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Abstract

Background Total anomalous pulmonary venous connection (TAPVC) is a rare congenital heart disease of newborns
characterized by impaired left ventricle growth and diastolic dysfunction. We hypothesized that the patients with TAPVC
reduced blood flow into the left heart prenatally could affect left atrium (LA) not just growth but function. We compared
the age-related changes in LA deformation using two-dimensional speckle-tracking echocardiography (2DSTE) in Patients
with TAPVC.

Method This single-center, retrospective cohort study was conducted on consecutive isolated TAPVC patients who underwent
neonatal surgery between January 1, 2009 and January 1, 2022. The LA datasets in TAPVC patients were analyzed before
surgery (n=28) and follow-ups at 1-2 (n=24) and 5—7 years of age (n=13) and compared with those of age-matched
healthy controls (January 2009—2022). The LA strain (¢), indicating LA function, was analyzed using QLAB represented by
reservoir (¢eR), conduit (¢CD), and contractile (¢CT) strains. LA pressure was evaluated by periodic follow-up catheterization
after repair.

Results Compared to the controls, the TAPVC patients had significantly smaller LA maximum volume preoperatively, and
with age, the LA maximal volumes reached normal levels, while the LA minimal volumes were larger. All 2DSTE-determined
LA strains showed significant reductions at all time points in the TAPVC group compared to those in the control (median
eR, eCD, and CT; before surgery: 17.0% vs. 26.0%, 12.9% vs. 15.9%, and 6.3% vs. 10.4%; follow-up at 1—2 years: 30.0%
vs. 45.7%, 23.2% vs. 29.6%, and 6.1% vs. 16.3%; follow-up at 5—7 years: 31.2% vs. 43.1%, 25.0% vs. 31.2%, and 5.2% vs.
10.8%, respectively; p <0.05). Only eCT did not represented a significant change over time even though after correction of
blood flow (median eCT: 6.0% — 5.9%). Patients with pulmonary venous obstruction (PVO) at birth showed significantly
decreased €R and €CD and higher LA pressure compared to those without PVO.

Conclusion This study showed that nevertheless maximum volume of LA was recovered within the normal range, reduced
LA strains, especially contractile function lasted from birth even after repair in Patients with TAPVC.

Keywords Left atrial function - Total anomalous pulmonary venous connection - Two-dimensional speckle-tracking
echocardiography - Congenital heart disease

Abbreviations eCT Contractile function
TAPVC Total anomalous pulmonary venous connection PVO Pulmonary venous obstruction
LA Left atrial; 2DSTE, two-dimensional speckle- LV Left ventricle
tracking echocardiography HLHS  Hypoplastic left heart syndrome
eR Reservoir function; eCD, conduit function 2DE Two-dimensional echocardiography
LVEF Left ventricle ejection fraction
E Peak early diastolic mitral inflow velocity
04 Kiyohiro Takigiku A Peak atrial filling velocity during late diastole
tackymr2 @me.com IVS Inter-ventricular septum
! Department of Pediatric Cardiology, Nagano Children’s ¢ Peak f':a_rly diastolic tissue Doppler velocity at
Hospital, 3100, Toyoshina, Azumino-shi, Nagano 399-8288, the mitral annulus
Japan BSA Body surface area
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RT3DE Real-time three-dimensional echocardiography with TAPVC in comparison to those in the healthy age-
1CC Intraclass correlation coefficient matched controls.
AF Atrial fibrillation
HFpEF  Heart failure with preserved ejection fraction
EACVI  European Association of Cardiovascular Methods

Imaging

Study design

Introduction This single-center, retrospective cohort study was

Total anomalous pulmonary venous connection (TAPVC) is
a rare congenital heart anomaly, representing approximately
1-3% of all the cardiovascular abnormalities in newborns.
[1] Surgical intervention for TAPVC showed satisfactory
results beyond the first decade of life, [2] however, exercise
performance is mildly impaired at long-term follow-up
after TAPVC repair during infancy [3, 4]. Moreover, the
left atrium (LA) and left ventricle (LV) in the TAPVC
patients are hypoplastic compared with normal is well
documented [5, 6]. TAPVC is characterized by interruption
in the communication between the splanchnic plexus and
cardinal and umbilical-vitelline systems, and hence, all
pulmonary veins directly or indirectly drain blood to the
right atrium. [7] The left heart therefore do not receive
blood supply from the splanchnic plexus directly during the
embryonic stage; hence, blood flow into the left heart only
through the foramen ovale [5, 8]. Based on the flow theory—
reduced flow into the LV contributes to LV hypoplasticity
and impairment in the patients with hypoplastic left heart
syndrome (HLHS) at the fetus stage [9]—reduced flow into
the left heart have affected not only LV but LA after birth.
Impairment of LV function in the patients with TAPVC
was discussed in previous reports [10, 11]. However, the
LA function especially by the deformation analysis has not
verified.

