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Abstract: Background: Left atrioventricular valve (LAVV) stenosis following an atrioventricular
septal defect (AVSD) repair is a rare but potentially life-threatening complication. While echocardio-
graphic quantification of diastolic transvalvular pressure gradients is paramount in the evaluation of
a newly corrected valve function, it is hypothesized that these measured gradients are overestimated
immediately following a cardiopulmonary bypass (CPB) due to the altered hemodynamics when
compared to postoperative valve assessments using awake transthoracic echocardiography (TTE)
upon recovery after surgery. Methods: Out of the 72 patients screened for inclusion at a tertiary
center, 39 patients undergoing an AVSD repair with both intraoperative transesophageal echocardio-
grams (TEE, performed immediately after a CPB) and an awake TTE (performed prior to hospital
discharge) were retrospectively selected. The mean (MPGs) and peak pressure gradients (PPGs)
were quantified using a Doppler echocardiography and other measures of interest were recorded
(e.g., a non-invasive surrogate of the cardiac output and index (CI), left ventricular ejection fraction,
blood pressures and airway pressures). The variables were analyzed using the paired Student’s
t-tests and Spearman’s correlation coefficients. Results: The MPGs were significantly higher in the
intraoperative measurements when compared to the awake TTE (3.0 ± 1.2 vs. 2.3 ± 1.1 mmHg;
p < 0.01); however, the PPGs did not significantly differ (6.6 ± 2.7 vs. 5.7 ± 2.8 mmHg; p = 0.06).
Although the assessed intraoperative heart rates (HRs) were also higher (132 ± 17 vs. 114 ± 21 bpm;
p < 0.001), there was no correlation found between the MPG and the HR, or any other parameter of
interest, at either time-point. In a further analysis, a moderate to strong correlation was observed
in the linear relationship between the CI and the MPG (r = 0.60; p < 0.001). During the in-hospital
follow-up period, no patients died or required an intervention due to LAVV stenosis. Conclusions:
The Doppler-based quantification of diastolic transvalvular LAVV mean pressure gradients using
intraoperative transesophageal echocardiography seems to be prone to overestimation due to altered
hemodynamics immediately after an AVSD repair. Thus, the current hemodynamic state should be
taken into consideration during the intraoperative interpretation of these gradients.

Keywords: atrioventricular septal defect; congenital heart disease; cardiac surgery; echocardiography;
left atrioventricular valve

1. Introduction

An atrioventricular septal defect (AVSD) is a rare congenital heart anomaly with poten-
tially severe limitations for physical capacity, which is often associated with genetic disorders,
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other cardiac defects and extracardiac manifestations [1]. As patient prognosis can be sig-
nificantly limited, an early surgical AVSD repair in a cardiopulmonary bypass (CPB) at a
young age is the treatment of choice in most patients, which leads to a dramatic improve-
ment in survival [2,3]. Awake transthoracic echocardiography (TTE) plays a pivotal role in
initially assessing the underlying type and degree of an AVSD, facilitating essential diagnostic
information necessary for evaluating the patient for surgical repair [4,5]. An intraoperative
transesophageal echocardiography (TEE), on the other hand, is a useful tool to not only
confirm the preoperative TTE measurements but to also detect immediate complications fol-
lowing a surgical AVSD repair [6,7]. An atrioventricular cleft closure and reconstruction of the
left atrioventricular valve (LAVV) can potentially result in relevant narrowing of the LAVV or
its annulus, causing iatrogenic LAVV stenosis and subsequent elevated left atrial pressures [8].
While postoperative LAVV stenosis is a rare complication when compared to LAVV regurgita-
tion, it can have detrimental effects on a patients’ health and usually requires an immediate
return to the CPB for surgical revision [9–11]. To date, data regarding the appropriate inter-
pretation of the intraoperative diastolic LAVV transvalvular pressure gradients immediately
after an AVSD surgical repair are lacking, and it remains unclear if and to what extent these
gradients might be influenced by hemodynamic measures. Furthermore, the relationship
between the intraoperative TEE-derived LAVV gradients and measurements performed using
an awake TTE is unknown. The present study, therefore, investigates this relationship in a
retrospectively selected pediatric cohort, hypothesizing that LAVV transvalvular pressure
gradients measured with an intraoperative TEE immediately after an AVSD repair are overesti-
mated when compared to awake postoperative TTE measurements prior to hospital discharge
(Figure 1A,B).
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(B). Representative pulsed-wave Doppler-based quantification of a patient using intraoperative TEE 

Figure 1. Graphical overview of the study’s design, underlying questions and exemplary findings.
The patient cohort consisted of retrospectively selected pediatric patients undergoing surgical repair
of a congenital atrioventricular septal defect (AVSD) whose transvalvular pressure gradients of the
left atrioventricular valve (LAVV) were quantified with an intraoperative transesophageal echocar-
diography (TEE) immediately after an AVSD repair and an awake transthoracic echocardiography
(TTE) prior to hospital discharge (A). The study was conducted to facilitate the interpretation of
LAVV transvalvular pressure gradients following an AVSD at the two time-points, focusing on
the detection of relevant postoperative LAVV stenosis and the role of the hemodynamic state (B).
Representative pulsed-wave Doppler-based quantification of a patient using intraoperative TEE
(C) and pre-discharge TTE (D), illustrating E/A wave fusion with higher heart rates. MPG = mean
pressure gradient.
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2. Materials and Methods
2.1. Ethical Approval, Study Design and Patient Selection

This study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Ethics Committee of the University of Tuebingen (project number # IRB
773/2019BO2 with an amendment on 29 April 2022). According to German privacy regu-
lations, anonymous retrospective analysis, including the handling of clinically acquired
data does not require informed consent from individual patients. For this single-center
retrospective cohort study, patients undergoing a surgical AVSD repair, including atrial and
ventricular cleft closure between May 2015 and June 2021 were identified within the digital
clinical database system. Only patients with both intraoperative TEEs and pre-discharge
TTEs, allowing for the quantification of the below mentioned echocardiographic measures,
were included in the final analysis.

