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Abstract

Introduction: With the development of less invasive techniques ministernotomy has become an increasingly popular choice for
minimally invasive aortic valve replacement (MIAVR). However, a large discrepancy in the published results, often derived from
the center’s own experience, intensifies the need for further re-evaluation in order to better define the real impact of the min-
isternotomy approach on postoperative clinical condition in short- and long-term observation.

Aim: To assess the safety and efficacy of MIAVR in comparison to a reference full sternotomy AVR (FSAVR).

Material and methods: Between January 2004 and January 2018, 2386 patients underwent isolated surgical aortic valve replace-
ment (AVR) at our institution. 620 patients were treated minimally invasively (MIAVR) and 1766 patients received FSAVR. Forced
propensity score 1 : 1 matching and conditional regressive methods were introduced, ensuring valid comparison and correct
estimation. Ultimately, 557 well allocated pairs of treated and control patients were included.

Results: In-hospital mortality was low and comparable (1.26% for MIAVR, 1.62% for FSAVR). No significant differences in terms of
serious adverse events were found, although in patients undergoing MIAVR there tended to be lower incidence of neurological
complications (OR = 0.72; p = 0.09) and low output syndrome (OR = 0.66; p = 0.13). In addition to a much faster extubation and
discharge from the ICU as well as improved blood management, MIAVR significantly reduced the risk of wound complications
(OR = 0.31; p < 0.0010).

Conclusions: MIAVR is a safe, effective and reproducible procedure providing at least as good results as FSAVR. Nevertheless, it
should be especially recommended to obese, diabetic patients with pulmonary and mobility disorders in order to improve their
early recovery.
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become the most frequently used surgical procedure for

Introduction

To this day surgical aortic valve replacement (sAVR)
represents a first class recommendation for the manage-
ment of severe aortic valve pathologies in the majority of
symptomatic and all asymptomatic patients with indica-
tions (class |, level B) [1]. While correlating with a low risk of
early mortality (2.6-3.2%) and morbidity (1.4-1.9%) conven-
tional AVR performed through full sternotomy (FSAVR) has

heart valve pathologies, as it offers unrestricted access to
the heart and the great vessels. Therefore, it has reflected
a reference approach for sAVR [2]. However, full sternoto-
my remains an invasive method, which negatively affects
the global postoperative state or preferably the “systemic
homeostasis” of each individual patient. It is expressed as
a complex reaction of the organism, reflected in systemic
organ activities, motoric abilities and mental perceptions.
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Based on the correct assumptions, the real impact of surgi-
cal invasiveness on the patient’s clinical condition appears
thus multidimensional.

The collective term “minimally invasive cardiac sur-
gery”, which represents an innovative idea to modify treat-
ment effects by limiting the extent of the surgical cut, was
introduced in the mid-1990s. Many attempts have been
made to develop novel, less aggressive operative tech-
niques, which essentially focused on the avoidance of full
sternotomy. Numerous types and modifications of mini-
invasive approaches were described, with J-shaped minis-
ternotomy being most widely adopted [3]. A multitude of
published small-sampled randomized control trials [4, 5]
and meta-analyses [6-8] provided evidence for safety and
non-inferiority of minimally invasive aortic valve replace-
ment (MIAVR). However, crucial estimations of its efficacy,
potential advantages and limitations have not been deter-
mined yet, leaving freedom to interpret the results some-
times mutually exclusive.

Aim

The aim of this study was to assess the safety and ef-
fectiveness of MIAVR by comparing short- and long-term
outcomes to reference FSAVR. Complex propensity score
(PS) analysis has been incorporated to allow valid compari-
son and correct inference.

Material and methods
Inclusion and exclusion criteria

This study was based on consecutively collected data
of the patients who underwent isolated surgical AVR at our
institution between January 2004 January 2018. Patients
aged < 18 years and those requiring concomitant treatment
of other heart valve, coronary artery disease and ascending
aortic aneurysm were not included in the study. Previous
cardiac surgery, salvage procedure, active endocarditis, left
ventricular end-diastolic diameter (LVEDD) > 80 mm, left
ventricular ejection fraction (LVEF) < 18% were also con-
sidered as exclusion criteria. Finally, 2386 patients were
included in the analysis, in whom two different surgical ap-
proaches have been applied.