Recently, two-dimension speckle-tracking
echocardiography (2DSTE) has been used to analyze the
LA deformation in adult patients. 2DSTE is less affected
by the angle dependency than Tissue Doppler Imaging to
evaluate myocardial deformation, also reduced the influence
of cardiac motion, loading condition and tethering effect.
[12] A few studies have successfully implemented 2DSTE
to assess the normal value of LA deformation in pediatric
field, [13—15] and further studies analyzing congenital heart
disease using this technique are expected.

This retrospective study aimed to assess the age-related
changes in the LA deformation (from perioperative to
follow-up period), analyzed by 2DSTE imaging, in Patients
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conducted on consecutive isolated TAPVC patients who
underwent neonatal surgery between January 1, 2009
and January 1, 2022. The LA volume and strains were
compared between the TAPVC patients and healthy age-
matched controls without functional and constructive
anomaly before surgery and during the follow-ups at 1-2
and 5—7 years of age, respectively.

In Patients with TAPVC, pulmonary venous obstruction
(PVO) is a risk factor for long-term outcomes, and its
presence may be a cause of less blood flow into the left
heart in the fetal stage. Therefore, subgroup analysis
was performed to determine significant changes in the
LA function in Patients with or without PVO. PVO was
defined as an obstruction to the vein draining pulmonary
vein confluence before surgery, indication severe
desaturation and low non-phasic vertical vein flow less
than 1.2 m/s [16]. We routinely performed catheterization
and echocardiography one year after surgery and around
entering elementary school in the patients with repaired
TAPVC. We also investigated the correlation between
the LA pressure in follow-up catheterization and
echocardiographic data. This study followed the tenets of
the Declaration of Helsinki, and all patients were aware of
an opt-out provision. The ethics committee in our hospital
approved this study.

Patients

Of the total 70 patients with TAPVC referred to or born in
our hospital for the intensive care and following surgery
from January 1, 2009 to January 1, 2022, 37 patients were
included in the present study. The inclusion criteria were
isolated TAPVC without other cardiac abnormalities such
as cases with functionally univentricular circulation or
atrial isomerism and severe non-cardiac anomaly. The
exclusion criteria included using other ultrasound device
(We used IE33/EPIC/CX50 systems (Philips Medical
Systems, Andover, MA)), inadequate echocardiography
data or poor echocardiographic window precluding correct
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evaluation, and death or drop out during the follow-up
period. Twenty-eight, twenty-four and thirteen patients
were included before surgery, at 1-2 and 5—7 years of
age, respectively. We also investigated age-matched
healthy controls referred for the screening of the heart
murmur, another non-cardiac anomaly, or evaluation of
the cardiac function before chemotherapy, except for the
patients with chromosomal abnormality, mitral valve
insufficiency, and left ventricular impairment. Among
the 28 patients, consecutive data could be obtained for 19
patients with isolated TAPVC, while five patients were
excluded due to the use of other ultrasound systems (GE,
Toshiba, Canon, and Siemens) and four patients were
death during the 2 years follow-up period (median 1 year;
range 0.8—2 years) (Fig. 1). Demographic data included
gestational age, body weight, sex, type of TAPVC,
operation date (day after birth), operation techniques, and
PVO. Body surface area (BSA) was calculated using the
Haycock formula [17].

Conventional echocardiography

All examinations were performed using IE33/EPIC/CX50
systems (Philips Medical Systems, Andover, MA). All
the study participants underwent comprehensive two-
dimensional echocardiography (2DE) with Doppler and
tissue Doppler imaging. LV ejection fraction (LVEF) and LV
end-diastolic volume index (LVEDVI) by modified Simpson

method, peak early diastolic mitral inflow velocity E, and
peak atrial filling velocity A during late diastole, E/A, peak
early diastolic tissue Doppler velocity at the inter-ventricular
septum (IVS) and lateral mitral annulus (e’), and E/e’ were
obtained according to the reported guidelines [18, 19]. Then,
average E/e’ was calculated.

Real-time three-dimensional echocardiography
(RT3DE)

We performed transthoracic RT3DE using IE33/EPIC and
acquired full volume images with a matrix array transducer
(X7-2 or X5-1; Philips Medical Systems) of as many
subjects as possible. The 3D datasets were transferred to
an offline 3D software (TomTec-Arena®: TomTec Imaging
Systems, Unterschleissheim, Germany) and analyzed by an
experienced investigator using 4D cardio-view system to
measure the maximum and minimum LA volume during
the cardiac cycle, while excluding the LA appendage and
pulmonary vein. The LA volume indexes to BSA was also
calculated in both maximum and minimum.