2.2. Anesthesia, Surgical Technique and Cardiopulmonary Bypass

General anesthesia with endotracheal intubation and positive pressure ventilation
were applied either as total intravenous anesthesia (using a combination of midazolam
and fentanyl) or balanced anesthesia (with sevoflurane and sufentanil). All infants
received advanced hemodynamic monitoring with arterial cannulation and central
venous pressure monitoring.

Surgical repair of the AVSD using the double patch technique and cleft closure was
routinely performed via sternotomy with the use of CPB and aortic cross clamping. Prior
to the completion of the surgery, an appropriate minimum LAVV orifice area was routinely
evaluated using a Boulito probe standardized to the patients’ body surface area (BSA), and
the water probe method was used to exclude any significant LAVV regurgitation.

2.3. Echocardiography

Intraoperative TEE was performed after separation from the CPB and the establish-
ment of a steady hemodynamic state by specially trained cardiac anesthesiologists and
congenital cardiologists using commercially available probes (S7-3t or S8-3t TEE probes,
Philips Healthcare, Inc., Andover, MA, USA). Postoperative echocardiography was per-
formed around the day of discharge by congenital cardiologists using commercially avail-
able probes (S8-3 or S12-4 sector probes, Philips Healthcare, Inc., Andover, MA, USA). All
echocardiographic studies were stored in the institutional digital database system (Intel-
liSpace Cardiovascular, Philips Healthcare, Inc., Andover, MA, USA Cardiovascular) and
the offline measurements were performed within the software’s interface.

At least two tracings of the diastolic pulsed-wave or continuous-wave Doppler spectra
over the LAVV in the apical/mid-esophageal four-chamber view yielded the following:
mean pressure gradient (MPG), peak pressure gradient (PPG) and velocity-time integral
(VTI). At the time of the measurements, the heart rate (HR) was recorded. With the help of
the color-coded Doppler recordings in the same view, the diameter of the LAVV orifice was
measured. A non-invasive surrogate of the cardiac output (CO) was calculated according
to the following formula: CO [L/min) = (LAVV diameter [mm]/2)2 × 3.141 × VTI [mm]
× HR/1,000,000. The cardiac index (CI) was calculated as follows: CI [L/min/m2] =
CO [L/min]/BSA [m2]. The left ventricular volumes and ejection fractions (LVEF) were
quantified using the uniplane or biplane Simpson’s method.

2.4. Clinical and Follow-Up Data

The clinical data were extracted from the electronic patient records within the institutional
databases and included the baseline demographic characteristics, preoperative echocardio-
graphic parameters, symptoms of heart failure and comorbidities. The patients’ BSA was
calculated using the Mosteller method: BSA [m2] = (height [cm] × weight [kg]/3600)0.5. The
exact surgical intervention, CPB times and intraoperative hemodynamics were extracted from
the clinical database, including the mean arterial pressure (MAP), central venous pressure



Diagnostics 2023, 13, 957 4 of 12

(CVP) and airway pressures, at the time of the intraoperative TEE. The Vasoactive-Inotropic
Score (VIS) was calculated as previously described [12].

The follow-up data included the postoperative length of stay in the intensive care unit
and the hospital, the duration of the postoperative mechanical ventilation and any adverse
events within the primary hospital stay. Long-term follow-up data was recorded if the
patients were admitted to our center within the study period.

2.5. Statistical Analysis

Normally distributed continuous variables are presented as the mean ± standard
deviation, while nonnormally distributed continuous variables are presented as the me-
dian (interquartile range). The categorical variables are reported as absolute numbers
and percentages. Comparisons of the parameters between the two echocardiographic
time-points were performed using the paired Student’s t-tests for normally distributed con-
tinuous variables, Wilcoxon matched-pairs signed rank tests for nonnormally distributed
continuous variables and Chi-square tests to compare the proportions. Spearman’s cor-
relation coefficient (r) was used to assess the degree of linear relationship between two
non-normally distributed variables and Pearson’s r was used if both samples were normally
distributed. The degree of correlation was defined as follows: “none” for r from 0 to ±0.2,
“weak” for r from ±0.2 to ±0.4, “moderate” for r from ±0.4 to ±0.6, “strong” for r from
±0.6 to ±0.8 and “very strong” for r from ±0.8 to ±1. p-values of < 0.05 were regarded
as significant for most analyses. For extensive multiple testing (Spearman’s correlation
matrices), the significance level α was corrected according to the Bonferroni method. In
the figures, significant p-values are highlighted as * p < 0.05, ** p < 0.01 and *** p < 0.001.
Prism (GraphPad Software Inc., San Diego, CA, USA) and MedCalc (MedCalc Software
Ltd., Ostend, Belgium) were used for statistical calculations and data presentation.