Surgical techniques used
FSAVR

Transesophageal echocardiography (TEE) was routinely
applied before the procedure to confirm indications and to
establish the operative strategy. The sternum was divided
midline from the sternoclavicular junction to the xiphoid
appendage. Total pericardiotomy was performed and ex-
tracorporeal circulation (ECC) was set up centrally. A vent-
ing line was inserted through the right superior pulmonary
vein. Moderate hypothermia (32°C) was used. Repeated,
cold, bloody cardioplegia was administered antegradely
to the aortic bulb or directly to the coronary ostia in the
presence of significant aortic insufficiency. Additional retro-
grade perfusion via the coronary sinus was utilized in 68%

of cases. A new prosthesis was implanted in a continuous
manner using 2.0 monofilament sutures. After weaning
cardiopulmonary bypass (CPB), ventricular pacing wires
and chest drains were placed. TEE examination was used
to evaluate procedural results.

MIAVR

All procedural aspects were similar with the conven-
tional method, but some distinguished modifications need
mentioning. External defibrillating pads were always ap-
plied before the procedure. After the 5-7 cm skin incision,
an upper J-shaped hemi-sternotomy from the sternoclavic-
ular junction to the level of the third or fourth intercostal
space was performed with RIMA preservation. Partial upper
pericardiotomy was done and direct central cannulation
was performed for ECC. The venting line was inserted into
the pulmonary trunk. Only antegrade administration of car-
dioplegic solution was utilized. Safe placement of epicar-
dium pacing wires needed the heart to stay unfilled. It was
done before aortic de-clamping. Continuous insufflation of
carbon dioxide and TEE guidance facilitated the air removal
process. Before weaning CPB, a flexible mediastinal Blake’s
drain was inserted into the pericardium through the previ-
ously tunneled retrosternal space.

Preoperative baseline characteristics

Twenty-two patient-dependent factors were used to
construct our PS model. All pre-operative characteristics
are presented in Table I. Due to the different development
of our mini-invasive aortic program over time, the analysis
took into account the & factor, which determined the pe-
riod in which the operation was performed.

Primary and secondary outcomes

Main treatment effects: 1) in-hospital mortality; 2) all-
cause reoperation rate; 3) early neurological events (new
neurological deficits: stroke, transient ischemic attack —
TIA, delirium, global anoxemic brain injury); 4) early cardiac
events (perioperative myocardial infarction — PMI, myo-
cardial ischemia — MI, malignant ventricular arrhythmias);
5) pulmonary complications (confirmed by X-ray, USG or
CT scans); 6) wound healing complications (superficial and
profound type).

Secondary events: (all events of interest are listed in
Table Il) ~ intraoperative measures, secondary postopera-
tive in-hospital outcomes

Long-term results: 1-, 5- and 8-year survivals. Kaplan-
Meier curves have been plotted for comparison.

Study design

In accordance with the recently published ESCTS guide-
lines for PS-based study management [9], the current anal-
ysis was performed in the following steps:

1. PS estimation and matching — A logistic regression was
adopted to estimate the specific PScore for each individ-
ual sAVR patient. All predictors shown in Table | were in-
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Figure 1. Q-Q plot for the z-differences of preoperative predictors
before and after 1: 1 PS matching. The solid grey line corresponds
to the expected distribution of z-differences from a randomized
trial, the broken blue line corresponds to the “Rubin/Thomas line”
for z-differences from a perfectly matched PS analysis

A Global balance assessment

Overall d? test
Pre-matching: x2 = 455, df = 23, p < 0.001
Post-matching: 32 = 17.8, df = 21, p = 0.664
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Figure 2. Multivariate global balance testing with randomization
inference (A). Balance plot for the standardized differences (bi-
ases) from the set of pre-operative covariates before adjustment
(red) and after 1: 1 PS-matching (blue) (B)

(FSAVR). The final fit PS model created 557 well-allocated
pairs of treatment (MIAVR) and control (FSAVR) units who
presented identical gender and the type of aortic disease
(Table 1).