2DSTE

All images used for 2DSTE analysis were obtained at
an average frame rate of 61.5 fps (54.8—87.0 fps) and
expressed as a median (first and third quartile, Q1-Q3).
Strain was analyzed by a single investigator using QLAB
Advanced Quantification Software® version 13.0
(Philips Medical Systems, Bothell, WA). End-diastolic
frame was determined in the apical 4-chamber view

| TAPVC 70 pts |

| Isolated TAPVC37pts |

5| With other cardiac or non-cardiac anomaly
33pts (47%) were excluded

Use other vender 6pts (16%)
| 5| Poor image 3pts (8%)
were excluded

Use other vender 6pts (16%)

were excluded

Use other vender 8pts (20%)

Poor image 2pts (5%) Death 4pts (11%)
> [ Death 4pts (11%) | Under follow up age
Under follow up age 10pts (27%)
1pts (3%) Drop out 2pts (5%)

were excluded

Before surgery Follow 1-2y
28 pts (76%) 24 pts (65%)
Death 4 pts (14%)

Use other vender 5 pts (18%)
were excluded

Consecutive data

Follow-up
19 pts (68%)

Fig. 1 The flow chart of the participants

Follow 5-7y
13 pts (35%)
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Fig.2 A Example of the assessment of LA strain (g), and the
longitudinal time strain curves were generated by the software for
each atrial segment. The strain profile was acquired by averaging the
strain profiles computed at all 6 segments. B The global longitudinal
time strain curve was shown. The QRS complex (R-R gating) was
used as the initiation of the € calculation. LA reservoir function (eR

using one selected cardiac cycle. After initializing 3
points (septal and lateral corners of the mitral annulus
and the LA roof) in the end-diastolic frame, the software
automatically performed speckle-tracking analysis in 6
regions throughout the cardiac cycle. To avoid anatomic
effects, the LA appendage and pulmonary vein were
excluded. Manual adjustments of LA tracking points were
performed when needed. The QRS complex (R-R gating)
was used as the initiation of the strain value calculation.
The longitudinal time strain curves were generated by
the software for each atrial segment. The strain profile
was acquired by averaging profiles computed at each of
the 6 segments of the LA wall (Fig. 2A). LA reservoir
function (¢eR (%)) was measured as the average peak
atrial longitudinal strain calculated in all LA segments
during LV systole (global peak atrial longitudinal strain).
LA contractile function (¢CT [%]) was obtained by the
global LA wall strain just before atrial contraction in the
LV early diastolic phase. Further, LA conduit function
(eCD [%]) was calculated as follows: eCD (%) =¢eR —eCT.
Global longitudinal time strain curve was reconstructed
using the datasets in Microsoft Excel 2016 followed by
the precise calculation of eR, eCD, and eCT (Fig. 2B). If
patients with isolated TAPVC before surgery had a large
atrial septal defect, we calculated the global longitudinal
strain employing only five regions (excluding the mid
inferoseptal) to minimize the effect of its defect.
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(%)) was measured based on the average peak atrial longitudinal
strain calculated in all LA segments during LV systole (global peak
atrial longitudinal strain). LA contractile function (eCT (%)) was
obtained by calculating the global LA wall strain just before atrial
contraction in LV early diastole. LA conduit function (¢CD (%)) was
calculated as follows: eCD (%)=¢eR —eCT

Intra-observer and inter-observer variability

For the intra-observer variability, the same observer
analyzed the LA functions obtained by 2DSTE (reservoir,
conduit, and contractile function) again after one month in
the same cardiac cycle in 20 subjects who were randomly
selected and were blinded to the observer. Inter-observer
variability was determined by a separate off-line analysis
of the LA functions in 20 randomly selected subjects by
two independent observers (pediatric cardiologists: N.R
and T.K) who were blinded to patients’ clinical data at the
time of analysis.

Statistical analysis

Continuous data are expressed as medians with the first
and third quartile, Q1-Q3. Non-continuous variables
are expressed as numbers and percentages. Comparisons
between the continuous and categorical variables were
performed using the Mann—Whitney U test and Fisher’s
exact test, respectively. Paired and unpaired non-
parametric sample comparisons (with the time-dependent
continuous variables trends) were performed using the
Friedman analysis and post-hoc analysis by the Bonferroni
correction [15] and Kruskal—Wallis test and post-hoc
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analysis by Bonferroni correction, [15] respectively.
Further, relationships between the continuous variables
were evaluated using the Spearman’s rank correlation
coefficient. Intra-observer and inter-observer variabilities
were calculated as the absolute difference between the
corresponding repeated measurements as a percent of the
mean. Reliability was assessed using the Bland—Altman
analysis and intraclass correlation coefficients (ICCs)
with a 95% confidence interval limit. All analysis was
performed using EZR version 1.4. [20] A P-value of less
than 0.05 was considered statistically significant.

