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ABSTRACT

Background: The importance of right ventricular (RV) function assessment has been a hot topic in cardiac surgery, and
perioperative RV function is known to determine the outcome of cardiac surgery. However, RV echocardiographic assessment
is challenging due to RV geometric changes. Currently, a 3D-derived RV assessment is recommended.

Previous studies have shown that RV function is reduced more in surgical aortic valve replacement (SAVR) than in transcatheter
aortic valve replacement (TAVR); however, RV assessment in these studies was mostly performed using 2-dimensional
echocardiography. Moreover, very few studies have assessed the difference in RV function between full sternotomy (full-SAVR)
and mini-sternotomy AVR (mini-SAVR). This study assessed RV function in three types of AVR using 3D RV ejection fraction
(RVEF), tricuspid annular plane systolic excursion (TAPSE), and RV fractional area change (RVFAC).

Methods: This is a prospective, observational study at a university hospital setting. Participants are adult patients who underwent
TAVR, mini-SAVR, and full-SAVR.

Measurements and Main Results: Sixty-seven patients were enrolled in this study (22, 22, and 23 patients in the TAVR, mini-
SAVR, and full-SAVR groups, respectively). The % change (pre- and post-procedure) in 3D RVEF, RVFAC, and TPASE in TAVR,
mini-SAVR, and full-SAVR were as follows: 3D RVEF: 4.51 + 10.89 (TAVR), —13.67 + 19.81 (mini-SAVR), and —8.36 + 18.24 (full-
SAVR) (p = 0.003). RVFAC: 4.35 + 12.33 (TAVR), —8.28 + 23.88 (mini-SAVR), and —9.49 + 20.92 (full-SAVR) (p < 0.001). TAPSE:
10.46 + 24.17 (TAVR), —22.14 + 32.48 (mini-SAVR), and —32.48 + 31.81 (full-SAVR) (p < 0.001). Comparisons were adjusted for age,
gender, central venous pressure, catecholamine amount, and each preoperative RV index.

Conclusion: There was significantly more worsening of 3D RVEF, RVFAC and TAPSE after full-SAVR and mini-SAVR than after
TAVR.

Abbreviations: CPB, cardiopulmonary bypass; EF, ejection fraction; RV, right ventricular; RVEF, RV ejection fraction; RVFAC, RV fractional area change; SAVR, surgical aortic valve replacement;
TAPSE, tricuspid annular plane systolic excursion; TAVR, transcatheter aortic valve replacement; TEE, transesophageal echocardiography.

This study was approved by the Institutional Review Board of Thomas Jefferson University (iRISID-2022-0802), and verbal informed consent was obtained from all participants prior to enrolment. The
trial was registered on ClinicalTrials.gov (NCT05804240) on March 7, 2023.

The study was carried out at Thomas Jefferson University Hospital (Philadelphia, PA, United States).
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1 | Introduction

The importance of postoperative right ventricular (RV) function
after cardiac surgery has been recognized for more than 30 years;
however, its assessment has been challenging due to the unique
anatomy, physiology, and position [1-4]. The right ventricle (RV)
has a pyramidal shape, and its contraction consists mostly of lon-
gitudinal movement; moreover, its accessibility is limited by its
retrosternal position. Furthermore, the RV undergoes geometric
changes in perioperative cardiac surgery settings, which makes
the traditional 2-dimensional (2D) approach challenging [4, 5].
For these reasons, RV function assessment has been performed
using comprehensive echocardiographic indices and “eyeballing”
by the surgeon [1-3]. With the emergence of 3-dimensional
(3D) echocardiography, the 3D-derived RV ejection fraction (EF)
is currently considered the most accurate echocardiographic
measure of global RV function, and its importance is emphasized
in updated guidelines [2]. Moreover, RV geometry changes in
cardiac surgery are better assessed with this imaging modality [4,
5].

Previous studies have shown that RV function is reduced more
in surgical aortic valve replacement (SAVR) than in transcatheter
aortic valve replacement (TAVR); however, in these studies, RV
assessment was mostly performed by comparing preoperative
and postoperative assessment parameters [6-8]. In addition,
the few studies that have assessed RV function between full
sternotomy (full-SAVR) and mini-sternotomy SAVR (mini-SAVR)
have yielded inconsistent results, probably because of the limita-
tions of 2D echocardiographic approaches [9, 10].

In this study, we utilized 3D echocardiography to assess RV func-
tion for TAVR, mini-SAVR, and full-SAVR. Our main hypothesis
is that RV function is more depressed in SAVR than in TAVR.
Our second hypothesis is that RV function is more depressed in
full-SAVR than in mini-SAVR.

2 | Methods

2.1 | Study Design and Ethical Approval

This was a prospective, observational study of a cohort of adult
patients who underwent TAVR, mini-SAVR, full-SAVR, and
TAVR at Thomas Jefferson University Hospital.

