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ABSTRACT

Introduction: Propensity score analysis of
midterm outcomes after isolated aortic valve
replacement through right anterior mini-tho-
racotomy and partial upper sternotomy could
provide information about the most beneficial
minimally invasive technique for the patient
based on the preoperative risk factors.
Methods: Between March 2015 and February
2021, 694 minimally invasive isolated aortic
valve surgeries were performed at our institu-
tion. Among these, 441 right anterior mini-
thoracotomies and 253 partial upper ster-
notomies were performed. A propensity score
analysis was performed in 202 matched pairs.

Results: Cardiopulmonary bypass time and
cross-clamp time were significantly shorter in
the right anterior mini-thoracotomy group than
in the partial upper sternotomy group
(p = 0.001 and p\0.001, respectively). Time to
first mobilization and hospital stay were signif-
icantly shorter in the right anterior mini-tho-
racotomy group than in the partial upper
sternotomy group (p = 0.005, p = 0.001,
respectively). A significantly lower incidence of
revision surgery was noted in the right anterior
mini-thoracotomy group than in the partial
upper sternotomy group (p = 0.046). No signif-
icant differences in 30-day mortality (p = 1.000)
and 1-year mortality (p = 0.543) were noted.
Kaplan-Meier survival estimates were 96.3% in
the right anterior mini-thoracotomy group and
92.7% in the partial upper sternotomy group
after 4 years (log rank 0.169), respectively.
Conclusions: Despite the technical challenges,
right anterior mini-thoracotomy can be chosen
as first-line strategy for isolated aortic valve
replacement. For patients unsuitable for this
technique, the partial upper sternotomy
remains a safe method that can be performed by
a wide range of surgeons.
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Key Summary Points

Over the past 30 years, cardiac surgery has
increasingly used minimally invasive
procedures (MICs), reducing the surgical
body trauma and achieving early recovery
for the patient

Innovative approaches to minimally
invasive aortic valve replacement (MIC-
AVR) such as right anterior mini-
thoracotomy (RAMT) and partial upper
sternotomy (PUS) concentrate on smaller
surgical approaches providing better
cosmetic results and shorter hospital stay

Comparing the perioperative and midterm
results of MIC-AVR through RAMT versus
PUS can help in making decisions about
the most favorable approach for the
patient based on their preoperative
condition

The mid-term outcomes of this study
showed similar perioperative morbidity
and mortality between RAMT and PUS
techniques with comparable 4-year
estimated survival in both groups

The RAMT technique is a safe and feasible
approach to isolated AVR that does not
compromise the surgical quality,
postoperative outcome, or patient safety
when performed by a team experienced in
MIC techniques in a large-volume center

The PUS procedure provides the best
surgical access in MIC-AVR and can be
performed by a wide range of surgeons

INTRODUCTION

Over the past 30 years, cardiac surgery has
increasingly used minimally invasive proce-
dures (MIC) with the aim of reducing surgical
body trauma and achieving early recovery for
the patient [1–3]. The perioperative mortality

rate in isolated aortic valve replacement (AVR)
has decreased from 3.9 to 1.9% according to the
database of the Society of Thoracic Surgeons
(STS) [4–6]. Various techniques for MIC-AVR
have been established and further developed
and compared to median sternotomy (MS)
[7, 8]. The innovative MIC-AVR techniques
focus on smaller surgical approaches with faster
postoperative recovery, which leads to shorter
hospital stays [9]. MIC approaches mainly
include partial upper sternotomy (PUS) and
right anterolateral mini-thoracotomy (RAMT),
with considerable advantages compared to MS
[10–12]. So far, PUS has been the most used MIC
access for surgical AVR, allowing better main-
tenance of the thoracic respiratory mechanics
and early mobilization with attractive cosmetic
results compared to MS [9, 13–15]. The RAMT
procedure is also superior to MS, with a lower
transfusion rate, shorter duration of mechanical
ventilation, lower stroke rate, and shorter
length of intensive care and hospital stay
[16, 17].

The aim of this study is to compare the
perioperative and midterm results of isolated
AVR using MIC techniques with RAMT versus
PUS.

METHODS

Compliance with Ethics Guidelines

The study was approved by the ethics commit-
tee of the Medical Association of North Rhine in
Germany (id. no. 82/2021), and individual
patient consent for the study was waived. The
study was performed in accordance with the
Declaration of Helsinki 1964 and its later
amendments.

Study Design and Data Source

This is a retrospective study, and all periopera-
tive data were prospectively collected from the
clinic’s internal databases. All patients with
isolated aortic valve stenosis, insufficiency, and/
or endocarditis who underwent MIC-AVR were
included in this study. Exclusion criteria were
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reoperation, aortic valve reconstruction, and
need for additional cardiosurgical procedure.

Between March 2015 and February 2021, 768
patients underwent MIC-AVR at our institution.
Of those, 63 patients (42 in the RAMT group
and 21 in the PUS group) underwent AKE in
combination with Morrow resection. Aortic
valve reconstruction was performed in seven
patients in the PUS group, and four additional
patients in the PUS group were excluded from
the study because of previous AKE. After appli-
cation of the inclusion and exclusion criteria,
final data from 694 patients were used for sta-
tistical analysis. Of these, 441 (63.5%) patients
were operated on using RAMT and 253 (36.5%)
patients via PUS. After propensity score analysis,
202 matched patients from the RAMT group
and 202 from the PUS group were evaluated
(Fig. 1).