Results
Patient characteristics

Table 1 shows the demographic characteristics of the 28
patients with isolated TAPVC before surgery. TAPVC
repair surgeries were performed at the median age of 9 days
after birth (range: 0—180 days) by employing four different
types of operative techniques; almost half of the patients
underwent direct sutures (46.4%). Nine patients had PVO
after birth, while only one of them had PVO after surgery.
Table 2 shows the clinical data of patients with isolated
TAPVC and healthy age-matched controls collected before
surgery and during the follow-up periods at 1-2 and
5—7 years of age. No significant difference was observed in
the gestational age and sex between the two groups (isolated
TAPVC and healthy controls). Body weight and BSA were
significantly smaller in the TAPVC group than in the healthy
control group during the follow-up period at 1-2 years
of age; however, no difference was observed during the
follow-up period at 5—7 years of age. Heart rate was slightly
faster in the TAPVC group than that in the healthy control

Table 1 Demographic data of study patients with isolated total
anomalous of pulmonary venous connection before surgery

TAPVC (n=28)

Gestational age (week) 39 (38—-39.8)

Sex (male) 13 (46.4)

Type of TAPVC Supracardiac: 10 (35.7)
Cardiac: 5 (17.9)
Infracardiac: 8 (28.6)
Mixed: 5 (17.9)

Age at repair (days) 9 (2.75-16.5)

Direct suture: 13 (46.4)
Suture less: 6 (21.4)

Cut back: 5 (17.9)
Atrial rerouting: 4 (14.3)

9 (32.1)

Operative techniques

Pulmonary venous obstruction at birth

Data are expressed as median (first and third quartile, Q1-Q3) or as
numbers (%)

group before surgery, while no significant difference was
observed in the frame rates between the two groups at any
age. LVEDVI was significantly smaller than the control in
neonates before surgery, however after correction of blood
flow returned to the normal range. Similarly, LVEF was
significantly decreased before surgery in the TAPVC group
(median EF 58.1%) compared with those in the healthy
controls (median EF 61.1%), but the median LVEF was
normal, and LVEF was not significantly different after
surgery between the two groups. While E/A and average E/e’
in the TAPVC group were significantly larger at the follow-
ups in comparison to the controls. Similarly, E wave was
significantly larger in the TAPVC group at the follow-ups
while A wave was not different in both groups at any points.

Consecutive clinical data of patients with isolated TAPVC
from the perioperative period (before and after surgery) to
follow-up are also presented in Table 3.

Comparison of the LA volume by RT3DE

The LA maximum and minimum volume indexes measured
by RT3DE, were significantly (»p =0.006) smaller in the
TAPVC group before surgery than that in the healthy control
group (Fig. 3A, B). Although the LA maximum volume
indexes turned to normal range (in comparison to the healthy
controls) during the follow-up period after repair, the LA
minimum volume indexes were significantly (p <0.001)
larger in the TAPVC group during the follow-up period after
repair than those in the healthy controls.

Comparison of the LA functions by 2DSTE

All 2DSTE-determined LA strains were significantly
reduced in the TAPVC group compared to those in the
healthy control group at all time points (median R, €CD,
and eCT; before surgery, 17.0 vs. 26.0, 12.9 vs. 15.9, and
6.3 vs. 10.4; follow-up at 1-2 years: 30.0 vs. 45.7, 23.2 vs.
29.6, and 6.1 vs. 16.3; and follow-up at 5—7 years: 31.2 vs.
43.1,25.0vs. 31.2, and 5.2 vs. 10.8, respectively (Fig. 4A-C
and Table 4). Although €R and eCD showed significant
improvements during the follow-up periods, eCT did not
show any increase.

Time-dependent paired comparisons of LA strains

The LA strains were traced among same patients over
1-2 years after surgery (n=19). The eR and CD

@ Springer
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Table 3 Clinical data of consecutive patients in age-related changes with isolated TAPVC from perioperative period to follow-up at 1 —2 years

of age

Characteristics (n=19) TAPVC before surgery After surgery Follow-up at 1 —2 years old p-value Post-hoc*
Frame rate (fps) 95 [61-95] 95 [83-95] 61 [52.5-68.5] 0.0202 1vs.3.2vs.3
LVEF (%) 58.0 [57.5-60.1] 61.5 [58.5-63.5] 61.2 [58.4-62.2] NS -