This study was approved by the Institutional Review Board
of Thomas Jefferson University (iRISID-2022-0802). Verbal
informed consent was obtained from all participants prior to
their enrolment. The trial was registered at ClinicalTrials.gov
(NCTO05804240) on March 7, 2023. Demographic data, perioper-
ative clinical details, and postoperative outcomes were retrieved
from the EPIC electronic medical record system.

2.2 | Study Participants

The included patients were aged > 18 years and underwent
TAVR, mini-SAVR, and full-SAVR, or TAVR requiring intraop-
erative transesophageal echocardiography (TEE) between April
2023 and April 2025 at Thomas Jefferson University Hospital.

The exclusion criteria were refusal to participate in the study,
absolute contraindication to TEE, and suboptimal echocardio-
graphy images. All patients received general anesthesia with
endotracheal intubation, standard American Society of Anesthe-
siologists monitoring, arterial blood pressure monitoring, central
venous pressure (CVP) monitoring (except for TAVR), and a
comprehensive TEE examination using a designated protocol.

2.3 | Surgical Techniques
TAVR: transfemoral approach with rapid pacing when deploying
the valve.

Mini-SAVR: Upper partial mini-sternotomy approach with a
small vertical pericardial incision, which was closed at the
end of the procedure. A mechanical or bioprosthetic valve was
placed. CPB was established using central arterial cannulation
and peripheral venous cannulation. An antegrade crystalloid
cardioplegia approach was used.

Full-SAVR: Full median sternotomy approach with a complete
pericardial incision, which was not closed at the end of the
procedure. A mechanical or bioprosthetic valve was placed. CPB
was established using central arterial and venous cannulation.
Antegrade and retrograde cardioplegia approaches were used.

2.4 | Echocardiographic Measurements

All images were captured and saved in the operating room and
transmitted to a server for permanent cataloguing. A single inves-
tigator reviewed all images and performed the measurements
described below. 3D RVEF (primary endpoint) was acquired
using the software package of a 4-dimensional automatic right
ventricular quantification technology (4D RVQ) on a GE Vivid
E95 TEE machine (GE HealthCare, Chicago, IL, USA) [11, 12].
Tricuspid annular plane systolic excursion (TAPSE) and right
ventricular fractional area change (RVFAC) were also automat-
ically calculated with this measurement (secondary endpoints).

Measurements were made at the following times when stable
hemodynamics were achieved.

TAVR:

1st: After the induction of general anesthesia (timing #1)

2nd: After the new valve was deployed (timing #3)

Mini-SAVR and full-SAVR:

1st: After the induction of general anesthesia (timing #1)

2nd: After separation from cardiopulmonary bypass (timing #2)
3rd: After the chest was closed (timing #3)

2.5 | Primary Outcome

The primary outcome was the % change in echocardiographic
3D RVEF after valve deployment compared to the baseline. More
precisely, the change between timings #1 and #3 was assessed for
all patients, and the change between timings #1, #2, and #3 was
assessed for those who underwent full-SAVR and mini-SAVR.
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2.6 | Secondary Outcomes
1. The % change in echocardiographic TAPSE and RV FAC after
valve deployment compared to the baseline.

2. The correlation between post-deployment echocardiographic
RV function indices and in-hospital major adverse cardiac
and cerebrovascular events (in-hospital MACCE: defined
as a composite of in-hospital death, myocardial infarc-
tion, angina, arrhythmia, heart failure, stroke, or cardiac
arrest).

2.7 | Anesthesia and Ventilation Protocols

General anesthesia was induced via endotracheal intubation.
The arterial, central venous, and pulmonary arterial catheters
(except for TAVR) were placed along with TEE to retrieve
arterial pressure, CVP, and pulmonary arterial pressure (PAP),
respectively. The selection of anesthetic agents, inotropes, vaso-
pressors, transfusion strategies, and fluid management was at
the discretion of the attending anesthesiologist. We used con-
version equations to calculate the equivalent norepinephrine
dose from the vasopressor dose at the time of the echocardio-
graphic measurements [13]. Dexmedetomidine 0.7-1.0 mcg/kg/h
was used for sedation during transport to the intensive care
unit.

The operating room ventilator was set as volume control (tidal
volume: 6-8 mL/ideal body weight [kg], respiratory rate: 14-16
breaths/min, PEEP: 5-10 cm H, O, and FiO,: 100%).

2.8 | Statistical Analysis

Summary statistics were reported for demographic and clinical
data for each group. Similarly, variables are presented as mean
+ SD and median (IQR), when indicated. Categorical data are
presented as frequencies and percentages according to the group.
Demographic data were analyzed using the independent t-test,
and the Mann-Whitney U test was used for nominal variables.