At the start of the study, PUS was the stan-
dard surgical access for isolated AVR surgery in
our department. Since March 2017, RAMT has
become the first-line strategy for the surgical
treatment of all isolated aortic valve pathologies
(Supplementary Material). During this period of
study, preoperative computer tomography (CT)
of the aorta was performed in all patients who

required an isolated AVR to determine whether
the patient was suitable for the RAMT procedure
[18]. In cases of severe calcification of the aorta
or pelvic arteries, severe anatomical conditions,
or strong adhesions of the lungs, PUS serves as
an alternative surgical access benefiting from
considerable advantages of the MIC techniques
[9, 13–15].

The primary endpoint was 30-day mortality.
Secondary endpoints were cardiopulmonary
bypass (CPB) time and aortic clamping time,
conversion to MS, surgical revision, postopera-
tive respiratory failure, hemodialysis, wound
healing disorders, length of intensive care and
hospital stay, and estimated survival at 4 years.

Follow-Up

Discharged patients were assessed directly in
our outpatient clinic after 3 months and yearly
thereafter or were contacted by mail or tele-
phone interview during a 3-month late closing
interval ending in April 2021 with completion
of 98%. Telephone contact with the patients
was used to assess the current physical condi-
tion and to request further cardiovascular
interventions and check-ups by the referring
cardiologists and family doctors, who were also
contacted if additional information was needed.

Operative Technique

All patients were intubated with a single-lumen
endotracheal tube, and transesophageal
echocardiography (TEE) was performed in all
patients for monitoring heart and valve func-
tion during the operation.

A detailed description of the PUS technique
has been published previously [9]. The surgical
access was performed through a 5–6-cm skin
incision followed by J-shaped upper mini-ster-
notomy at the fourth intercostal space. A cen-
tral cannulation for CPB through the ascending
aorta and right atrium was preferred by most of
this patient group (Fig. 2).

For the RAMT group, the access was per-
formed through a 3–5-cm skin incision at the
second or third right intercostal space. A
detailed description of the surgical technique

Fig. 1 Patient flow chart. PS, propensity score; PUS,
partial upper sternotomy; RAMT, right anterior mini-
thoracotomy
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has been published previously [3]. Cannulation
for CPB was achieved through the common
femoral artery in 436 (98.7%) patients and the
common femoral vein in all patients in the
unmatched cohort. Additional cannulation of
the jugular vein was necessary in 102 (23.1%)
patients. Femoral cannulation was performed
primarily surgically through a 2-cm skin inci-
sion below the inguinal ligament. Since January

2019, percutaneous femoral cannulation for
CPB guided by ultrasound sonography was
performed in combination with the use of a
vascular closure device (VCD) MANTATM

(Essential Medical Inc., Malvern, PA, USA) for
femoral artery closure. Except for the auto-
mated suturing with Cor-Knot� (Cor-Knot�, LSI
Solutions, USA), there is no difference between

Fig. 2 Operative site of an aortic valve replacement via the
partial superior sternotomy. A For subanular insertion of
Ethibon 2–0 U-sutures. B Inserting the U-sutures into the
Magna Ease� aortic valve prosthesis. C After closure of the

aorta. D Immediately after wound closure. This figure was
created entirely by the authors for this article, has never
been published before, and was not based in whole or in
part on a previously published figure
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AVR using RAMT and the traditional ster-
notomy approach (Fig. 3).

Statistical Analysis

Propensity score matching was performed. The
propensity score for each patient was calculated
by logistic regression with adjustment for 12
key baseline variables: age, gender, body mass
index (BMI), New York Heart Association score
(NYHA) C 3, hypertension, diabetes mellitus,
prior stroke, acute endocarditis, urgent indica-
tion for surgery, left ventricular ejection frac-
tion (LVEF), aortic valve stenosis, and European
System for Cardiac Operative Risk Evaluation II

(EuroSCORE II). When matching patients 1:1, a
difference in propensity score of 0.7% (0.007)
was tolerated.

Data on the matched and unmatched groups
were analyzed using descriptive statistics, with
categorical variables presented as absolute val-
ues and frequencies (%) and the continuous
variables presented as the median and
interquartile range (IQR) or mean ± standard
deviation (SD). Comparisons between the
RAMT and PUS groups were carried out using a
t-test or Mann-Whitney U test for continuous
variables as appropriate depending on distribu-
tion and a Fisher’s exact or chi-square test for
categorical variables. To test for normal

Fig. 3 Operative setup of an aortic valve replacement via
right anterior mini-thoracotomy. A Before implanting an
Inspiris Resilia� aortic valve. B By implanting the aortic
valve prosthesis. C Introduction of Cor-Knot� to fix the
aortic valve prosthesis. D Femoral artery occlusion with

MANTA� System. E Immediately after wound closure.
This figure was created entirely by the authors for this
article, has never been published before, and was not based
in whole or in part on a previously published figure
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Table 1 Patient characteristics of the unmatched cohort

Total (N: 694) n (%)
or median [IQR] and
mean – SD

RAMT (N = 441) n (%)
or median [IQR] and
mean – SD

PUS (N = 253) n (%)
or median [IQR] and
mean – SD

p value

Age in years 69.8 [61.7–76.0]

68.1 ± 9.8

68.9 [60.7–75.3]