LVEDVI (ml/m?) 20.8 [16.7-24.2] 30.6 [27.1-33.9] 55.3 [50.6-60.5] <0.001 1vs.23,2vs.3
IVS e’ (cm/s) 5.10 [4.2-5.4] 5.25[3.9-6.5] 8.8 [7.88-9.4] 0.0114 1vs.3.2vs.3
LV lateral e’ (cm/s) 6.10 [5.9-7.7] 6.9 [5.5-8.2] 13.1[11.6-13.6] 0.0114 1vs.3.2vs.3
Average E/e’ 9.0 [7.3-11.9] 13.5[9.7-15.0] 11.7 [10.5-13.5] 0.0498 -

E wave (cm/sec) 42.0 [27.5-55.0] 68.0 [53.0-95.5] 125.0 [109.5-136.5] <0.001 1vs.2.3,2vs.3
A wave (cm/sec) 48.9 [41.5-66.7] 47.2 [36.0-55.8] 66.5 [58.7-82.5] 0.015 2vs.3

E/A 0.82 [0.67-0.88] 1.44 [1.2-1.7] 1.86 [1.59-2.1] <0.001 1vs.23,2vs3

Data are expressed as median (first and third quartile, Q1-Q3) or as numbers

BSA body surface area; NS not significant; LVEF left ventricle ejection fraction; LVEDVI left ventricular end-diastolic volume index; /VS inter-
ventricular septum; e’ peak early diastolic tissue Doppler velocity at the mitral annulus; E peak early diastolic mitral inflow velocity; A peak
atrial filling velocity during late diastole

*Bonferroni correction

>
oo}

LA maximum volume index LA minimum volume index

N
S
N

S

p=.0060 NS NS 18 p=.0060 p=.0087 *
& 35 - o [ T [
£ ' NS ' E s
é 30 — 5
x x 14
Q Q
E 2 - P
© X 1)
E 20 < - O control E 10 O control
s oTAPVC £ OTAPVC
E 15 g 8
=] X
£ 1 ° E 6
g 10 €
g + 5 4
s B I,
0 0 *
before surgery follow 1-2 follow 5-7 before surgery follow 1-2 follow 5-7 p<.001

Fig.3 Box-and-whisker plots of left atrial A maximum volume index, and B minimum volume index by three-dimensional echocardiography in
patients with total anomalous pulmonary vein compared with those in age-matched healthy controls in each time point

significantly (eR, p=0.015; eCD, p <0.001) increased over
time (before surgery vs. after surgery vs. follow-up; median;
eR: 16.8% vs. 17.5% vs. 27.5%, eCD: 13.1% vs. 12.7% vs.
23.0%) (Fig. 5A, B), while eCT showed no significant
difference (before surgery vs. after surgery vs. follow-up;
median; eCT: 6.0% vs. 6.0% vs. 5.9%) (Fig. 5C).

Comparison of LA deformation and LV diastolic
function between obstructed and unobstructed
TAPVC before surgery and with different operative
techniques

In the subgroup analysis conducted before surgery, patients
with PVO (PVO group) showed significantly (eR p=0.013
and eCD p=0.043) decreased €R and €CD than those
without PVO (PVO vs. non-PVO; median; eR: 15.2%
[12.7-16.0] vs. 20.3% [16.8-25.4], eCD: 8.5% (7.6 —11.0)
vs. 14.5% [10.9-15.3]). Further, between these two groups,
LVEF and average E/e’ were not significantly different
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«Fig. 4 Box-and-whisker plots of left atrial A reservoir, B conduit,
and C contractile function by two-dimensional speckle-tracking
echocardiography in patients with total anomalous pulmonary
vein connection in comparison to those in the age-matched healthy
controls at three time points

(Table 5). Finally, patients who underwent direct suture
(n=11) did not show significantly different LA function and
LV diastolic parameters in comparison to the patients who
underwent other operative techniques (n=38).

Correlation of LA pressure in the patients
with repaired TAPVC by catheterization

Patients with repaired TAPVC underwent 32 catheterizations
during the follow-up period. The mean age was 3.16
(£3.0) years and all the patients were administered with
general anesthesia and were under intubation during the
examination. The catheterization showed that the mean LA
pressure and pulmonary artery pressure were 8.91 (+2.35)
and 16.1 (+4.28) mm Hg, respectively. Only four of thirty-
two patients (12.5%) showed an LA pressure of 12 mm
Hg or greater. The LA pressure had significantly negative
correlations with both the LA maximum (r= —-0.53,
p=0.0017) and minimum (r= -0.46, p=0.0080) volume
indexes and age at the repair (r=-0.43, p=0.0128).
In contrast, any LA strain determined by 2DSTE had no
significant correlation with the LA pressure. Furthermore,
the LA pressure was significantly (p =0.046) elevated in the
PVO group (n=11; median: 10 [9—11] mmHg) compared
to that in the non-PVO group (n=21; median: 8 [7—9] mm
Hg) before surgery.