Global balance testing

A smaller individual z-difference value showed signifi-
cant reduction of imbalance for each preoperative covariate
in the matched subset. After matching the distribution of z-
differences for all predictors overlapped the reference “Ru-
bin/Thomas” line, approximating to the standard for a ran-
domized study. Graphical representation of the allocation
of each individual covariate is shown in Figure 1. Consider-
ing that SEM for the 27 z-differences was equal to 1/+27,
the estimated mean of z-differences was —0.81; 95% ClI
[-1.19; —0.44] before matching and —0.03; 95% ClI (-0.41;
0.35) in our thoroughly balanced PS sample, similar to the
characteristics of a normal distribution.

The omnibus d2-test assessed the overall 2 imbalance
on all of the linear combinations of all predictors. While
rejecting the null hypothesis in the unadjusted data, the d?
test confirmed no imbalance for our PS-matched observa-
tions (Figure 2).

The overall balance assumption was provided in the
form of the L, relative measure. The multivariate imbalance
test showed the improvement of global imbalance in the
PS-matched population (L, = 0.770) in relation to the total
SAVR prematchings (L, = 0.862).

Treatment effect size

Effectiveness of the intended mini-invasive
approach

Out of 620 MIAVR cases, 14 (2.3%) patients required
conversion from ministernotomy to full sternotomy intra-
operatively. Three of them occurred before aortic clamping,
because adequate exposure could not be achieved, and the
next two happened after aortic clamping due to unusual
patient’s anatomy. The majority (64%) of converted cases
appeared after aortic de-clamping as a consequence of
sudden hemorrhage, which followed RV perforation, aortic
root damage, left main injury, significant perivalvular leak
or left ventricle distention impossible to defibrillate.

Main treatment effects

In-hospital mortality was low and similar in both groups
with the rates of 1.26% for MIAVR and 1.62% for FSAVR (Ta-
ble Il). No differences in terms of total reoperation rate or
cardiac and pulmonary complications were found. Non-sig-
nificantly lower neurological risk was observed for MIAVR
patients (OR = 0.72; p = 0.09). Nevertheless, this non-signif-
icant difference ultimately reached statistical significance
when analyzing the total sAVR population (OR = 0.67;
p = 0.02). Furthermore, MIAVR patients had a 24% lower
risk of complicated wound healing in relation to FSAVR in-
dividuals (OR = 0.31; p < 0.001).
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Secondary events of interest

Even though no difference was found with respect
to re-explorations for bleeding or tamponade, most car-
diac, pulmonary and renal complications showed com-
parable occurrences. Yet, there were non-significantly re-
duced risks of early stroke (OR = 0.50; p = 0.1) and LOS
(OR = 0.66; p = 0.13) in the MIAVR group. Moreover, shorter
intubation time (DifM: —6.9 h, p < 0.001), shorter ICU stay
(DifM: =8.32h, p = 0.02), reduced 24-h postoperative blood
loss (DifM: —96.56 ml, p < 0.001) and fewer complementary
blood transfusions (DifM: —0.57 U, p < 0.001) were found as
attractive outcomes in favor of MIAVR (Table I1).

PS-adjusted analysis of the total sAVR

population

Multivariate regressive models confirmed the superior re-
sults of MIAVR over FSAVR. MIAVR receivers were 40% less like-
ly to develop neurological complications (OR = 0.67; p = 0.02)
and postoperative psychosis (OR = 0.66; p = 0.030than FSAVR
patients. A clearly decreased risk of LOS (OR = 0.45; p < 0.001)
was observed in the MIAVR group, confirming the trends ob-
served in the PS-matched sample (Table I).

Long-term results

Kaplan-Meier actuarial analysis revealed no significant
difference between the two surgical approaches in terms
of long-term survival. Expected 1-, 5- and 8-year survival
rates were comparable, reaching 95.6% vs 94.8%; 84.1% vs
80.4% and 79.3% vs 72.4%, for MIAVR vs FSAVR, respec-
tively. Referring to the total SAVR before matching, no pro-
nounced changes were observed either (Figure 3).

Local” SATT - the sample average
treatment effect on the treated

The estimand
Visual representation of the patients who were matched
(“local” SATT) was obtained via a parallel coordinates plot

Total un-matched sample
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Atrisk | 1527 1259 974 713 420
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Years postoperatively

—— MIAVR —— FSAVR
Log-rank p-value = 0.357

(Figure 4). The PS-matched population consisted of a great-
er percentage of females, predominance of aortic stenosis,
higher incidence of diabetes and impaired mobility, and
more preserved LVEF. A lower incidence of chronic kidney
disease, coronary artery disease, previous myocardial in-
farct and smaller LV characterized the estimand.