RV echocardiographic indices were analyzed using the Mann-
Whitney U test (two groups) or the analysis of covariance
(ANCOVA) and pos-hoc pairwise comparisons with Bonferroni
correction. For ANCOVA of % change (Timing #3 from #1)
in RV indices, covariates included age, gender, norepinephrine
equivalent (NE equiv) at Timing #3, CVP at Timing #1, and each
RV index at the baseline (Timing #1).

Univariate or multivariable logistic regression models were used
to assess the association between each echocardiographic index
and in-hospital MACCEs.

Correlations between continuous variables were assessed using
Pearson’s or Spearman’s rank correlation tests. Statistical sig-
nificance was set at p < 0.05. All statistical analyses were
performed using R version 4.5.1 (The R Foundation for Statistical
Computing). The figures (box plots) were created using GraphPad
Prism 10.4.2 (GraphPad Software).

2.9 | Power Analysis

Changes in RV echocardiographic measurements were used to
calculate the required sample size, based on a study by Kempny
et al. [14]. Kempny et al. reported % change of RV strain of -
25.2 (SAVR) and - 20.0 (TAVR) before and after the procedure,
respectively. With the criterion for significance (alpha) set at 0.05
and 80% power for a Mann-Whitney U test, we obtained a sample
size of 22 patients per group. The rationale for using RV strain
for power analysis is as follows: Sample size calculations for RV
strain, RVFAC, and TAPSE provided 22, 7, and 15, respectively.
Thus, we decided to use the strictest sample size calculation.

2.10 | Reproducibility of 3D RVEF

Cardiac anesthesiologists were trained by an instructor from the
instrument manufacturer (GE HealthCare, Chicago, IL, USA)
on how to use the 4D RVQ software. The reproducibility of
the echocardiographic RV indices was assessed using intraclass
correlation as follows:

1. Inter-rater variance: Two blinded echocardiographers
obtained measurements (RVEF, RVFAC, and TAPSE) using
the same images for 10 randomly chosen patients [15].

2. Intra-rater variance: One blinded echocardiographer
obtained measurements (RVEF, RVFAC, and TAPSE) using
the same images for 10 randomly chosen patients 6-8 months
apart [15].

3 | Results

Twenty-three (full-SAVR), 22 (mini-SAVR) and 24 (TAVR)
patients were enrolled in the study. Two patients were excluded
from the TAVR group owing to poor TEE image quality. Thus,
there were 22 patients each in the TAVR and mini-SAVR groups
and 23 patients in the full-SAVR group (a total of 67 patients)
(Figure 1). The baseline demographic characteristics of the three
groups are summarized in Table 1. No patient had more than mod-
erate tricuspid regurgitation. There was no significant difference
among the three groups in terms of implanted valve size, STS
score, EuroSCORE II, baseline RV EF, TAPSE, and RV FAC.

The hemodynamics and doses of inotropes or vasopressors at
the time of echocardiographic measurements are summarized in
Tables S1 and S2.

3.1 | Primary Outcomes

The main effect of surgery on % change of 3D RVEF was
significant after adjusting for gender, age, RVEF (timing #1), CVP
(timing #1), and norepinephrine equivalent (timing #3): F(2, 59)
= 6.50, p = 0.003 (Tables 2 and 3).

There was a significant difference in adjusted % change in
RVEF (timing #3 from #1) between the TAVR and mini-SAVR
groups (mean difference = 16.41 + 5.02, t(59) = 3.27, p = 0.005,
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TAVR: 24 patients

2 patients excluded
due to suboptimal image
quality

TAVR: 22 patients

Mini-SAVR: 22 patients

Full-SAVR: 23 patients

\ General Anesthesia + TEE

T#1: after induction & 4
T#2: after CPB NA
T#3: after chest closure v

FIGURE 1 |

v v
v v
v v

Patient flow chart and the timing of measurement. CPB, cardiopulmonary bypass; full-SAVR, full-sternotomy surgical aortic valve

replacement; mini-SAVR, mini-sternotomy surgical aortic valve replacement; TAVR, transcatheter aortic valve replacement; TEE, transesophageal

echocardiography.

Bonferroni-adjusted), and between the TAVR and full-SAVR
groups (mean difference = 16.57 + 4.86, t(59) = 3.41, p = 0.004,
Bonferroni-adjusted). Results are summarized in Table S3.

The correlation coefficient between the pre-chest closure CVP (at
timing #2) and the % change in RVEF (timing #3 from #2) among
patients who underwent full-SAVR was —0.281 (p = 0.0612) for
the mini-SAVR group and —0.472 (p = 0.0229) for the full-SAVR
group.