67.2 ± 10.2

71.7 [63.6–76.8]

69.5 ± 8.9

0.005

Female gender 275 (39.6) 176 (39.9) 99 (39.1) 0.840

BMI, kg/m2 28.0 [24.7–31.8]

28.7 ± 5.6

28.0 [24.7–31.6]

28.5 ± 5.1

28.0 [24.6–32.5]

29.2 ± 6.3

0.399

Hypertension 537 (77.4) 339 (76.9) 198 (78.3) 0.674

Hyperlipidemia 452 (65.1) 282 (63.9) 170 (67.2) 0.387

Diabetes mellitus 133 (19.2) 80 (18.1) 53 (21.2) 0.327

Creatinine, mg/dl 1.0 [0.9–1.0]

1.0 ± 0.4

1.0 [0.9–1.0]

1.0 ± 0.5

1.0 [0.8–1.0]

1.0 ± 0.3

0.049

Dialysis 3 (0.4) 3 (0.7) 0 0.304

Prior stroke 35 (5.0) 15 (3.4) 20 (7.9) 0.009

COPD 55 (7.9) 31 (7.0) 24 (9.5) 0.249

PAD 21 (3.0) 11 (2.5) 10 (4.0) 0.280

Acute endocarditis 13 (1.9) 11 (2.5) 2 (0.8) 0.149

History of endocarditis 4 (0.6) 3 (0.7) 1 (0.4) 1.000

Atrial fibrillation 48 (6.9) 26 (5.9) 22 (8.7) 0.162

Coronary artery disease 145 (20.9) 81 (18.4) 64 (25.3) 0.031

Prior cardiogenic shock

(B 3 weeks)

13 (1.9) 4 (0.9) 9 (3.6) 0.019

Prior MI (B 90 days) 7 (1.0) 2 (0.5) 5 (2.0) 0.106

Prior reanimation 3 (0.4) 1 (0.2) 2 (0.8) 0.302

Prior ventilation 2 (0.3) 2 (0.5) 0 0.536

Prior PCI 67 (9.7) 37 (8.4) 30 (11.9) 0.137

Prior pacemaker 21 (3.0) 13 (2.9) 8 (3.2) 0.874

NYHA class III/IV 532 (76.7) 351 (79.6) 181 (71.5) 0.016

CCS class III/IV 67 (9.7) 32 (7.3) 35 (13.8) 0.005

Pulmonary hypertension 24 (3.5) 11 (2.5) 13 (5.1) 0.067

Urgent indication for surgery 40 (5.8) 25 (5.7) 15 (5.9) 0.888

Aortic valve stenosis 637 (91.9) 412 (93.6) 225 (88.9) 0.029

Aortic valve insufficiency 386 (55.6) 269 (61.0) 117 (46.2) < 0.001
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distribution of the continuous variables, the
Kolmogorov-Smirnov test was used. Cohen’s
d was used for the continuous variables with
significant difference. A Cohen’s d value of[
0.8 indicates a major effect. Survival analyses
were presented as Kaplan-Meier curves. In
addition, hazard ratios (HRs) were calculated by
Cox regression. In all cases, a two-tailed p value
of\ 0.05 was considered statistically signifi-
cant. All statistical tests were performed using
IBM SPSS Statistics software version 24.0 (IBM
Corp., Armonk, NY, USA).

RESULTS

Baseline characteristics and the results in the
two patient groups are shown below for the
entire patient collective as well as for the cor-
responding subgroup with propensity score
matching.

Demographic Data of Unmatched Group

The demographic characteristics of the unmat-
ched cohort are summarized in Table 1. Patients
undergoing PUS technique were significantly
older [71.7 (range 63.6–76.8) years] than those
in the RAMT group [68.9 (range

60.7–75.3) years; p = 0.005]. There were further
significant differences between the two groups
concerning the creatinine value (p = 0.049),
previous stroke (p = 0.009) or cardiogenic shock
(p = 0.019), presence of coronary artery disease
(p = 0.031), and NYHA class III/IV (p = 0.016).
The EuroSCORE II was significantly higher in
the PUS group (p\0.001).

Demographic Data of Matched Groups

Regarding the age, comorbidities, and Euro-
SCORE II, there were no significant differences
between the two matched subgroups. Apart
from a preoperative aortic valve regurgitation
(p = 0.036), no further significant differences
were detected in the baseline characteristics
(Table 2).

Intraoperative Data of Unmatched Groups

No intraoperative mortality was noted in either
group. Despite a non-significant longer CPB
time (p = 0.794) in the RAMT group, the oper-
ation time (p\ 0.031) and the cross-clamping
time (p = 0.003) were significantly shorter
compared to the PUS group. One patient (0.1%;
p = 1.000) in the all-patient cohort required an
intraoperative conversion from a RAMT access

Table 1 continued

Total (N: 694) n (%)
or median [IQR] and
mean – SD

RAMT (N = 441) n (%)
or median [IQR] and
mean – SD

PUS (N = 253) n (%)
or median [IQR] and
mean – SD

p value

Bicuspid valve 27 (3.9) 6 (1.4) 21 (8.3) < 0.001

LVEF, % (n = 693) 56.0 [55.0–60.0]

56.5 ± 7.9

55.0 [55.0–60.0]

56.8 ± 7.0

n = 440

60.0 [55.0–60.0]