The unmatched

As many as 68% of the FSAVR patients were not paired.
It is worth noting that they were mostly operated on before
2010. Since forced matching was used, 63 MIAVR individu-
als remained unmatchable because no appropriate control
matches could be found. Nonetheless, they showed at
least as favorable results as the MIAVR matches, revealing
concurrently a much shorter overall hospitalization time.
Analysis of outcomes in this subgroup confirmed the reli-
ability of the results, thus allowing their generalization to
the entire sAVR population (Table IlI).

Discussion

The main intention of this study was to estimate the
unbiased treatment effect size. Thus, our PS clinical research
aimed at reducing imbalances between the two compared
groups. The application of such a “balancing score” in
combination with conditional regressive approaches for
outcomes analysis corrected the effects of channeling bias
and potential confounders, allowing results close to ran-
domization to be obtained.

The current study demonstrated that MIAVR was a safe,
effective and reproducible procedure providing good short-
and long-term results comparable to conventional FSAVR.
However, MIAVR patients showed a significantly shorter
time to extubation and discharge from the ICU, and an
improved blood conservation strategy following clearly
less 24-hours postoperative drainage. Moreover, this analy-
sis has proven that ministernotomy decreased the risk of
impaired wound healing. In addition to a lower chance of

PS-matched sample
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Figure 3. Long-term survival for MIAVR (blue) and FSAVR (red). Kaplan-Meier curves plotted before (A) and after 1: 1 PS matching (B)
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having LOS postoperatively, the cerebrovascular risk was
reduced for MIAVR when compared to FSAVR.

"Safety first!”

Despite our sAVR population showing a relatively high
preoperative risk profile, low in-hospital mortality was ob-
served in both groups. Overall, the estimated results were
consistent with most reports [13-18]. Admittedly, the PS
study designed by Merk et al. [19] showed a significantly
lower 30-day mortality (0.4% vs. 2.3%; p = 0.01) and better
5- and 8-year survival (p = 0.03) in favor of MIAVR. Those
findings remained unexplainable, although a rather large
number of premature deaths was noted in their control
group, potentially affecting the outcomes. It was agreed
that providing proof of the superiority of one technique
over another was very difficult to achieve, due to sample
size requirements. Yet, since our follow-up Kaplan-Meier
estimation revealed no significant differences in 1-, 5- and
8-year survival rates between MIAVR and FSAVR (Figure 3),
the operative approach should definitely not be considered
a negative predictor of late mortality. Certainly, we were
unanimous with other colleagues in this matter [18].

In our series, the success of the intended ministernot-
omy approach reached almost 98% with 14 cases requir-
ing intraoperative conversion to full sternotomy. Published
data estimated the conversion rate from 2.6% to 4.0% [6, 7,
20]. Contrary to Cleveland Clinic experience [20], the major-
ity of our cases were converted after aortic de-clamping,
correlating thereby with a much higher mortality in this
subgroup (14.3%). Also worth noting was the number of
secondary conversions during re-explorations for bleed-
ing or tamponade, which has been constantly ignored by
most researchers. Over 70% of our 37 re-explored MIAVR
patients were not converted and the ministernotomy ap-
proach could be successfully maintained until discharge.
Although the frequency of re-explorations was the same,

its negative impact was particularly more expressed in the
mini-invasive group. It resulted directly from mediastinal
tightness as a consequence of incomplete pericardiotomy.
Such a situation was more likely to occur in obese individu-
als suffering from pulmonary diseases.

The concept of myocardial protection was a discrimi-
nant factor for surgical techniques used. Only antegrade
administration of a cardioplegic solution was used in the
MIAVR group, while 63% of FSAVR patients had additional
retrograde myocardial perfusion. Despite that, the rate of
cardiac complications and the need for inotropic support
were comparable. Surprisingly, a clearly decreased risk of
LOS was detected for MIAVR. Similarly, Shehada et al. [8]
in a meta-analysis found reduced incidences of LOS and
AF for their MIAVR. These observations made it possible to
state that not a route, but the style of cardioplegia delivery
was likely to play a much more important role in myocardi-
al preservation. The type of cardioplegia administered, the
appropriate volume perfusing the coronary vessels and the
time between successive doses together have an essential
impact on the extent of cardiac ischemia during surgery.