To address the potential impact of chest closure on RV function
measurements, a sensitivity analysis was conducted comparing
RVEF at full-SAVR timing #2 (post-cardiopulmonary bypass, pre-
chest closure) and TAVR timing #3 (post-valve deployment).

The analysis demonstrated that RVEF remained significantly
lower in full-SAVR than in TAVR even before chest closure (40.24
+ 8.02 vs. 50.48 + 7.61, p < 0.0001).

3.2 | Secondary Outcome

The trends of TAPSE, and RVFAC in the TAVR, mini-SAVR,
and full-SAVR groups are shown in Figure 2. The main effect of
surgery on % change of RVFAC was significant after adjusting
for gender, age, RVFAC (timing #1), CVP (timing #1), and
norepinephrine equivalent (timing #3): F(2, 59) = 9.21, p < 0.001
(Tables 2 and 3). The main effect of surgery on % change of TAPSE
was significant after adjusting for gender, age, TAPSE (timing
#1), CVP (timing #1), and norepinephrine equivalent (timing
#3): F(2, 59) = 11.86, p < 0.001 (Tables 2 and 3). There was a
significant difference in adjusted % change both in RVFAC and
TAPSE (timing #3 from #1) between the TAVR and mini-SAVR
groups, and between the TAVR and full-SAVR groups, as shown
in Table S3.

The odds ratios of RV echocardiographic indices (RVEF, TAPSE,
and RVFAC at timing #3) for in-hospital MACCE in the three
groups are shown in Table 4. Of note, MACCE consists of the
following: TAVR: four left bundle branch block, four complete

atrioventricular block; mini-SAVR: four atrial fibrillation, three
heart failure; full-SAVR: eight atrial fibrillation, three heart
failure, and one stroke.

Ventilator setting, hemodynamics, and vasopressor dosing at each
timing of echocardiographic assessment (Timing #1, #2, and #3)
are shown in Table 5.

The reproducibility of RVEF and RVFAC is excellent (>0.90),
while good for TAPSE (>0.80), as shown in Table S4 and Figure
S1.

4 | Discussion

Our study found that 3D RVEF decreased more in SAVR (full-
AVR or mini-AVR) than in TAVR pre- and post-procedure, but
no significant difference was observed between full-SAVR and
mini-SAVR. The postoperative (Timing #3) and % change in
RVEF, RVFAC, and TAPSE (Timing #3 from #1) were significantly
affected by baseline RVEF, RVFAC, and TAPSE (Timing #1,
respectively). Overall, negative odds ratios were noted between
postoperative (timing #3) 3D RVEF and in-hospital MACCE in
mini-SAVR and full-SAVR. Furthermore, good or excellent repro-
ducibility was observed for RVEF, RVFAC, and TAPSE. Our study
is novel for the following reasons: (1) we compared intraoperative
RV function pre- and post-procedure in patients who underwent
TAVR, mini-SAVR, and full-SAVR; (2) we assessed RV function
using 3D approaches; and (3) we assessed the reproducibility of
the echocardiographic indices.

It is known that perioperative RV function assessment using
2D echocardiography is limited by geometric changes in cardiac
surgery [4, 5]. 3D echocardiography obviates the geometric
assumptions and is superior to standard 2D echo for assessing RV
volume and function in cardiac surgery [16].

4D RVQ software is a software package that helps visualize
and quantify RV in TTE or TEE images using a semiautomatic
surface-detecting algorithm [11, 12]. It has been validated and
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TABLE 1 | Patient demographics.

TAVR (n = 22) Mini-SAVR (n = 22) Full-SAVR (n = 23) p value
Sex (male:n) 13 15 17 0.581
Age (year) 75.54 +£ 6.24 61.31 +12.72 65.43 +£12.95 0.000198
BMI 29.94 + 5.82 30.76 + 7.14 31.95 + 6.17 0.574
Preop LVEF (%) 57.52 +11.03 58.64 +10.14 60.64 + 8.52 0.617
Postop LVEF (%) 57.63 +11.23 57.73 £5.29 60.52 + 7.14 0.203
AS 21 17 22 0.147
AR 0.714
MS 0 NA
MR 0 0 0.209
CAD 9 0.467
HTN 19 16 21 0.246
DM 7 9 1 0.608
HLD 14 13 12 0.781
CKD > stage IIIb 2 3 0 0.191
Dialysis 1 1 0 0.542
Afib 4 3 3 0.915
OSA 3 5 6 0.651
Pulmonary disease 3 4 1 0.329
CVA 1 2 2 1
CPB time (min) NA 98 [85, 113] 140 [124.5, 173] 0.000998
AoXclamp time (min) NA 71 [47, 82] 107 [90, 136] 0.000551
PRBC (mL) 00, 0] 0 [0, 0] 0 [0, 150] 0.114
FFP (mL) NA 0 [0, 0] 00, 0] 0.568
Plateket (mL) NA 00, 0] 00, 360.5] 0.241
Cryo (mL) NA 010, 0] 0 [0, 131] 0.0356
UOP (mL) 286.4 + 72.67 674.54 + 381.61 573.26+ 399.76 0.000509
Valve size (mm) 25.32 +2.25 23.86 +2.23 23.43 + 2.086 0.0145
Baseline RV EF (%) 48.74 + 8.55 49.11+9.14 4471+ 7.71 0.236
Baseline TAPSE (mm) 15.77 + 4.55 15.45 + 3.99 14.09 + 4.88 0.412
Baseline RVFAC (%) 485.37 +7.99 44.3 +10.04 42.34 +7.13 0.478
Pericardium closure NA 0 23 <0.0001
STS score (%) 2.374 + 0.781 2.418 + 0.654 2.278 + 0.417 0.752
EuroSCORE I1 1.852 + 0.681 1.729 + 0.373 1.600 + 0.183 0.188