3. Results
3.1. Clinical and Surgical Characteristics

Within the study period, 72 patients underwent an AVSD repair at our center.
Among this group of patients, 29 (40%) patients did not receive Doppler measurements
over the LAVV prior to discharge and four (6%) patients’ image quality was insufficient
in either of the performed echocardiograms, resulting in the inclusion of 39 patients in
the final analysis. Baseline demographic and clinical characteristics are displayed in
Table 1. The majority of the cohort suffered from complete AVSD (87%), while partial
(10%) and transitional (3%) forms were less frequent. Left and right atrioventricular
valve regurgitation was present in 82% and 72% of the patients, respectively. Only a
small fraction showed an impaired left (10%) or right ventricular (10%) systolic function
prior to surgery, with 82% (32 out of 39) presenting with symptoms of heart failure
and 51% with pulmonary hypertension. Notably, 64% of the patients had trisomy
21. Surgical and intraoperative data are listed in Table 2. LAVV reconstruction was
performed in 62% of the cases, and 13% of the total cohort presented with an absence of
echocardiographic signs of LAVV regurgitation after an AVSD repair. The intraoperative
vasoactive-inotropic substance of choice was milrinone (used in 90% of the patients),
while norepinephrine (33%) and epinephrine (15%) were used less frequently.
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Table 1. Baseline demographic and clinical characteristics of the study cohort.

Parameter Result

Demographic data

Age, days 151 (119–252)
Weight, kg 5.4 (4.7–6.2)
Height, cm 61 (58–64)

Body mass index, kg/m2 14.4 ± 1.5
BSA, m2 0.31 (0.28–0.33)

Morbidity

AVSD
Complete, n 34 (87)

Partial, n 4 (10)
Transitional, n 1 (3)

LAVV regurgitation, n 32 (82)
Right atrioventricular valve regurgitation, n 28 (72)

Additional congenital heart defects
Patent Ductus Arteriosus, n 8 (21)
Pulmonary valve stenosis, n 4 (10)

Right ventricular outflow tract obstruction obstruction, n 2 (5)
Aortic stenosis, n 2 (5)

Coarctation, n 1 (3)
Borderline hypoplastic left heart syndrome, n 1 (3)
* Impaired left ventricular systolic function, n 4 (10)

* Impaired right ventricular systolic function, n 4 (10)
Symptoms of heart failure †, n 32 (82)
Pulmonary hypertension ‡, n 20 (51)

Born preterm, n 7 (18)
Trisomy 21, n 25 (64)

Holt–Oram syndrome, n 1 (3)
Values are means ± standard deviations, medians (interquartile ranges) or n (%). AVSD = atrioventricular
septal defect, BSA = body surface area, LAVV = left atrioventricular valve, * by visual estimation from awake
pre-interventional echocardiograms, † cyanosis, diaphoresis during feeding, poor feeding and/or shortness of
breath, ‡ mean pulmonary artery pressure > 25 mmHg preoperatively.

3.2. Echocardiographic Data

The pulsed-wave Doppler quantification of the LAVV gradients was performed in
34 patients (87%), while the remaining patients were analyzed with the continuous-wave
Doppler. The Doppler measurements were compared concomitantly (PW with PW, or CW
with CW when PW was not available in both TEE and TTE; never CW with PW or vice versa).
Table 3 depicts the results of the echocardiographic measurements performed intraoperatively
via TEE and postoperatively via TTE prior to discharge. Representative measurements are
displayed in Figure 1C,D. As hypothesized, the LAVV mean pressure gradients were signifi-
cantly higher intraoperatively when compared with the discharge values (mean difference
0.7 mmHg, 95% confidence interval 0.3–1.1 mmHg, p < 0.01; Figure 2A), while the PPGs did
not differ significantly between the two time-points (Figure 2B). The HRs at the time of the
intraoperative TEE were significantly higher than those at the discharge TTE (mean differ-
ence 18 bpm, 95% confidence interval 11–25 bpm, p < 0.001; Figure 2C). The CO, CI, LAVV
VTI and LVEF, however, did not change significantly between the two echocardiographic
studies (Figure 2D–G). The correlation matrices were calculated to evaluate potential associa-
tions between the echocardiographic measures of LAVV gradients and the hemodynamics
(α = 0.001, Figure S1). Notably, there was a moderate to strong correlation (r = 0.60, p < 0.001)
between the non-invasively determined CI and the LAVV MPG immediately after weaning
from the CPB (Figure 3A), while the correlation between the CI and the MPG using the awake
TTE prior to discharge was not significant (r = 0.39, p = 0.02, Figure S2A). The change in the
MPG between the intraoperative TEE and the pre-discharge TTE (∆MPG) further showed no
correlation with the intraoperative HR (r = −0.07, p = 0.67, Figure S2B) and the intraoperative



Diagnostics 2023, 13, 957 6 of 12

CI (r = 0.38, p = 0.02, Figure S2C), respectively. No meaningful correlations were present
between the LAVV transvalvular pressure gradients and the remaining measures, including
the extent of the mechanical ventilation (airway pressures) and the hemodynamic condition
(HR, MAP, CVP, VIS). The proportion of patients with a LAVV MPG of ≥3 mmHg was
41% (16/39) intraoperatively and 26% (10/29) prior to discharge (p = 0.23, Figure 3B). In a
further analysis, only 50% (8 out of 16) of patients with an intraoperative elevated MPGs
of ≥3 mmHg also presented with an MPG above 3 mmHg prior to discharge, while 80%
(8/10) of the patients with an elevated MPG at discharge also previously showed an elevated
MPG ≥3 mmHg in the intraoperative TEE measurements.