Takinginto consideration restricted visualization, acces-
sibility and the incomplete de-airing process, the minister-
notomy approach has become more challenging, especially
in the presence of the multiple sclerotic aorta and massive
calcification of the native aortic valve. It might seem that
MIAVR would correlate with a higher neurological risk.
Meanwhile a non-significant tendency of decreased stroke
risk by 33% was observed. Likewise, analogous benefits
of the mini-invasive strategy have been reported by other
authors [6, 7, 13-17, 20, 21]. In contrast to some investiga-
tors [8, 16, 18, 22] we did not confirm a protective effect of
MIAVR in decreasing the occurrence of AF. It was remark-
able, however, how high the frequency of AF detected by
24-h ECG telemetry in both groups was (37.5% vs. 38.1%,
respectively), despite complex postoperative management
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Table Ill. Primary main events, secondary intraoperative and postoperative outcomes of patients excluded from the PS analysis —
“the unmatches” (n = 1272)

Outcome variable P-value MIAVR FSAVR P-value
RRKE R Matched Unmatched Unmatched RREEEE
n =557 n =1209

In-hospital mortality, n (%) 0.58 7 (1.26) 1(1.6) 21 (1.7) 1.00
Reoperations [all cause], n (%) 0.79 37 (6.6) 3(4.8) 106 (8.8) 0.36
Hemorrhage, n (%) 1.00 24 (4.3) 2(3.2) 62 (5.1) 0.77
Tamponade, n (%) 0.63 11 (2.0) 2(3.2) 33(2.7) 0.69
Neurological events, n (%) 1.00 47 (8.4) 5(7.9) 160 (13.2) 0.33
Postoperative delirium, n (%) 1.00 35 (6.3) 4 (6.3) 138 (11.4) 0.3
Cardiac events [PMI, MI, VF], n (%) 1.00 8 (1.4) 1(1.6) 54 (4.5) 0.52
LOS, n (%) 0.73 21(3.8) 3(4.8) 129 (10.7) 0.2
Inotropes, n (%) 0.57 81 (14.5) 7 (11.1) 251 (20.8) 0.08
Postoperative AF [de novo], n (%) 0.65 153 (27.5) 15 (23.8) 294 (24.3) 1.00
C. pacemaker [AV block Illo], n (%) 0.38 13 (2.3) 0 50 (4.1) 0.17
Pulmonary complications, n (%) 0.81 47 (8.4) 4(6.3) 102 (8.4) 0.81
Hemothorax, n (%) 1.00 28 (5.0) 3 (4.8) 57 (4.7) 1.00
Pneumothorax, n (%) 0.35 10 (1.8) 2(3.2) 17 (1.4) 0.24
Wound healing complications, n (%) 1.00 10 (1.8) 1(1.6) 53 (4.4) 0.51
SWI, n (%) 1.00 5(0.9) 0 33(2.7) 0.40
Mediastinitis, n (%) 1.00 3(0.5) 0 7 (0.6) 1.00
P/op. renal injury (creatin. > 200), n (%) 0.41 36 (6.5) 2 3.2 113 (9.3) 0.11
Hemodiafiltration, n (%) 0.62 12 (2.1) 0 32 (2.6) 0.40
Post-pericardiotomy syndrome, n (%) 0.74 23 (4.1) 2(3.2) 39 (3.2) 0.46
Implanted valve [type]: n (%)