Abbreviations: Afib, atrial fibrillation; Ao Xclamp, aortic cross-clamp; AR, aortic regurgitation; AS, aortic stenosis; BMI, body mass index; CAD, coronary artery
disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; CPB, cardiopulmonary bypass; CVA, cerebrovascular disease; DM, diabetes
mellitus; FFP, fresh frozen plasma; full-SAVR, full-sternotomy surgical aortic valve replacement; HLD, hyperlipidemia; HTN, hypertension; LVEF, left ventricular
ejection fraction; mini-SAVR, mini-sternotomy surgical aortic valve replacement; MR, mitral regurgitation; MS, mitral stenosis; OSA, obstructive sleep apnea;
PRBC, packed red blood cell; STS, Society of Thoracic Surgeons Score; TAVR, transcatheter aortic valve replacement; UOP, urine output.

widely used clinically [11, 12]. The benefit of this software is that
it yields TAPSE, RVFAC, and RVEF consecutively. As pointed
out in previous guidelines for RV echocardiographic assessments,
3D RVEF plays an important role in RV function assessment
more than before [2]. Although 3D RVEF remains an ad hoc
assessment that uses acquired images (i.e., not real-time), our
division members could achieve the measurements within 3 min

with appropriate training. Moreover, our data showed the great
reproducibility of this measure.

Our finding of a higher % change in RV function indices in SAVR
(mini- or full-SAVR) than in TAVR is in accordance with previous
studies. Kempny et al. reported a significant decline in radial
and longitudinal RV function in SAVR, although there was no
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TABLE 2 | 9% change between each timing in RVEF, RVFAC, and TAPSE among TAVR, mini-SAVR, and full-SAVR.

TAVR Mini-SAVR Full-SAVR p value
% change in RVEF(timing #3 from #1) 4.51 +10.89 —13.67 +19.81¢ —8.36 +18.24° 0.003*
% change in RVFAC(timing #3 from #1) 435+12.33 —8.28 + 23.88" —9.49 + 20.92# <0.001°
% change in TAPSE(timing #3 from #1) 10.46 + 24.17 —22.14 + 32.48" —32.48 + 31.81 <0.001°
% change in RVEF(timing #2 from #1) NA —16.75 [—27.98, —3.73] —10.68 [~16.65, 5.60] 0.138
% change in RVFAC(timing #2 from #1) NA —15.54 [-20.5, —2.9] —1.96 [—23.40, 5.84] 0.518
% change in TAPSE(timing #2 from #1) NA —36.11[—45.2, —4.17] —36.36 [—54.77, —15.66] 0.22
% change in RVEF(timing #3 from #2) NA 2.29 [-6.70, 13.63] 0[-12.61,14.31] 0.532
% change in RVFAC(timing #3 from #2) NA 3.97 [-5.03, 9.91] 0.98 [—4.06, 21.44] 0.865
% change in TAPSE(timing #3 from #2) NA 8.33 [0, 23.66] 9.09 [0, 33.33] 0.792

Note: For ANCOVA, see Table 3.

Abbreviations: ANCOVA, analysis of covariance; full-SAVR, full-sternotomy surgical aortic valve replacement; mini-SAVR, mini-sternotomy surgical aortic valve
replacement; RVEF, right ventricular ejection fraction; RVFAC, right ventricular fraction area change; TAPSE, tricuspid annular plane systolic excursion; TAVR,
transcatheter aortic valve replacement.

2After adjusting for gender, age, RVEF, and CVP at timing #1 by ANCOVA.

b After adjusting for gender, age, RVFAC, and CVP at timing #1 by ANCOVA.

¢After adjusting for gender, age, TAPSE, and CVP at timing #1 by ANCOVA.

dp = 0.0081, Bonferroni-adjusted post-hoc pairwise tests. Adjusted % change in RVEF between TAVR and mini-SAVR.