56.0 ± 9.2

0.798

EuroSCORE II, % 1.8 [1.1–2.7]

2.5 ± 2.4

1.6 [1.1–2.5]

2.3 ± 2.4

1.9 [1.4–3.1]

2.8 ± 2.5

< 0.001

Bold indicates a significant difference
BMI, body mass index; CCS, Canadian Cardiac Society, Coronary Calcium Score; COPD, chronic obstructive pulmonary
disease; EuroSCORE, European System for Cardiac Operative Risk Evaluation; LVEF, left ventricular ejection fraction; MI,
myocardial infarction; NYHA, New York Heart Association; PAD, peripheral arterial disease; PCI, percutaneous coronary
interventions; PUS, partial upper sternotomy; RAMT, right anterior mini-thoracotomy; SD, standard deviation
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Table 2 Patient characteristics of the matched cohort

RAMT (N = 202) n (%)
or median [IQR]
and mean – SD

PUS (N = 202)
n (%) or median [IQR]
and mean – SD

p value

Age in years 73.1 [66.7–77.0]

70.4 ± 9.0

71.4 [63.2–76.5]

69.2 ± 9.0

0.119

Female gender 85 (42.1) 77 (38.1) 0.417

BMI, kg/m2 27.8 [24.5–30.5]

28.1 ± 4.9

28.1 [24.6–32.6]

29.4 ± 6.3

0.099

Hypertension 159 (78.7) 157 (77.7) 0.810

Hyperlipidemia 135 (66.8) 134 (66.3) 0.916

Diabetes mellitus 43 (21.3) 43/199 (21.6) 1.000

Creatinine, mg/dl 1.0 [0.9–1.0]

1.0 ± 0.2

1.0 [0.9–1.0]

1.0 ± 0.3

0.477

Dialysis 2 (1.0) 0 0.499

Prior stroke 10 (5.0) 11 (5.4) 1.000

COPD 18 (8.9) 19 (9.4) 1.000

PAD 8 (4.0) 7 (3.5) 0.792

Acute endocarditis 4 (2.0) 1 (0.5) 0.372

History of endocarditis 3 (1.5) 0 0.248

Atrial fibrillation 17 (8.4) 14 (6.9) 0.575

Coronary artery disease 45 (22.3) 39 (19.) 0.462

Prior cardiogenic shock (B 3 weeks) 4 (2.0) 2 (1.0) 0.685

Prior MI (B 90 days) 1 (0.5) 2 (1.0) 1.000

Prior reanimation 0 1 (0.5) 1.000

Prior ventilation 2 (1.0) 0 0.499

Prior PCI 20 (9.9) 16 (7.9) 0.485

Prior pacemaker 7 (3.5) 5 (2.5) 0.558

NYHA class III/IV 145 (71.8) 151 (74.8) 0.500

CCS class III/IV 23 (11.4) 22 (10.9) 0.874

Pulmonary hypertension 8 (4.0) 6 (3.0) 0.586

Urgent indication for surgery 16 (7.9) 8 (4.0) 0.092

Aortic valve stenosis 187 (92.6) 185 (91.6) 0.713

Aortic valve insufficiency 122 (60.4) 101 (50.0) 0.036

Bicuspid valve 5 (2.5) 7 (3.5) 0.771
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to MS because of bleeding. Furthermore, sig-
nificantly more biological valve protheses
(98.9%; p = 0.001) with larger size (p = 0.001)
were implanted in the RAMT group while aortic
root enlargement was performed more in the
PUS group (p = 0.026) (Table 3).

Intraoperative Data of Matched Groups

After propensity score analysis, the median
operation time (p\0.001) and median cross-
clamping time (p\0.001) remained signifi-
cantly shorter in the RAMT group, accounting
124.5 (range 97.0–164.8) min and 40.0 (range
31.0–59.3) min compared to the PUS group
with 156.5 (range 130.0–185.0) min and 56.0
(range 47.0–63.0) min, respectively, while the
CPB time became significantly shorter in the
RAMT group [69.5 (range 55.0–97.0) min vs.
79.0 (range 69.0–97.3) min in PUS, p\0.001].
Regarding the type (p = 0.048) and size
(p\ 0.001) of the implanted valve, the differ-
ence between the two matched cohorts was also
significant without difference in terms of artic
root enlargement anymore (p = 0.123). Intra-
operative data are detailed in Table 4.

Postoperative Outcomes of Unmatched
Groups

The outcomes of unmatched cohorts are sum-
marized in Table 5. The intubation time was
significantly shorter in the RAMT group
(p\ 0.001) accounting 6.0 (range 5.0–10.0) h
compared to the PUS group with 10.0 (range
6.0–18) h. Surgical revision was significantly
more frequent in the PUS group (9.5%) than in
the RAMT group (5.0%) (p = 0.022), and the
most common causes were bleeding followed by
wound infection, tamponade, prosthesis dys-
function, low cardiac output syndrome (LCOS),
and endocarditis. Surgical groin wound revision
was noted only in the RAMT group in eight
patients (1.8%; p = 0.030). Postoperative acute
kidney injury (p = 0.013) and new occurrence of
atrial fibrillation (p\ 0.001) were significantly
lower in the RAMT group affecting 2.3% and
15.4% compared to PUS group with 5.9% and
24.7%, respectively. The number of postopera-
tively administrated red cell concentrates was
significantly lower in the RAMT group than in
the PUS group (0.8 ± 2.0 vs. 1.0 ± 1.9;
p = 0.020, respectively).