Table 2. Surgical and intraoperative data.

Parameter Result

Surgical data

AVSD repair
Primary repair, n 38 (97)

Revision surgery, n 1 (3)
LAVV reconstruction, n 24 (62)

Right atrioventricular valve reconstruction, n 19 (49)
Pulmonary valve intervention, n 4 (10)

Patent Ductus Arteriosus closure, n 4 (10)
Right ventricular outflow tract myectomy, n 1 (3)

Aortic arch reconstruction, n 1 (3)
Duration of surgery, min 221 ± 56

Clamp time, min 88 ± 27
Reperfusion time, min 10 (7–16)

Residual LAVV regurgitation, n 34 (87)

Hemodynamics and mechanical ventilation during TEE

MAP, mmHg 57 ± 11
CVP, mmHg 11 ± 4
PEEP, mbar 5 (5-5)

Mean airway pressure, mbar 9 (8–10)
Mean driving pressure, mbar 4 (3–5)

Vasopressors/inotropes

Milrinone, mcg/kg/min 0.5 (0.3–0.5)
Norepinephrine, mcg/kg/min 0 (0–0.05)

Epinephrine, mcg/kg/min 0 (0–0)
VIS 6.0 (3.7–10.7)

Values are means ± standard deviations, medians (interquartile ranges) or n (%). AVSD = atrioventricular septal defect,
CVP = central venous pressure, LAVV = left atrioventricular valve, MAP = mean arterial pressure, PEEP = positive
end-expiratory pressure, TEE = transesophageal echocardiography, VIS = Vasoactive-Inotropic Score.

Table 3. Results of the echocardiographic measurements performed intraoperatively immediately
after AVSD (TEE) repair and prior to discharge (TTE).

Parameter Intraoperative Discharge p-Value

Heart rate, bpm 132 ± 17 114 ± 21 <0.001
LAVV MPG, mmHg 3.0 ± 1.2 2.3 ± 1.1 <0.01
LAVV PPG, mmHg 6.6 ± 2.7 5.7 ± 2.8 0.06

LAVV VTI, cm 16.1 ± 6.5 17.4 ± 6.6 0.18
Cardiac output, L/min 1.1 (0.8–1.7) 1.1 (0.8–1.5) 0.52

Cardiac index, L/min/m2 3.3 (2.4–5.1) 3.5 (2.5–4.3) 0.54
LVEF, % 44 ± 11 47 ± 13 0.16

Values are means ± standard deviations or (interquartile ranges). AVSD = atrioventricular septal defect,
LAVV = left atrioventricular valve, LVEF = left ventricular ejection fraction, MPG = mean pressure gradient,
PPG = peak pressure gradient, TEE = transesophageal echocardiography, TTE = transthoracic echocardiogra-
phy, VTI = velocity-time integral.
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pressure gradient (PPG, B), heart rate (HR, C), cardiac output (CO, D), cardiac index (CI, E), LAVV 
velocity-time integral (VTI, F) and left ventricular ejection fraction (LVEF, G) derived from the in-
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diography (TTE, red color) prior to discharge. Bars and antennas represent means and standard 
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coxon matched-pairs signed rank tests. ** = p < 0.01, *** = p < 0.001, ns = not significant. 

Figure 2. Intraoperative and pre-discharge echocardiographic and hemodynamic variables. Compar-
ison of the left atrioventricular valve (LAVV) mean pressure gradient (MPG, A), LAVV peak pressure
gradient (PPG, B), heart rate (HR, C), cardiac output (CO, D), cardiac index (CI, E), LAVV velocity-
time integral (VTI, F) and left ventricular ejection fraction (LVEF, G) derived from the intraoperative
transesophageal echocardiography (TEE, blue color) and awake transthoracic echocardiography (TTE,
red color) prior to discharge. Bars and antennas represent means and standard deviations, respec-
tively. Comparisons were performed with the paired Student’s tests or the Wilcoxon matched-pairs
signed rank tests. ** = p < 0.01, *** = p < 0.001, ns = not significant.
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Figure 3. Characteristics of left atrioventricular valve (LAVV) mean pressure gradient (MPG) quan-
tification following an AVSD repair using intraoperative transesophageal echocardiography (TEE).
Non-invasively quantified cardiac index (CI) as a surrogate for the hemodynamic state shows a moderate-
to-strong linear correlation with LAVV MPG at the intraoperative time-point (A). Proportions of patients
with LAVV MPG above or below/equal to 3 mmHg quantified with intraoperative TEE and pre-
discharge awake transthoracic echocardiography (TTE), respectively (B). 95%CI = 95% confidence
interval, r = (Pearson’s) correlation coefficient.

3.3. Outcome

The data collected on the postoperative course of the studied patients is summarized
in Table 4. All patients were discharged alive. One patient underwent successful car-
diopulmonary resuscitation due to postoperative asystole. One patient with prolonged low
cardiac output syndrome recovered after receiving inotropic support with milrinone and
epinephrine. Of the five patients with pericardial or pleural effusion, one required thoraco-
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tomy and two required chest drains. No external defibrillation or pacemaker implantations
were required to treat the remaining adverse arrhythmic complications, which consisted
mainly of atrioventricular conductance delays or supraventricular tachycardias. Long-term
follow-ups after a hospital discharge were only feasible in a small fraction of patients (36%,
Table S1).