intra-observer and inter-observer variability

The intra-observer and inter-observer variabilities were
assessed in 20 randomly selected patients (median age:
13.5 days [day 0-2 years], 8 male patients). The intra-
observer and inter-observer coefficients of variation
showed acceptable reproducibility (Table 6). The linear
correlations, results of the Bland—Altman analyses, and
ICCs are showed in Supplemental data 1 and 2. The 2DSTE
method for the analysis of each LA function was proved to
have favorable intra-observer (eR: »=0.91, bias + limits of
agreement [LOA]=1.29 +£5.9%, ICC=0.95; eCD: r=0.95,
bias + LOA=1.51+4.4%, ICC=0.94; eCT: r=0.92,
bias + LOA =0.09 +4.3%, ICC=0.95) and inter-observer
(eR: r=0.82, bias+ LOA=-2.37+9.1%, ICC=0.82;
eCD: r=0.95, bias+ LOA=-0.8+6.5%, ICC=0.85;
eCT: r=0.85, bias+ LOA=-1.24+5.3%, ICC=0.92)
agreements.

Discussion

This study demonstrated that in patients with isolated
TAPVC, maximum volume of LA and LV end-diastolic
volume developed to the normal range after surgery,
however, LA reservoir, conduit, and contractile strains were
reduced; especially, reservoir and conduit strains tended to
increase while notably the contractile strain did not recover
over time.

As previous reports have shown, small LV and LA in the
patients with TAPVC returned to the normal volume after
correction [6, 11]. Our data also consistent with those of
these studies and PVO may accelerate its hypoplasia. This
supported that the blood flow into the left heart affected the
growth of ventricle and atrium, reported as a flow theory
previously [9]. On the other hand, LV diastolic dysfunction
after TAPVC repair was demonstrated in comparison with
both normal controls and patients with transposition of the
great arteries, and this report may rule out potential adverse
effects of cardiopulmonary bypass [10]. In the present
study, LV diastolic function was deteriorated represented by
increased E/A and average E/e’ after repair compared with
normal controls as well. Besides, LV diastolic impairment
was not clear before TAPVC repair. Relative unloading LV
during cardiac development may cause impairment of LV
diastolic function, [10] but cardiopulmonary bypass and
cardioplegic arrest can lead to LV fibrosis and accelerate
diastolic dysfunction [21]. We speculate there is a possibility
that both of them affects the LV diastolic impairment in
repaired TAPVC.

Similar to present study, previous report suggested
that volume of LA returned to normal range after repair
of TAPVC in five cases [6]. However, perioperative
functional analysis of LA had not performed before in
repaired TAPVC patients. LA analysis using deformation
method by 2DSTE was feasible to assess the details of LA
function like a reservoir, conduit and contractile function.
Reservoir function defined as LA compliance, affected by
mitral annular movement and end-systolic LV volume. In
the early diastolic phase, LA volume shrinks mostly (~75%)
and eCD for transport of blood from the pulmonary vein
to the LA is influenced by LV relaxation. The remaining
volume (~25%) shifts into LV during late diastolic phase
by active contracts of LA (eCT) [12, 21, 22]. In the present
study, LV systolic function affecting mitral valve movement
was normal at birth, and LV volume returned to normal
but €R was sustained to reduce after surgery but shown a
mild improvement in the patients with TAPVC. This may
suggest reduction of LA compliance in TAPVC patients
from birth and lasting. Also, abnormal LV relaxation after
repair could have influenced the persistent decrease in eCD.
And the reservoir and conduit function improved mildly as
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Table 4 The LA function of the patients with isolated TAPVC by 2DSTE compared with that of controls at three points

Age-related

Control 5-7 y

TAPVC Follow-up

Control 1.2y
5-7y

TAPVC Follow-up

12y

TAPVC before surgery Control neonates

changes in TAPVC

p-value p-value Post-hoc*

(n=25)

p-value (n=13)

(n=25)

=24)

p-value (n

(n1=22)

(n=28)

1vs. 2,3
1vs. 2,3

<.001
<.001

31.2 (27.4-33.5) 43.1 (36.4-47.2) <0.001
NS

45.7 (41.3-53.1) <.001

30.0 (26.8-32.7)

26.0 (18.6-35.3) <0.001
15.9 (10.1-32.6) 0.0050
10.4 (1.10-21.6) 0.0252

17.0 (7.60-30.8)
12.9 (3.70-21.4)

eR (%)

31.2 (27.4-35.1) 0.0023

25.0 (21.4-28.8)
5.2 (3.5-6.5)