Further significant differences concerning
the length of intensive stay, time of the first
mobilization, and hospital stay were shown and

Table 2 continued

RAMT (N = 202)
n (%)or median
[IQR]and mean – SD

PUS (N = 202)n (%) or
median [IQR]and
mean – SD

p value

LVEF, % (n = 693) 60.0 [55.0–60.0]

57.6 7.4

n = 201

60.0 [55.0–60.0]

56.7 ± 8.3

0.230

EuroSCORE II, % 1.9 [1.3–3.1]

2.9 ± 3.1

1.9 [1.3–3.0]

2.6 ± 2.1

0.851

Bold indicates a significant difference
BMI, body mass index; CCS Canadian Cardiac Society, Coronary Calcium Score; COPD, chronic obstructive pulmonary
disease; EuroSCORE, European System for Cardiac Operative Risk Evaluation; LVEF, left ventricular ejection fraction; MI,
myocardial infarction; NYHA, New York Heart Association; PAD, peripheral arterial disease; PCI, percutaneous coronary
interventions; PUS, partial upper sternotomy; RAMT, right anterior mini-thoracotomy; SD, standard deviation
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Table 3 Procedural details of the unmatched cohort

Total (N: 694) n (%)
or median [IQR] and
mean – SD

RAMT (N = 441) n (%)
or median [IQR] and
mean – SD

PUS (N = 253) n (%)
or median [IQR] and
mean – SD

p value

Prosthesis type

Biological valve 675 (97.3) 436 (98.9) 239 (94.5) 0.001

Mechanical valve 19 (2.7) 5 (1.1) 14 (5.5)

Implant (n = 693)

Implant size, mm 23.0 [23.0–25.0]

23.5 ± 1.9

(n = 686)

23.0 [21.0–25.0]

23.3 ± 1.9

(n = 435)

23.0 [23.0–25.0]

23.8 ± 2.0

(n = 251)

0.001

Aortic root enlargement 6 (0.9) 1 (0.2) 5 (2.0) 0.026

Arterial cannulation

A. ascendens 248 (35.7) 0 248 (98.0) < 0.001

A. axillaris 8 (1.2) 5 (1.1) 3 (1.2)

A. femoralis right 435 (62.7) 434 (98.4) 1 (0.4)

A.femoralis left 2 (0.3) 2 (0.3) 0

A. subclavia 1 (0.1) 0 1 (0.4)

Venous cannulation

Right atrium 244 (35.2) 0 244 (96.4) < 0.001

V. femoralis right 339 (48.8) 334 (75.7) 5 (2.0)

V. femoralis left 5(0.7) 5 (1.1) 0

V. jugularis ? V. femoralis 103 (14.8) 102 (23.1) 1 (0.4)

V. cava superior ? inferior 3 (0.4) 0 3 (1.2)

Procedure time (min) 147.0 [119.0–180.0] 141.0 [108.5–178.0] 156.0 [130.0–185.0] < 0.001

154.9 ± 56.6 150.4 ± 61.3 162.7 ± 46.4

CPB time (min) 82.0 [64.8–103.0]

86.5 ± 31.3

84.0 [61.0–108.0]

87.0 ± 32.1

80.0 [69.0–96.5]

85.7 ± 30.1

0.794

Cross-clamp time (min) 54.0 [39.0–67.0]

54.5 ± 19.5

51.0 [35.0–68.0]

53.1 ± 20.9

56.0 [47.0–63.5]

56.8 ± 16.6

0.003

Length of intubation (h) 8.0 [5.0–14.0]

10.5 ± 9.8

6.0 [5.0–10.0]

9.0 ± 8.2

10.0 [6.0–18.0]

13.1 ± 11.7

< 0.001
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were lower in the RAMT group [median inten-
sive stay: 1.0 (range 1–2) vs. 2.0 (range 1.0–-
3.0) days in PUS, p = 0.003; median time to first
mobilization: 3.0 (range 2–3) vs. 3.0 (range 2–-
4) days in PUS, p\ 0.001; median hospital stay:
9.0 (range 8 to 12) vs. 11 (range 9–14) days in
PUS, p\ 0.001].

Thirty-day and 1-year mortality showed no
significant difference between the RAMT and
PUS group and was 0.9% vs. 1.2% (p = 0.710)
and 1.9% vs. 2.8% (p = 0.246), respectively. In
the overall patient collective, the estimated
survival rates in the RAMT group were signifi-
cantly higher at 98.6% after 1 year, 97.6% after
2 years, and 97.0% after 3 and 4 years (log rank
0.018) compared with the PUS group (97.2%
after 1 year, 95.3% after 2 years, 92.6% at
3 years, and 92.0% after 4, 5, and 6 years,
Fig. 4A).

Postoperative Outcomes of the Matched
Groups

Other than persistence of significantly shorter
intubation time (p = 0.001), first mobilization
time (p = 0.005), and length of hospital stay
(p = 0.001) in the RAMT group after the
propensity matching, no other significant dif-
ferences in the postoperative outcomes or
30-day and 1-year mortality were noted
between the two groups (Table 6). In the mat-
ched cohorts, the estimated survival rate after
4 years was 96.3% in the RAMT group, which
was higher compared to the PUS group (92.7%;
log rank 0.169) without a significant difference
(Fig. 4B).