¢p = 0.0045, Bonferroni-adjusted post-hoc pairwise tests. Adjusted % change in RVEF between TAVR and full-SAVR.

fp = 0.006, Bonferroni-adjusted post-hoc pairwise tests. Adjusted % change in RVFAC between TAVR and mini-SAVR.

gp < 0.001, Bonferroni-adjusted post-hoc pairwise tests. Adjusted % change in RVFAC between TAVR and full-SAVR.

hp = 0.013, Bonferroni-adjusted post-hoc pairwise tests. Adjusted % change in RVFAC between TAVR and mini-SAVR.

ip < 0.001, Bonferroni-adjusted post-hoc pairwise tests. Adjusted % change in RVFAC between TAVR and full-SAVR.

TABLE 3 | Results of the Type III analysis of covariance (ANCOVA) examining factors associated with % change in RV parameters.

% change in RVEF % change in RVFAC % change in TAPSE

Sum Sum Sum
square df Fvalue pvalue square df Fvalue pvalue square df Fvalue pvalue

(Intercept) 1014.5 1 5.08 0.028 1462.1 1 6.26 0.015 417.5 1 0.59 0.44
AVR 2595.3 2 6.50 0.003* 4301.6 2 9.21 <0.001° 166747.3 2 11.84 <0.001°
Gender 425 1 0.21 0.65 22.9 1 0.10 0.76 1408.5 1 2.00 0.16
Age 428.9 1 2.14 0.15 16.0 1 0.07 0.79 603.0 1 0.85 0.36
Cvp* 45.1 1 0.23 0.64 663.2 1 2.84 0.10 44.0 1 0.06 0.80
NE equiv* 208.8 1 1.05 527.1 1 2.26 0.14 310.3 1 0.44 0.51
3D RVEF¢ 6027.2 1 30.20 <0.001°

RVFAC® 7660.3 1 32.81 <0.001°

TAPSE® 13484.0 1 19.01 <0.001°
Residuals 117740 59 137757 59 41646.1 59

Note: AVR: TAVR = 0, mini-SAVR =1, full SAVR = 2. Gender: male =1, female = 0.

Abbreviations: CVP, central venous pressure; NE equiv, norepinephrine equivalent; NOR equiv, norepinephrine equivalent; RVEF, right ventricular ejection
fraction; RVFAC, right ventricular fraction area change; TAPSE, tricuspid annular plane systolic excursion.

20.001 < p < 0.01.

p < 0.001.

€At timing #1,

dAt timing #3.

correlation between RVEF decline and cardiopulmonary bypass The potential factors for this decline are considered to be
(CPB) or aortic cross-clamp time [14]. the cardioplegia technique, ischemia, myocardial depression,

hypothermia, and immune-mediated inflammation [18]. Between
Zhao et al. reported that echocardiography-assessed RV function full and mini-SAVR, there was no significant difference in terms
was preserved in the TAVR cohort and decreased in the SAVR of % change in RVEF, RVFAC, and TAPSE (timing#3 from
group [17]. #1), and previous studies have reported inconsistent findings
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FIGURE 2 | The trends of RVEF, TAPSE, and RVFAC in the TAVR, mini-SAVR, and full-SAVR groups. CPB, cardiopulmonary bypass; full-

SAVR, full-sternotomy surgical aortic valve replacement; mini-SAVR, mini-sternotomy surgical aortic valve replacement; RVEF, right ventricular
ejection fraction; RVFAC, right ventricular fractional area change; TAPSE, tricuspid annular plane systolic excursion; TAVR, transcatheter aortic valve

replacement; TEE, transesophageal echocardiography.

TABLE 4 | Odds ratio between each surgery technique and in-
hospital MACCE.

TAVR
(a) RVEF

aOR 95% CI p value
Post RVEF <1 0.851,1.1 0.594
Post LVEF <1 0.872,1.04 0.257
Age 1.02 0.879, 1.19 0.777
(b) RVFAC

aOR 95% CI p value
Post RVFAC <1 0.845,1.18 0.969
Post LVEF <1 0.877,1.04 0.272
Age 1.02 0.851,1.1 0.799
(c) TAPSE

aOR 95% CI p value
Post TAPSE 1.01 0.816, 1.25 0.935
Post LVEF <1 0.871, 1.04 0.249
Age 1.02 0.878,1.18 0.802
Mini-SAVR
(a) RVEF

aOR 95% CI p value
Post RVEF <1 0.39, 0.983 0.0418*
Post LVEF <1 0.595,1.07 0.13
Age <1 0.762, 1.1 0.35
(b) RVFAC

aOR 95% CI p value
Post RVFAC <1 0.597,1.11 0.189
Post LVEF <1 0.744,1 0.0558

(Continues)

regarding this. Dalen et al. reported that the decline in RV global
function (RVFAC) was comparable between full- and mini-SAVR,
whereas longitudinal RV function (TAPSE) was more decreased
in full-SAVR than in mini-SAVR [9]. Conversely, Hashemi et al.