Table 4. Postoperative data.

Parameter Result

In-hospital

Days between intraoperative TEE and discharge TTE 10 (6–15)
Duration of postoperative mechanical ventilation, h 70 (25–96)

Length of stay in intensive care unit, days 5 (3–9)
Length of stay in hospital, days 13 (10–17)

Adverse events
None, n 21 (54)

Asystole / cardiopulmonary resuscitation, n 1 (3)
AVSD revision surgery, n 1 (3)

Intubation due to respiratory failure, n 1 (3)
Necrotizing enterocolitis, n 1 (3)

Persistent low cardiac output syndrome, n 1 (3)
Pulmonary bleeding, n 2 (5)

Pleural/pericardial effusion, n 5 (13)
Arrhythmias, n 13 (33)

Values are medians (interquartile ranges) or n (%). AVSD = atrioventricular septal defect, TEE = transesophageal
echocardiography, TTE = transthoracic, echocardiography.

4. Discussion

The presented study investigated the relationship between the diastolic LAVV transvalvu-
lar pressure gradients, quantified using Doppler measurements, in intraoperative TEE studies
after weaning from a CPB and postoperative TTE studies. As hypothesized, LAVV MPGs
were significantly overestimated intraoperatively when compared to the awake postoperative
examinations prior to discharge. The MPGs showed a linear correlation to a non-invasive
surrogate of the CI, suggesting a dependency on the current hemodynamic condition after
a CPB. Interestingly, this relationship was not observed in the awake TTE studies and most
hemodynamic measures did not further differ between the two time-points. While the patients’
HRs differed significantly between the two examinations, no correlation between the LAVV
transvalvular pressure gradients and the HRs were observed.

4.1. The Left Atrioventricular Valve following AVSD Repair

Depending on the various types of AVSDs, the LAVV often requires reconstruction
during AVSD surgery [13]. LAVV reconstruction can range from simple annuloplasty
to leaflet augmentation and chordal replacement [2]. Given the nature of the common
atrioventricular valve, LAVV regurgitation is far more frequent after an AVSD repair
than LAVV stenosis and represents the main cause of postoperative congestive heart
failure with a need for reoperation [14,15]. Despite its rare occurrence, post-repair LAVV
stenosis was shown to be associated with increased mortality [16]. A surgical revision is
therefore indicated in the case of LAVV stenosis and, in some cases, requires an immediate
re-initiation of a CBP within the primary intervention [17]. As AVSD repair is usually
performed in young children, LAVV stenosis bears the risk of significantly worsening over
time [9]. Thus, the diagnostic accuracy of LAVV stenosis quantification is crucial: while low
sensitivities or underestimation of LAVV stenosis can lead to complicated postoperative
courses and delayed reoperations, low specificities or overestimation of transvalvular
diastolic pressure gradients expose the patients to the risks of unnecessary surgery and
longer durations of CBPs [18,19].
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4.2. Echocardiographic Modalities for the Assessment of LAVV Function

The choice of the acoustic window for an echocardiographic examination of the
LAVV is mostly determined by the diagnostic time-point, the clinical environment and
patient-specific factors, e.g., inaccessibility of the surgical site or insufficient transthoracic
ultrasound quality. Whereas TTE is routinely used in awake patients outside the operating
room, the TEE is performed intraoperatively or in sedated patients in the pediatric intensive
care unit. The purpose of intraoperative TEE is mainly the detection of acute complications,
the evaluation of the surgical result and the identification of additional surgical revision
needed [20], while awake the TTE is primarily performed for preoperative AVSD charac-
terization and the surveillance of long-term postoperative results [21]. In contrast to adult
patients, cut-off values for the Doppler-based indices of LAVV or mitral valve inflow (MPG
and PPG) have not been systematically validated in the pediatric population, let alone in
AVSD patients [22]. While mild and moderate mitral valve stenosis in adults are separated
by an MPG of 5 mmHg, the precise cut-off values remain elusive in pediatric patients
after an AVSD repair and presumably require adjustment to the patients’ age [23]. Our
data demonstrates that LAVV MPGs are significantly overestimated in early intraoperative
TEE-based quantification, even if only to a moderate degree. Acute changes in the preload
and afterload, associated with CPB and AVSD repair, should be taken into consideration
during the interpretation of intraoperative TEEs, implicating a limited comparability with
awake TTEs at later time-points. Under general anesthesia and after CPB, many factors
may influence the hemodynamics and lead to a hyperdynamic circulatory state, such as
inflammatory responses, resulting in tachycardia, decreased systemic vascular resistance
and volume shifts. This may serve as a possible explanation for temporarily increased
transvalvular pressure gradients but it cannot be concluded from our data. While data on
LAVV stenosis are sparse due to its low postoperative incidence, previous studies report
relevant discrepancies between intraoperative TEEs and awake TTEs regarding the detec-
tion of any relevant LAVV regurgitation [24–26]. A systematic difference between TTE-
and TEE-derived Doppler gradients does thereby not appear to be a major factor for this
phenomenon [27]. To our knowledge, our study is the first in the field to systematically
investigate the impact of hemodynamic measures on the Doppler-derived transvalvular
pressure gradients over the LAVV after an AVSD repair.