Mechanical 0.21 194 (34.8) 27 (42.9) 615 (50.9) 0.24

Bioprosthesis 0.21 363 (65.2) 36 (57.1) 594 (49.1) 0.24
Implanted valve size [mm], mean (SD) 0.003 23.99 (2.16) 23.03 (2.05) 23.69 (2.0) 0.009
CPB time [min], mean (SD) 0.40 101.97 (36.3) 99.38 (34.94) 97.01 (35.72) 0.56
Aortic C-C time [min], mean (SD) 0.51 68.22 (24.58) 70.98 (24.78) 63.03 (23.86) 0.009
Ventilation time [h], mean (SD) 0.29 9.18 (11.77) 7.38 (4.32) 16.77 (45.7) < 0.001
24-h drainage [ml], mean (SD) 0.002 387.92 (302.48)  308.97 (250.25)  534.42 (343.22) <0.001
RBC [unit], mean (SD) A 0.20 1.34 (2.03) 0.82 (1.09) 2.1(3.07) 0.007
ICU-stay [h], mean (SD) 0.14 40.05 (44.38) 31.85 (20.85) 47.27 (68.76) 0.02
Overall hospital-stay [day], mean (SD) 0.04 7.99 (5.33) 6.86 (2.44) 8.03 (4.38) 0.04

Abbreviations: see Table Il; FET — Fisher exact test (binary), UMW — U Mann-Whitney test (continuous).

aimed at avoiding such a complication. These realistic num-
bers have been sending a serious warning signal to the cli-
nicians, raising reasonable questions about the necessity of
anticoagulant therapy for biological valve receivers in the
early postoperative period.

"The patient above all!”

Advantageously, MIAVR patients had a 6.9 hours shorter
time to extubation and an 8.3 hours shorter ICU stay than
FSAVR participants. Various reports have confirmed our
findings on this issue [7, 18]. The meta-analysis by Brown
et al. [6] provided strong evidence for a correlation of the
minimally invasive approach with faster time to be extu-
bated (WMD: -2.1 h; p < 0.01) and discharged from the ICU
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(WMD: -0.72 d; p < 0.01). Similarly, less surgical invasiveness
should have a positive impact on postoperative blood loss
and the need for complementary transfusions [6, 20, 21].
Indeed, significantly decreased 24-hours chest drainage and
a smaller amount of blood units transfused were detected
in our MIAVR series. Also, MIAVR distinctively decreased
the risk of superficial wound infections, and so the odds of
improper wound healing were reduced by 82% in relation to
FSAVR. Importantly, most wound restoration problems oc-
curred more frequently in the diabetic and obese individuals.
Unlike some researchers [17], it was actually in the case of
obesity that the minimally invasive option was requested
first at our department. These noticeable advantages, how-
ever, reflected the role of better sternal stability in respira-
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tory function preservation and mobility improvement. All
the features jointly contributed to faster recovery, which
appeared to be the best advantage of ministernotomy.

Searching for reasons of our fatal courses revealed that
the MIAVR failures were correlated with the elderly patients
who died of acute tamponade diagnosed too late. In con-
trast, most of the FSAVR failures referred to females, obe-
sity, kidney disease, impaired mobility, prolonged CPB and
LOS. Hence, obese diabetic females with chronic pulmonary
diseases and impaired mobility would probably be better
candidates for the minimally invasive strategy instead of
cardiomyopathic octogenarians with the multiple sclero-
tized aorta, a small massively calcified aortic valve and sev-
eral comorbidities, in whom TAVI interventions should now
be considered.

This is a retrospective observational study based on
a single-center experience, which could restrict its general
inference. The analysis did not include the assessment of
postoperative pain, the patient’s quality of life or cost-
effectiveness rating. Although a lot of information on the
course of early rehabilitation has been collected for MIAVR,
the lack of sufficient data relative to FSAVR restricted such
a comparison. Furthermore, the study could not correct for
all unknown and unobserved measures, which only a ran-
domization would have done in fact. Therefore, none of the
methods will be able to reproduce the RCT results.

Conclusions

Minimally invasive aortic valve replacement through
J-shaped ministernotomy has proven to provide short- and
long-term survival comparable with reference conventional
AVR.

Nevertheless, MIAVR should be recommended to obese,
diabetic patients with concomitant lung diseases and mo-
bility disorders to facilitate their rehabilitation process, to
support proper sternal wound healing and to provide faster
recovery. The protective feature of ministernotomy against
neurological complications allows MIAVR to be considered
in patients with high cerebrovascular risk, yet the indica-
tion requires further evaluation. Complementary, well-de-
signed studies considering late mortality and morbidity are
definitely needed to establish the guidelines for minimally
invasive AVR in the surgical management of aortic valve
pathologies.
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