TABLE 4 | (Continued)

TAVR
Age <1 0.847,1.08 0.466
(c) TAPSE

aOR 95% CI p value
Post TAPSE <1 0.842,1.06 0.0838
Post LVEF <1 0.704, 1.02 0.075
Age <1 0.842,1.06 0.354
Full-SAVR
(a) RVEF

aOR 95% CI p value
Post RVEF <1 0.412, 0.953 0.029*
Post LVEF <1 0.865,1.1 0.702
Age <1 0.938,1.18 0.39
(b) RVFAC

aOR 95% CI p value
Post RVFAC <1 0.787,1.02 0.0919
Post LVEF <1 0.865, 1.08 0.557
Age <1 0.903,1.05 0.452
(c) TAPSE

aOR 95% CI p value
Post TAPSE 11 0.855, 1.45 0.423
Post LVEF <1 0.861, 1.07 0.435
Age <1 0.908, 1.05 0.48

Abbreviations: aOR, adjusted odds ratio; CI, confidence interval; full-SAVR,
full-sternotomy surgical aortic valve replacement; MACCE, major adverse
cardiac and cerebrovascular events; mini-SAVR, mini-sternotomy surgical
aortic valve replacement; TAVR, transcatheter aortic valve replacement.

4p < 0.05.

reported that the decline in RV contractility (RV-longitudinal
strain rate) was more significant in full-SAVR than in mini-
SAVR [10]. CPB and aortic cross-clamp time were longer in our
study patients than in the previous study, and more aggressive
pericardiotomy (leading to a loss of pericardial support to the RV)
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TABLE 5 | Each covariate between TAVR, mini-SAVR, and full-SAVR.

Timing#1 TAVR Mini-SAVR Full-SAVR p value
PEEP (cmH20) 5.5+11 5.23 +£0.69 5.26 +0.86 0.55
EtCO2 (mmHg) 351+£2.25 3445+171 35.78 £ 2.17 0.105
Nor equiv 0.012 + 0.0234 0.0095 + 0.019 0.01 + 0.0198 0.896
HR (bpm) 73.95 + 7.68 72.36 + 5.55 71.22 + 6.09 0.372
MAP (mmHg) 66.86 + 4.12 67.14 + 4.0. 66.17 + 3.64 0.699
CVP (mmHg) 6.09 +1.69 6.22 +1.95 6.18 +1.70 0.963
mPAP (mmHg) NA 30.05 +3.33 27.87 + 3.56 0.0412
Timing#2

PEEP (cmH20) NA 6.41 + 1.82 6.00 + 1.60 0.426
EtCO2 (mmHg) NA 3445+ 171 35.48 + 2.04 0.0759
Nor equiv NA 0.056 + 0.041 0.064 + 0.045 0.44
HR (bpm) NA 70.59 + 4.02 67.43 +14.3 0.324
MAP (mmHg) NA 65.86 + 5.71 66.83 + 3.43 0.495
CVP (mmHg) NA 11.14 + 2.38 11.22 + 2.07 0.903
mPAP (mmHg) NA 29.9 +3.54 27.87 + 3.66 0.0644
Timing#3

PEEP (cmH20) 5.77+1.31 5.32+0.89 6.09 £1.28 0.0966
EtCO2 (mmHg) 34.59 + 2.04 34.95 +1.59 34.30 +£2.8 0.577
Nor equiv 0.0289 + 0.031 0.0568 + 0.041 0.0659 + 0.044 0.00723%
HR (bpm) 7791 +9.53 78.86 + 9.39 76.61 + 9.72 0.73
MAP (mmHg) 66.73 + 4.31 65.86 +5.71 64.95 + 3.99 0.457
CVP (mmHg) 11.95 + 2.57 1118 + 2.17 11.86 + 2.88 0.55
mPAP (mmHg) NA 29.66 + 4.35 27.13 £4.30 0.0908

Notes: TAVR patients did not have pulmonary artery catheter or Timing#2 measurements. There is no significant difference between each group in all covariates.
Abbreviations: CVP, central venous pressure; EtCO,, end-tidal carbon dioxide; full-SAVR, full-sternotomy surgical aortic valve replacement; HR, heart rate; MAP,

mean arterial pressure; mPAP, mean pulmonary arterial pressure; mini-SAVR, mini-sternotomy surgical aortic valve replacement; Nor equiv, norepinephrine
equivalent; PEEP, positive end-expiratory pressure; TAVR, transcatheter aortic valve replacement.