4.3. Clinical Implications

While conducting an acute evaluation of the surgical result after weaning from a CPB
using an intraoperative TEE, there is a fine line between confirming a successful AVSD
repair and suggesting an immediate need for an additional surgical correction. While
residual shunts are routinely quantified by color and pulsed-waved Doppler measure-
ments, the reconstructed LAVV should be evaluated morphologically and functionally in
multiple views [28]. To ensure a sufficient LAVV orifice, quantification of the mean inflow
velocities using Doppler measurements yields reliable non-invasive transvalvular pressure
gradients [29]. However, how helpful are these measurements for an acute intraoperative
assessment of the LAVV after an AVSD repair? Our results might allow for two major
clinical implications: (1) The current hemodynamic condition, reflected by the CI, seems
to have a more severe impact on the MPG during intraoperative TEE when compared
to awake TTE examinations; (2) Considering the potential overestimation of MPGs and
the rare occurrence of relevant LAVV stenosis after an AVSD repair, MPGs, which might
be regarded as concerningly elevated in preoperative or postoperative awake TEE exam-
inations, seem more tolerable immediately after weaning from a CPB and other factors
should be taken into account during an evaluation of LAVV function (e.g., direct Boulito
probing by the surgeon or catheterization-based measurements). In our analysis, PPGs did
not differ significantly between the two time-points. Regarding VTI morphology, MPGs
may seem to be more prone to elevations due to increased hemodynamics than PPGs, and
PPGs may better reflect actual LAVV stenosis. Prospective trials with appropriate scientific
methodology are necessary to unveil the clinical applicability of our observations.
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4.4. Limitations

The translation of our results to the general population is limited by the retrospective
study design and the small number of included patients. Furthermore, patients with
dramatically increased postoperative LAVV pressure gradients are underrepresented in
our cohort. Due to the long study period, improvements in perioperative management
and surgical techniques are possible and might lead to skewed observations. Owing
to the retrospective data acquisition, many important measures were not systematically
available–e.g., invasively quantified transvalvular gradients, invasively determined cardiac
output or head-to-head comparisons of TTE- and TEE-derived parameters–which hinders
the interpretation of the obtained results. The comparability of LV volumes and LVEF
between TEE and TEE might be limited in pediatric patients. The surrogates of the CO
and the CI used in this analysis are only simplified surrogates of the invasively determined
parameters derived from gold-standard right-heart catheterization. Using only the LAVV
orifice diameters acquired from a single plane might result in inadequate representation
of the complex anatomy of the LAVV orifice area and lead to distinct variations between
patients. While three-dimensional echocardiography is superior for the calculation of valve
orifices, three-dimensional echocardiography data were not available in our retrospectively
recruited cohort. Furthermore, three-dimensional transesophageal probes do not exist for
neonates and infants. Lastly, long-term follow-up data was sparse.

5. Conclusions

Stenosis of the LAVV following the surgical repair of AVSD is a rare complication. In
the presented investigation, the diastolic Doppler-quantified MPGs over the LAVV in an
intraoperative TEE immediately after weaning from a CPB were significantly overestimated
when compared to the gold-standard awake TTE prior to a hospital discharge. The LAVV
MPGs showed a linear correlation to non-invasive surrogate measures of the CI. According
to these findings, the current hemodynamic state should be taken into account during the
interpretation of the LAAV gradients.
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AVSD Atrioventricular septal defect
BSA Body surface area
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TEE Transesophageal echocardiography/echocardiogram
TTE Transthoracic echocardiography/echocardiogram
VIS Vasoactive-Inotropic Score
VTI Velocity-time integral

References
1. Reller, M.D.; Strickland, M.J.; Riehle-Colarusso, T.; Mahle, W.T.; Correa, A. Prevalence of congenital heart defects in metropolitan

Atlanta, 1998–2005. J. Pediatr. 2008, 153, 807–813. [CrossRef]
2. Shuhaiber, J.H.; Ho, S.Y.; Rigby, M.; Sethia, B. Current options and outcomes for the management of atrioventricular septal defect.

Eur. J. Cardiothorac. Surg. 2009, 35, 891–900. [CrossRef]
3. Schleiger, A.; Miera, O.; Peters, B.; Schmitt, K.R.L.; Kramer, P.; Buracionok, J.; Murin, P.; Cho, M.Y.; Photiadis, J.; Berger, F.; et al.

Long-term results after surgical repair of atrioventricular septal defect. Interact. Cardiovasc. Thorac. Surg. 2019, 28, 789–796.
[CrossRef]

4. Deri, A.; English, K. Educational Series in Congenital Heart Disease: Echocardiographic assessment of left to right shunts: Atrial
septal defect, ventricular septal defect, atrioventricular septal defect, patent arterial duct. Echo Res. Pract. 2018, 5, R1–R16.
[CrossRef]

5. Smallhorn, J.F. Cross-sectional echocardiographic assessment of atrioventricular septal defect: Basic morphology and preoperative
risk factors. Echocardiography 2001, 18, 415–432. [CrossRef]