DISCUSSION

The mid-term outcomes of this study showed
similar perioperative morbidity and mortality
between RAMT and PUS techniques with com-
parable 4-year estimated survival in both
groups.

At our department, the final decision on the
operative strategy for each patient requiring
AVR was made individually during a preopera-
tive medical staff meeting considering the
patient’s preoperative data such as age, comor-
bidities, vascular status, and EuroSCORE II. The
choice of the surgical technique was a result of
application of an internal policy recommenda-
tion, which was tailored to the individual
patient. In our unmatched cohorts, the patients
in the PUS group had significantly higher
EuroSCORE II than the RAMT group, 2.8 ± 2.5
and 2.3 ± 2.4, respectively (p\ 0.001). These
preoperative data are similar to those reported
in previous studies comparing the two sub-
groups [11, 18–20]. An increased EuroSCORE II
is a predictive factor for a higher risk of intra-
and postoperative complications as well as
postoperative morbidity and mortality [20].
Accordingly, the PUS procedure for these
patients was a safe surgical technique that could
be performed by all cardiac surgeons to reduce
the surgical risk. To avoid selection bias
between the two subgroups, these differences in
demographic characteristics were adjusted and
eliminated by developing a propensity score
matching in line with previous published stud-
ies comparing RAMT and PUS techniques in
AVR [11, 19, 20].

Table 3 continued

Total (N: 694) n (%)
or median [IQR] and
mean – SD

RAMT (N = 441) n (%)
or median [IQR] and
mean – SD

PUS (N = 253) n (%)
or median [IQR] and
mean – SD

p value

Conversion to sternotomy 1 (0.1) 1 (0.2) 0 1.000

Bold indicates a significant difference
A., artery; CBP, cardiopulmonary bypass; min, minute; PUS, partial upper sternotomy; RAMT, right anterior mini-
thoracotomy; SD, standard deviation, V., vein
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Table 4 Procedural details of the matched cohort

RAMT (N = 202) n (%)

or median [IQR] and

mean – SD

PUS (N = 202) n (%)

or median [IQR] and

mean – SD

p value, Cohen’s d

Prosthesis type

Biological valve 199 (98.5) 192 (95.0) 0.048

Mechanical valve 3 (1.5) 10 (5.0)

Implant size, mm 23.0 [21.0–23.0]

23.0 ± 1.8

(n = 197)

24.0 [23.0–25.0]

23.9 ± 2.0

< 0.001

0.473

Aortic root enlargement 0 4 (2.0) 0.123

Arterial cannulation

A. ascendens 0 198 (98.0) < 0.001

A. axillaris 1 (0.5) 2 (1.0)

A. femoralis right 200 (99.0) 1 (0.5)

A. femoralis left 1 (0.5) 0

A. subclavia 0 1 (0.5)

Venous cannulation

Right atrium 0 194 (96.0) < 0.001

V. femoralis right 166 (82.2) 4 (2.0)

V. femoralis left 4 (2.0)

V. jugularis ? V. femoralis 32 (15.8) 1 (0.5)

V. cava superior ? inferior 0 3 (1.5)

Procedure time (min) 124.5 [97.0–164.8]

137.0 ± 49.2

156.5 [130.0–185.0]

163.1 ± 48.0

< 0.001

0.537

CPB time (min) 69.5 [55.0–97.0]

78.6 ± 32.2

79.0 [69.0–97.3]

85.8 ± 30.8

0.001

0.229

Cross-clamp time (min) 40.0 [31.0–59.3]

46.6 ± 19.4

56.0 [47.0–63.0]

57.1 ± 17.0

< 0.001

0.576

Length of intubation (h) 8.0 [5.0–17.0]

10.7 ± 9.1

12.0 [6.0–19.0]

13.7 ± 12.6

0.001

0.273

Conversion to sternotomy 0 0 n.a

Bold indicates a significant difference

A., artery; CBP, cardiopulmonary bypass; min, minute; PUS, partial upper sternotomy; RAMT, right anterior mini-thoracotomy; SD,

standard deviation; V., vein
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Table 5 Postoperative parameters of the unmatched cohort

Total (N: 694) n (%)
or median [IQR] and
mean – SD

RAMT (N = 441) n (%)
or median [IQR] and
mean – SD

PUS (N = 253) n (%)
or median [IQR] and
mean – SD

p value

LCOS 22 (3.2) 11 (2.5) 11 (4.3) 0.180

ECMO 8 (1.2) 6 (1.4) 2 (0.8) 0.717

Respiratory failure 24 (3.5) 11 (2.5) 13 (5.2) 0.065

Stroke 6 (0.9) 4 (0.9) 2 (0.8) 1.000

Psychosyndrome 15 (2.2) 8 (1.8) 7 (2.8) 0.406

Pseudoaneurysm 1 (0.1) 1 (0.2) 0 1.000

Pericardial effusion 8 (1.2) 7 (1.6) 1 (0.4) 0.269

Thoracic bleeding 10 (1.4) 5 (1.1) 5 (2.0) 0.510

Wound revision—groin 8 (1.2) 8 (1.8) 0 0.030

Wound revision—thorax 12 (1.7) 6 (1.4) 6 (2.4) 0.370

Unstable sternum 2 (0.3) 0 2 (0.8) 0.133

Sternum revision due to

mediastinitis

1 (0.1) 0 1 (0.4) 0.365

Paravalvular leakage 7/686 (1.0) 4/429 (0.9) 3/250 (1.2) 0.713

Revision surgery, total 46 (6.6) 22 (5.0) 24 (9.5) 0.022

Reason for revision surgery

Bleeding 25 (3.6) 10 (2.3) 15 (5.9)