ap < 0.05.

was noted in full-SAVR than in mini-SAVR [10, 19]. Moreover, the
cardioplegia technique was different in the two groups. The RV is
predominantly drained by the Thebesian and small cardiac veins.
Thebesian veins empty directly into the RV, and small cardiac
veins open close to the coronary sinus ostium. These anatomical
features of the RV make retrograde cardioplegia less effective in
protecting the RV myocardium than antegrade cardioplegia [20].
These factors may have led to a greater decline in RV function
in full-SAVR than in mini-SAVR. However, the full-SAVR group
required a higher dose of epinephrine than the mini-SAVR group
(Table 2), which might have counteracted the factors listed above.
Thus, we can say that the decline in RV function in full-SAVR was
more significant than that in mini-SAVR, given that our % change
was comparable, with more inotropes used in full-SAVR. Our
RV echocardiographic indices are load-dependent [1-3] and may
have been affected by intraoperative fluid shifts [16]. The timing
of echocardiographic assessment is also important. Postoperative
mediastinal adhesions, which were not relevant in our study, may
have contributed to the postoperative decline in RV function in
previous studies.[7, 8]

The difference in the drop in longitudinal and global RV function
between SAVR (mini- or full-) and TAVR was not observed
in our study population [7, 8]. This might be due to differ-
ences in measurement timing between our study and previous
studies, or the limitation of TAPSE in cardiac surgery settings
[4,5,16].

Notably, a marginal correlation was observed between the pre-
chest closure CVP (timing #2) and the % change in RVEF
(timing #3 from #2) in full-SAVR and mini-SAVR. To further
isolate the potential impact of chest closure, a sensitivity analysis
comparing full-SAVR timing #2 (post-CPB, pre-chest closure)
and TAVR timing #3 (post-valve deployment, pre-chest closure)
demonstrated that RVEF remained significantly lower in full-
SAVR than in TAVR (40.24 + 8.02 vs. 50.48 + 7.61, p < 0.0001).
This finding suggests that the decline in RVEF observed in SAVR
cannot be attributed solely to chest closure, but is more likely
due to intraoperative factors such as CPB, myocardial ischemia-
reperfusion, and pericardial manipulation. Nevertheless, chest
closure itself may further modulate preload and ventricular
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interdependence, particularly in patients with elevated CVP and
limited cardiac reserve.[21]

Several reports have described a good correlation between
perioperative RV function and postoperative outcomes [22-26].
Our data also suggests that postoperative RVEF is correlated
with in-hospital MACCE, while postoperative TAPSE or RVFAC
was not. This might be because of the postoperative geometry
change in RV, which was not fully assessed with TAPSE or
RVFAC. These findings should be investigated with a bigger
study, because this study’s scale was not intended for that
purpose.

The great reproducibility of 3D RVEF, RVFAC, and TAPSE was
also notable, which is inconsistent with a report by Tolvaj et al.
that indicated that the guideline-recommended cutoff values of
conventional echocardiographic parameters of RV systolic func-
tion are only modestly associated with RVEF-based assessment
[27]. We owe this advantage to 4D RVQ package, which measures
TAPSE and RVFAC using the same 3D reconstruction from which
3D RVEF was calculated [11, 12]. This 4D RVQ software should
enable us to obtain constant measurements as long as quality
images are obtained.

Schneider et al. reported that the most common methods of RV
function assessment remain “eye-balling” (72%) and TAPSE (69%)
in clinical settings [3]. We hope this study encourages anesthesia
providers to consider using 3D echocardiography to routinely
assess RV volume and function, which would help them consider
RV function in different AVR techniques.

4.1 | Future Directions

Larger-scale clinical trials are needed to better understand the
effects of different surgical techniques. RV regional function
assessment using strain echocardiography may be added. In
addition, echocardiographic assessment should include the post-
operative period so that future studies can assess the trend of
gradual changes in RV geometry after cardiac surgery.

4.2 | Limitations

This study had some limitations. First, the single-center, prospec-
tive study design may limit the generalizability of our findings.
Second, our observations were limited to the intraoperative
period and might not have been long enough to assess the surgical
effects on the RV. Third, the number of enrolled patients was
small. Finally, because our study was an echocardiographic study,
its outcomes may not translate to clinical outcomes.

In conclusion, this study demonstrated that SAVR (mini- or
full-) was associated with a greater decline in RV function
than TAVR pre- and post-procedure. Overall, negative odds
ratios were noted between post-procedure RV function and in-
hospital MACCE. Additionally, great reproducibility was noted
in the echocardiographic RV function indices using the 4D RVQ
software. Further research is required to refine the differences
and mechanisms of changes in RV function with different AVR
procedures.
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