6. Puchalski, M.D.; Lui, G.K.; Miller-Hance, W.C.; Brook, M.M.; Young, L.T.; Bhat, A.; Roberson, D.A.; Mercer-Rosa, L.; Miller, O.I.;
Parra, D.A.; et al. Guidelines for Performing a Comprehensive Transesophageal Echocardiographic: Examination in Children
and All Patients with Congenital Heart Disease: Recommendations from the American Society of Echocardiography. J. Am. Soc.
Echocardiogr. 2019, 32, 173–215. [CrossRef]

7. Kamra, K.; Russell, I.; Miller-Hance, W.C. Role of transesophageal echocardiography in the management of pediatric patients
with congenital heart disease. Paediatr. Anaesth. 2011, 21, 479–493. [CrossRef]

8. Welke, K.F.; Morris, C.D.; King, E.; Komanapalli, C.; Reller, M.D.; Ungerleider, R.M. Population-based perspective of long-term
outcomes after surgical repair of partial atrioventricular septal defect. Ann. Thorac. Surg. 2007, 84, 624–628; discussion 628–629.
[CrossRef]

9. El-Najdawi, E.K.; Driscoll, D.J.; Puga, F.J.; Dearani, J.A.; Spotts, B.E.; Mahoney, D.W.; Danielson, G.K. Operation for partial
atrioventricular septal defect: A forty-year review. J. Thorac. Cardiovasc. Surg. 2000, 119, 880–890. [CrossRef]

10. Chowdhury, U.K.; Airan, B.; Malhotra, A.; Bisoi, A.K.; Kalaivani, M.; Govindappa, R.M.; Venugopal, P. Specific issues after surgical
repair of partial atrioventricular septal defect: Actuarial survival, freedom from reoperation, fate of the left atrioventricular
valve, prevalence of left ventricular outflow tract obstruction, and other events. J. Thorac. Cardiovasc. Surg. 2009, 137, 548–555.e2.
[CrossRef]

11. Boening, A.; Scheewe, J.; Heine, K.; Hedderich, J.; Regensburger, D.; Kramer, H.H.; Cremer, J. Long-term results after surgical
correction of atrioventricular septal defects. Eur. J. Cardiothorac. Surg. 2002, 22, 167–173. [CrossRef]

12. Gaies, M.G.; Gurney, J.G.; Yen, A.H.; Napoli, M.L.; Gajarski, R.J.; Ohye, R.G.; Charpie, J.R.; Hirsch, J.C. Vasoactive-inotropic score
as a predictor of morbidity and mortality in infants after cardiopulmonary bypass. Pediatr. Crit. Care Med. 2010, 11, 234–238.
[CrossRef]

13. Rigby, M. Atrioventricular Septal Defect: What Is in a Name? J. Cardiovasc. Dev. Dis. 2021, 8, 19. [CrossRef]

http://doi.org/10.1016/j.jpeds.2008.05.059
http://doi.org/10.1016/j.ejcts.2009.01.009
http://doi.org/10.1093/icvts/ivy334
http://doi.org/10.1530/erp-17-0062
http://doi.org/10.1046/j.1540-8175.2001.00415.x
http://doi.org/10.1016/j.echo.2018.08.016
http://doi.org/10.1111/j.1460-9592.2011.03570.x
http://doi.org/10.1016/j.athoracsur.2007.03.079
http://doi.org/10.1016/s0022-5223(00)70082-1
http://doi.org/10.1016/j.jtcvs.2008.04.035
http://doi.org/10.1016/s1010-7940(02)00272-5
http://doi.org/10.1097/PCC.0b013e3181b806fc
http://doi.org/10.3390/jcdd8020019


Diagnostics 2023, 13, 957 12 of 12

14. Ginde, S.; Lam, J.; Hill, G.D.; Cohen, S.; Woods, R.K.; Mitchell, M.E.; Tweddell, J.S.; Earing, M.G. Long-term outcomes after
surgical repair of complete atrioventricular septal defect. J. Thorac. Cardiovasc. Surg. 2015, 150, 369–374. [CrossRef]

15. Fong, L.S.; Betts, K.; Ayer, J.; Andrews, D.; Nicholson, I.A.; Winlaw, D.S.; Orr, Y. Predictors of reoperation and mortality after
complete atrioventricular septal defect repair. Eur. J. Cardiothorac. Surg. 2021, 61, 45–53. [CrossRef]

16. Vera, F.; Sarria, E.; Ortiz, A.; Garcia, N.; Conejo, L.; Ruiz, E. Mitral valve repair in the atrio-ventricular septal defect. Cir. Cardiovasc.
2022, 29, 138–143. [CrossRef]

17. Mery, C.M.; Zea-Vera, R.; Chacon-Portillo, M.A.; Zhang, W.; Binder, M.S.; Kyle, W.B.; Adachi, I.; Heinle, J.S.; Fraser, C.D., Jr.
Contemporary results after repair of partial and transitional atrioventricular septal defects. J. Thorac. Cardiovasc. Surg. 2019, 157,
1117–1127.e4. [CrossRef]

18. Newburger, J.W.; Jonas, R.A.; Wernovsky, G.; Wypij, D.; Hickey, P.R.; Kuban, K.C.; Farrell, D.M.; Holmes, G.L.; Helmers, S.L.;
Constantinou, J.; et al. A comparison of the perioperative neurologic effects of hypothermic circulatory arrest versus low-flow
cardiopulmonary bypass in infant heart surgery. N. Engl. J. Med. 1993, 329, 1057–1064. [CrossRef]