Endocarditis 1 (0.1) 1 (0.2) 0

LCOS 2 (0.3) 1 (0.2) 1 (0.4)

Prosthesis dysfunction 5 (0.7) 4 (0.9) 1 (0.4)

Tamponade 6 (0.9) 2 (0.5) 4 (16)

Wound infection 7 (1.0) 4 (0.9) 3 (1.2)

Creatinine, mg/dl 1.0 [0.9–1.2]

1.1 ± 0.8

1.0 [0.8–1.1]

1.1 ± 0.8

1.0 [0.9–1.3]

1.2 ± 0.9

0.006

Dialysis 14 (2.0) 9 (2.0) 5 (2.0) 0.954

Atrial fibrillation 137 (19.8) 68 (15.4) 69 (27.4) < 0.001

Pacemaker 12 (1.7) 7 (1.6) 5 (2.0) 0.766

Blood transfusion: RCC,

number

0.0 [0–1.0]

0.9 ± 1.9

0.0 [0–1]

0.8 ± 2.0

0.0 [0–1]

1.0 ± 1.9

0.020

Length on ICU (nights) 2.0 [1.0–2.0]

2.2 ± 2.1

1.0 [1, 2]

2.0 ± 2.0

2.0 [1.0–3.0]

2.5 ± 2.2

0.003
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In our cohort, MIC-AVR via RAMT was sig-
nificantly less time-consuming than the PUS
technique with significantly shorter mean
operative, CPB, and cross-clamping times. Sim-
ilar results have already been reported in other
studies [18, 19]. In 2018, Mikus et al. revealed
significant difference in terms of shorter CPB
and cross-clamping time in the RAMT group
compared to PUS group, (p\0.001) and
hypothesized that the high standardization of
the procedure by an expert team could make
RAMT as fast and effective as the PUS procedure
[19]. However, other retrospective studies report
significantly longer CPB and cross-clamping
time in the RAMT compared to PUS group. They
justified their results with the learning curve
reflected in their studies, since both MIC tech-
niques were performed by all surgeons [11, 20].
In our RAMT cohort, the operating times could
be reduced by using a 3D camera, long surgical
instruments, and an automated suture closure
system [3]. Furthermore, RAMT was performed
exclusively by surgeons with excellent surgical
skills using minimally invasive surgery. We
believe that effective and clear communication
among the surgical team as well as a careful

planning and preparation of the operation
favors the reduction of operating times.

In our matched cohort, the median intuba-
tion time in the RAMT group was 4 h shorter
with significantly shorter hospital stay than in
the PUS group. The length of intensive care stay
showed no significant difference in the mat-
ched groups. Miceli et al. reported the median
intubation time was 1 h less in the RAMT group
with significantly shorter intensive care and
hospital stay [18]. Reducing the length of hos-
pital stay is an important aspect of resource use,
since intensive care and hospital stays are the
main determinants of cost after cardiac surgery
[21].

Contrary to previous studies, which reported
a high incidence of conversion to MS with the
RAMT procedure, we found no conversion to
MS in either the RAMT or the PUS group after
propensity score analysis [11, 20]. Furthermore,
Semsroth and colleagues emphasize that the
extension of the PUS to MS is uncomplicated,
while the conversion from RAMT to MS is
technically challenging [11, 20]. The absence of
conversion to MS in our matched cohorts could
be explained by the fact that the RAMT

Table 5 continued

Total (N: 694) n (%)
or median [IQR] and
mean – SD

RAMT (N = 441) n (%)
or median [IQR] and
mean – SD

PUS (N = 253) n (%)
or median [IQR] and
mean – SD

p value

Time to first mobilization

(days)

3.0 [2.0–4.0]

3.3 ± 2.1

3.0 [2, 3]

3.1 ± 2.0

3.0 [2–4]

3.6 ± 2.2

< 0.001

Hospital stay (days) 10.0 [8.0–13.0]

11.3 ± 5.9

9.0 [8–12]

10.2 ± 4.4

11 [9–14]

13.1 ± 7.4

< 0.001

Intraprocedural mortality 0 0 0 n.a.

30-Day mortality 7 (1.0) 4 (0.9) 3 (1.2) 0.710

1-Year mortality 13 (1.9)

(n = 676)

6 (1.4)

(n = 428)

7 (2.8)

(n = 248)

0.246

Bold indicates a significant difference
ECMO, extracorporeal membrane oxygenator; ICU, intensive care; LCOS, low cardiac output syndrome; PUS, partial upper
sternotomy; RAMT, right anterior mini-thoracotomy; RCC, red cell concentrates; SD, standard deviation
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procedure was performed exclusively by expe-
rienced surgeons.

In our matched cohort, 10.9% of the patients
in the PUS group and 5.4% of the patients in the
RAMT group required surgical revision mostly
because of bleeding, p = 0.046. Mikus et al. also
reported an increased occurrence of tamponade
requiring surgical revision with the PUS proce-
dure compared to RAMT [19]. Further studies
report no significant difference in terms of sur-
gical revision due to bleeding when comparing
these two MIC techniques [11, 18, 20]. The
small number of surgical revisions in our RAMT
group is due to the expertise of the surgeons in
minimally invasive techniques and the tight
perioperative coagulation management.

