [62].

Therefore, the focus should move on to other metrics of comparison, such as anatom-
ical suitability, CPB and cross-clamp time (XC), blood loss and transfusions, respiratory
complications, post-operative pain, and even cosmetic results.

All minimally invasive approaches demonstrated an increase in CPB and XC times
compared to sternotomy due to their inherently higher technical demands. On the other
hand, all minimally invasive SAVRs showed lower blood loss and shorter lengths of
stay [63]. ESAVR and RAVR are such advanced techniques that the comparison has been
done only with MS or RAT. ESAVR exhibited longer CPB and XC times compared to MS;
however, perioperative bleeding was lower in ESAVR, and no other significant differences
were observed [64]. When it comes to respiratory complications, Bacchi et al. report that
maintaining pleural integrity positively impacts the short- and long-term outcomes of
patients undergoing minimally invasive SAVR [65]. Post-operative pain is significantly
reduced simply by avoiding rib spreading, underscoring the importance of the effort to
strive for ESAVR and RAVR [38,66].
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It seems that in the right hands, each type of SAVR is feasible and safe. Is it perhaps
more a matter of the craftsman’s skill rather than the operative technique itself [67]?

Each of the previously mentioned large series for a given technique was published
only after years of meticulous refinement and skill development. The pathway to mastering
these techniques is long and should begin as early as possible in the training process [34].
Transitioning from simpler to more technically demanding types of SAVR requires signif-
icant dedication and patience, which are needed to successfully overcome the learning
curve. A flow diagram proposing an ideal progression is shown in Figure 5. Some of the
most important steps in achieving proficiency in minimally invasive SARV are master-
ing femoral cannulation, gaining expertise with sutureless prostheses, and acquiring a
profound knowledge of surgical instruments (retractors, long-shafted customized tools,
etc.). Extensive cadaveric lab and simulation training appear to be essential for developing
endoscopic skills.

Step 1: Sternotomy SAVR

Reduce size of skin incision Visit MICS programs Acquiring skills with Sutureless

Step 2: Mini Sternotomy SAVR

MS 3'4ICS on venous Skills in mini-thoracotomy Skills in transthoracic Aortic
peripheral cannulation mitral valve surgery cross-clamping

A 4

MS 4th ICS on central
cannulation

Mastering Femoral
Cannulation

RAT with sutureless

Step 3: Right Anterior Thoracotomy SAVR

RAT with sutured Skills in video-assisted  Skills in Endoscopic Vein
prosthesis Mitral Valve Surgery and Radial Harvesting

Aortic regurgitation - AVR done by watching Sutureless AVR on video-assisted without q
the monitor with Ribs spreader Ribs spreader Sutured AVR completely endoscopic

- Step 5: Robotic Assisted AVR - RAVR

Fellowship in Robotic
Cardiac Surgery

Robotic Assisted Mitral valve

Cadaver training surgery

Sutureless or Sutured RAVR
Figure 5. A flow diagram of an ideal pathway to transition from standard full sternotomy SAVR
to RAVR. Each step highlights the skills and training required to move toward the next step safely.
SAVR—surgical aortic valve replacement; MICS—minimally invasive cardiac surgery; MS—mini ster-
notomy; ICS—intercostal space; RAT—right anterior thoracotomy; AVR—aortic valve replacement;
RAVR—robotic-assisted aortic valve replacement.

How can a surgeon choose what is the better approach? By tailoring the SAVR
approach to the patient’s anatomy, comorbidities, and even cosmetic preference. Perhaps
a patient with COPD and peripheral vascular disease will benefit from MS, which spares
pleura and femoral vessels. An obese patient candidate for RAT will benefit more from
ESAVR or RAVR due to the easier visualization of the chest anatomy. Moreover, a patient
with severe aortic regurgitation and a reduced ejection fraction might benefit more from
the faster sternotomy approach, as it minimizes CPB and XC times as much as possible.
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In the era of TAVR and minimally invasive procedures, surgeons should move away
from a “one-size-fits-all” approach to SAVR and instead adopt a personalized surgical
strategy. Achieving this requires mastering a wide range of operative techniques.

11. Conclusions

SAVR can be accomplished through several operative strategies that require different
levels of skill and surgical experience. Currently, none of the existing approaches have
demonstrated clear superiority, yet each kind of operation has its advantages and disad-
vantages. Only some operative strategies show feasibility in all comers, independent of the
anatomy of the patient. The transition from standard open sternotomy to minimal inva-
siveness and then full endoscopic approaches should follow key steps such as mastering
femoral cannulation and developing skills in video-assisted surgery. A paramount role
is also played by sutureless prostheses in selected cases. The surgeon of the modern era
should ideally master at least two or three different approaches in order to be capable of
offering patients the true advantages of SAVR through the least invasive operation tailored
to the patient’s anatomy and comorbidities.
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