19. Agarwal, H.S.; Wolfram, K.B.; Saville, B.R.; Donahue, B.S.; Bichell, D.P. Postoperative complications and association with
outcomes in pediatric cardiac surgery. J. Thorac. Cardiovasc. Surg. 2014, 148, 609–616.e1. [CrossRef]

20. Stevenson, J.G.; Sorensen, G.K.; Gartman, D.M.; Hall, D.G.; Rittenhouse, E.A. Transesophageal echocardiography during repair of
congenital cardiac defects: Identification of residual problems necessitating reoperation. J. Am. Soc. Echocardiogr. 1993, 6, 356–365.
[CrossRef]

21. Ross, F.J.; Nasr, V.G.; Joffe, D.; Latham, G.J. Perioperative and Anesthetic Considerations in Atrioventricular Septal Defect. Semin.
Cardiothorac. Vasc. Anesth. 2017, 21, 221–228. [CrossRef]

22. Cantinotti, M.; Giordano, R.; Koestenberger, M.; Voges, I.; Santoro, G.; Franchi, E.; Assanta, N.; Valverde, I.; Simpson, J.; Kutty, S.
Echocardiographic examination of mitral valve abnormalities in the paediatric population: Current practices. Cardiol. Young 2020,
30, 1–11. [CrossRef]

23. Cantinotti, M.; Giordano, R.; Scalese, M.; Murzi, B.; Assanta, N.; Spadoni, I.; Crocetti, M.; Marotta, M.; Molinaro, S.; Kutty, S.;
et al. Nomograms for mitral inflow Doppler and tissue Doppler velocities in Caucasian children. J. Cardiol. 2016, 68, 288–299.
[CrossRef]

24. Lee, H.R.; Montenegro, L.M.; Nicolson, S.C.; Gaynor, J.W.; Spray, T.L.; Rychik, J. Usefulness of intraoperative transesophageal
echocardiography in predicting the degree of mitral regurgitation secondary to atrioventricular defect in children. Am. J. Cardiol.
1999, 83, 750–753. [CrossRef]

25. Freeman, W.K.; Schaff, H.V.; Khandheria, B.K.; Oh, J.K.; Orszulak, T.A.; Abel, M.D.; Seward, J.B.; Tajik, A.J. Intraoperative
evaluation of mitral valve regurgitation and repair by transesophageal echocardiography: Incidence and significance of systolic
anterior motion. J. Am. Coll. Cardiol. 1992, 20, 599–609. [CrossRef]

26. Kim, H.K.; Kim, W.H.; Hwang, S.W.; Lee, J.Y.; Song, J.Y.; Kim, S.J.; Jang, K.Y. Predictive value of intraoperative transesophageal
echocardiography in complete atrioventricular septal defect. Ann. Thorac. Surg. 2005, 80, 56–59. [CrossRef]

27. Degertekin, M.; Basaran, Y.; Gencbay, M.; Yaymaci, B.; Dindar, I.; Turan, F. Validation of flow convergence region method in
assessing mitral valve area in the course of transthoracic and transesophageal echocardiographic studies. Am. Heart J. 1998, 135,
207–214. [CrossRef]

28. Lopez, L.; Colan, S.D.; Frommelt, P.C.; Ensing, G.J.; Kendall, K.; Younoszai, A.K.; Lai, W.W.; Geva, T. Recommendations for
quantification methods during the performance of a pediatric echocardiogram: A report from the Pediatric Measurements Writing
Group of the American Society of Echocardiography Pediatric and Congenital Heart Disease Council. J. Am. Soc. Echocardiogr.
2010, 23, 465–495; quiz 576-467. [CrossRef]

29. Banerjee, A.; Kohl, T.; Silverman, N.H. Echocardiographic evaluation of congenital mitral valve anomalies in children. Am. J.
Cardiol. 1995, 76, 1284–1291. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.jtcvs.2015.05.011
http://doi.org/10.1093/ejcts/ezab221
http://doi.org/10.1016/j.circv.2021.12.007
http://doi.org/10.1016/j.jtcvs.2018.10.154
http://doi.org/10.1056/NEJM199310073291501
http://doi.org/10.1016/j.jtcvs.2013.10.031
http://doi.org/10.1016/S0894-7317(14)80234-4
http://doi.org/10.1177/1089253217706166
http://doi.org/10.1017/S1047951119003196
http://doi.org/10.1016/j.jjcc.2015.10.004
http://doi.org/10.1016/S0002-9149(98)00983-7
http://doi.org/10.1016/0735-1097(92)90014-E
http://doi.org/10.1016/j.athoracsur.2005.01.060
http://doi.org/10.1016/S0002-8703(98)70083-3
http://doi.org/10.1016/j.echo.2010.03.019
http://doi.org/10.1016/S0002-9149(99)80357-9

	Introduction 
	Materials and Methods 
	Ethical Approval, Study Design and Patient Selection 
	Anesthesia, Surgical Technique and Cardiopulmonary Bypass 
	Echocardiography 
	Clinical and Follow-Up Data 
	Statistical Analysis 

	Results 
	Clinical and Surgical Characteristics 
	Echocardiographic Data 
	Outcome 

	Discussion 
	The Left Atrioventricular Valve following AVSD Repair 
	Echocardiographic Modalities for the Assessment of LAVV Function 
	Clinical Implications 
	Limitations 

	Conclusions 
	References