In the literature, intraoperative surgical
complications such as an increased occurrence
of stroke, vascular and wound complications
related to surgical peripheral cannulation were
correlated to the RAMT technique [11, 20, 22].
In contrast, groin wound complications occur-
red in three patients (1.5%) in the RAMT group
without significant difference compared to PUS.
Since January 2019, ultrasound-guided percu-
taneous femoral cannulation for CPB was used
in our department in combination with the use
of MANTATM VCD to avoid surgical complica-
tions in the groin. MANTATM is described as an
effective, fast, and safe device, which also has a

positive effect on the operating time compared
to surgical access in cardiac surgery [23].

In terms of 30-day and 1-year mortality,
there were no significant differences in our
cohort when comparing the two matched
groups (p = 1.000 and p = 0.543, respectively).
The trend for estimated survival after 4 years
was better in the RAMT group compared to the
PUS group (96.3% vs. 92.7%, log rank 0.169).
Miceli et al. also reported higher 1- and 5-year
survival rates in the RAMT group than in the
PUS group [18]. However, Semsroth et al.
described a trend toward better survival rates
with PUS, recording at the same time longer
CPB and cross-clamping times in the RAMT
group [11, 20]. In contrast, we noted signifi-
cantly shorter operative, CPB, and cross-clamp-
ing times in our RAMT cohort, which also had
reduced risks of postoperative morbidity and
mortality, explaining the better estimated sur-
vival rates in this group [18, 22].

Study Limitation

The main limitation of our study is its retro-
spective and non-randomized design. Further-
more, the interpretation of Kaplan-Meier’s
survival rate may have been difficult because of
the different follow-up periods of both groups
due to the timing of the procedures. Besides, the

Fig. 4 Kaplan-Meier curve for survival after aortic valve
replacement. A Unmatched group; B matched group. HR
calculated by Cox regression was 0.401 (95% CI

0.183–0.879) for the unmatched and 0.530 (95% CI
0.211–1.330) for the matched group. PUS, partial upper
sternotomy; RAMT, right anterior mini-thoracotomy
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Table 6 Postoperative parametersof the matched cohort

RAMT (N = 202) n (%)
or median [IQR] and
mean – SD

PUS (N = 202) n (%)
or median [IQR] and
mean – SD

p value
Cohen‘s d

LCOS 8 (4.0) 9 (4.5) 1.000

ECMO 3 (1.5) 2 (1.0) 1.000

Respiratory failure 6 (3.0) 9 (4.5) 0.424

Stroke 3 (1.5) 1 (0.5) 0.623

Psychosyndrome 5 (2.5) 6 (3.0) 0.760

Pseudoaneurysm 0 0 n.a

Pericardial effusion 3 (1.5) 1 (0.5) 0.623

Thoracic bleeding 2 (1.0) 5 (2.5) 0.449

Wound revision—groin 3 (1.5) 0 0.248

Wound revision—thorax 5 (2.5) 6 (3.0) 0.760

Unstable sternum 0 2 (1.0) 0.499

Sternum revision due to mediastinitis 0 1 (0.5) 1.000

Paravalvular leakage 1/200 (0.5) 1 (0.5) 1.000

Revision surgery, total 11 (5.4) 22 (10.9) 0.046

Reason for revision surgery

Bleeding 5 (2.5) 14 (6.9)

Endocarditis 0 0

LCOS 1 (0.5) 1 (0.5)

Prosthesis dysfunction 1 (0.5) 0

Tamponade 1 (0.5) 4 (2.0)

Wound infection 3 (1.5) 3 (1.5)

Creatinine, mg/dl 1.0 [0.9–1.2]

1.1 ± 0.9

1.0 [0.9–1.3]

1.2 ± 0.8

0.422

Dialysis 5 (2.5) 5 (2.5) 1.000

Atrial fibrillation 46 (22.8) 56/201 (27.9) 0.240

Pacemaker 5 (2.5) 1 (0.5) 0.215

Blood transfusion: RCC, number 0.0 [0.0–1.0]

0.9 ± 2.4

0.0 [0.0–1.0]

1.0 ± 1.9

0.134

Length on ICU (nights) 2.0 [1.0–2.0]

2.1 ± 1.7

2.0 [1.0–3.0]

2.4 ± 2.1

0.146
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generalizability of our findings is questionable,
given the single-center design.

CONCLUSION

The RAMT is a safe and feasible technique for
isolated AVR that does not compromise surgical
quality, postoperative outcomes, or patient
safety when performed by a team experienced
in MIC techniques in a large-volume center.
However, the PUS procedure provides the best
surgical access in MIC-AVR that can be per-
formed by a wide range of surgeons.
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Table 6 continued

RAMT (N = 202) n (%)
or median [IQR] and
mean – SD

PUS (N = 202) n (%)
or median [IQR] and
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p value
Cohen‘s d
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Hospital stay (days) 10.0 [8.0–12.0]

10.9 ± 4.7
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0.001

0.361

Intraprocedural mortality 0 0 n.a

30-Day mortality 3 (1.5) 3 (1.5) 1.000

1-Year mortality 4 (2.0)
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7 (3.5)

(n = 198)
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