29.6 (26.4-36.9) <0.001

23.2 (21.3-25.0)

eCD (%)

10.8 (8.6-13.6) <0.001

16.3 (13.2-19.6) <0.001

6.1 (4.2-9.5)

6.3 (0.8-19.2)

eCT (%)

Data are expressed as median (first and third quartile, Q1-Q3) or as numbers

&R reservoir function; eCD conduit function; eCT contractile function; NS not significant

*Bonferroni correction

the left heart volume became adequate. On the other hands,
€CT remained to reduce until follow-up period and had not
increased over time. This may suggest that reduction of
native LA contractility lasts even after correction of blood
supply in the case without appropriate LA volume loading
in utero.

Previously, greater prognosis benefits of the LA
myocardial deformation assessment were suggested in adult
patients, in comparison to those of the LA volume and LA
ejection fraction [23]. Also, LA strains were recommended
as an additional value for evaluation of a LA pressure [24].
Moreover, several studies demonstrated that LA reservoir
function was strictly correlated with LV filling pressure [25]
[26]. Regarding to eCT, reduced eCT was a useful predictor
for newly developing and recurrent atrial fibrillation (AF)
[27, 28]. Moreover, previously reported that there is a
clinically feasible potential to predict LV filling pressure
in eCT, which is comparable to eR. The optimal cut-off
to differentiate between normal and elevated LV filling
pressure was 18% for eR and 8% for eCT when defining
LV filling pressure > 12 mmHg as elevated, and 16%
and 6% when using LV filling pressure > 15 mmHg [29].
However, our results showed no correlation between any
LA strains and LA pressure nevertheless any LA strains
were reduced. On the other hands, LA 3D volume was
strongly correlated with LA pressure. It is possible that
the reasons why no correlation between LA deformation
and LA pressure are because of small sample size, few
patients with high LA pressure (LA pressure over 12 mmHg
in those of 12.5%) and no patients with LA enlargement
(=34 ml/m?). Moreover, in the last European Association
of Cardiovascular Imaging (EACVI) consensus document,
LA deformation was recommended as the third parameter
following the traditional indices like a E/e’ (> 14), tricuspid
valve regurgitation (>2.8 m/s) and LA volume index
(234 ml/m?)[30]. LA deformation, therefore, may hard to
predict elevation of LV filling pressure under the condition
within the normal range of LAVI and weaker independent
determinant. However, several studies have shown that eR
strain can detect elevated LV filling pressure even when
LAVI is normal, [31, 32] hence more studies in TAPVC
patients are needed. Conversely, the present study showed a
significant reduction of LA strains in patients with TAPVC
before LA pressure increased significantly. These results
may imply that LA 2D speckle tracking analysis can detect
the potential deterioration of LA earlier than conventional
Doppler parameters. Also, although periodic catheterization
may not be necessary in postoperative patients with TAPVC,
the present study suggests that careful periodic observation
of left ventricular diastolic function including LA function
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Fig.5 Serial changes of left atrial A reservoir, B conduit, and C contractile function up to 2 years of age at follow-up of patients with total

anomalous pulmonary vein connection (n=19)
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Table 5 Comparison of the LA

- . . PVOn=9 Non-PVO n=19 p-value

deformation and LV diastolic

function in patients with BSA (m?) 0.19[0.19-0.2] 0.18 [0.17-0.2] 0.247

jvﬁﬁ(\ft ;%P]:’e g)f:gufgefyc Sex (male) 6 (66.7) 7(36.8) 0.228
LA maximum volume index (ml/m?) 3.2[3.1-3.7] 7.2 6.8-7.3] 0.0571
LA minimum volume index (ml/m?) 1.7 [1.5-1.8] 3.3 [3.2-3.7] 0.0571
LA reservoir strain (%) 15.2 [12.7-16.0] 20.3 [16.75-25.4] 0.0139
LA conduit strain (%) 8.5 [7.6-11.0] 14.5 [10.85-15.3] 0.0437
LA contractile strain (%) 4.6 [4.2-6.7] 7.2[5.7-8.7] 0.279
LVEF (%) 58 [56.4-61.0] 57 [55.0-59.8] 0.781
LVEDVI (ml/m?) 18.9 [17.1-19.7] 21.1[16.8-24.3] 0.436
IVS e’ (cm/s) 3.40 [3.10-3.80] 5.25[4.35-5.78] 0.042
LV lateral ¢’ (cm/s) 3.4 [3.25-4.15] 6.8 [5.95-8.08] 0.0516
average E/e’ 6.77 [6.22-7.21] 7.80 [5.88-10.96] 0.573
E wave (cm/sec) 26 [23.5-28.4] 51[41.8-61.3] 0.0012
A wave (cm/sec) 75.3 [55.4-89.6] 63.3 [58.4-76.3] 0.481
E/A 0.60 [0.45-0.65] 0.85 [0.80-1.18] 0.0049

Data are expressed as median (first and third quartile, Q1-Q3) or as numbers

BSA body surface area; LA left atrium; LVEF, left ventricle ejection fraction; LVEDVI left ventricular
end-diastolic volume index; /VS inter-ventricular septum; ¢’ peak early diastolic tissue Doppler velocity
at the mitral annulus; E peak early diastolic mitral inflow velocity; A peak atrial filling velocity during late

diastole

Table 6 Intra- and inter-observer variability

p-value Bias (95% LOA) ICCs

Intra-observer variability Ist 2nd

LA reservoir function (%) 26.80 (21.10-32.60) 26.65 (19.23-30.35) <0.0001 1.29 (-4.65 to 7.22) 0.95

LA conduit function (%) 6.95 (5.42-12.35) 8.00 (4.77-12.70) <0.0001 0.09 (-4.2t04.4) 0.94

LA contractile function (%) 20.85 (14.35-22.4) 16.75 (11.88-22.05) <0.0001 1.51 (-2.88t05.9) 0.95
Inter-observer variability Observer 1 (N. R) Observer 2 (T. K)

LA reservoir function (%) 26.80 (21.10-32.60) 32.30 (21.58-35.47) <0.0001 -2.37(-11.43t06.7) 0.82

LA conduit function (%) 6.95 (5.42-12.35) 9.75 (6.08-12.78) <0.0001 —1.24 (-5.54 t0 4.07) 0.85

LA contractile function (%) 20.85 (14.35-22.4) 19.35 (12.50-25.50) <0.0001 -0.8(-7.271t05.64) 0.92

Data are expressed as median (first and third quartile, Q1-Q3) or as numbers

LA Left atrium; LOA Limits of agreement; /CCs Intraclass correlation coefficients

by non-invasive methods, such as echocardiography, is
important.

On the other hand, TAPVC patients have similar
pathophysiology “but not exactly same” to patients with
heart failure with preserved ejection fraction (HFpEF) in
terms of diastolic impairment and reduction of LA reservoir
and contractile strains. HFpEF is well known, particular
among elderly patients, female and hypertensive patients.
This condition has been reported the increase mortality and
hospital readmission [33—-35]. A patient group with HFpEF
without LA enlargement showed significantly decrease of
eR and eCT compared with controls in a previous study.
Also, lower eR was associated with higher prevalence of
prior heart failure and history of AF [33, 36]. Reduced

@ Springer

all LA strains therefore may cause cardiovascular events
in the future, for example early progression to HFpEF
and arrythmia in adulthood even they were asymptomatic
now. Hence, regular monitoring of even the asymptomatic
patients with repaired TAPVC is crucial.

Limitations

First, LA measurement by 2DSTE was analyzed only in
one view (obtained from apical 4 chamber), which failed
to address the complexities of LA geometry and motion.
Moreover, the far-field location of the atrium, reduced signal-
to-noise ratio, and presence of the appendage and pulmonary
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vein were challenges in conducting the LA deformation
analysis. Second, some of the patients may have insufficient
frame rate to be analyzed by 2DSTE (typically 50 to 70 fps
are thought to be sufficient for correct analysis). Third, the
maximum velocity of tricuspid regurgitation is recognized
as an important factor in the estimation of left atrial
pressure in the adult cardiovascular field. However, there
was no significant tricuspid regurgitation in most patients
in this study, and the association with estimated pulmonary
hypertension could not be clarified. Furthermore, regarding
other surrogate markers, the analysis of these patients with
respect to LA pre-components and left atrial function was
limited, because these markers vary widely during neonatal
and child developmental period, and their correlation with
definite left atrial pressure is still unknown. Fourth, we could
not observe the long-term outcome of the LA function and
pressure. Further, we were not able to establish whether a
reduced LA function predicts any clinical symptoms such
as arrhythmia and functional capacity. Fifth, we could
not remove an influence of bypass-induced injury in the
patients with repaired TAPVC. However, we speculate that
the preoperative parameters were based on the LA innate
function. Further large scale, multi-center, prospective
studies are required to validate findings of this study.

Conclusions

TAPVC patients have reduced LA function from birth
lasting even repaired. Notably, instead of restoring the
maximum volume of the LA, the contractile function of the
LA has not developed to a normal level over time, even after
surgery. Early progression to HFpEF like cardiac condition
may concerned because of sustained reduction of the native
LA function in the patients with repaired TAPVC.
Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s00380-023-02232-1.
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