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Mid-term outcomes of
atrioventricular valve repair
in functional single
ventricle patients

Yong-Qiang Jin*?, Qing-Yu Wu"’, Xiao-Ya Zhang'?, Li-Xin Fan’,
En-Rui Zhang', Hui Xue' and Ming-Kui Zhang"**

'Heart Center, The First Hospital of Tsinghua University, Beijing, China, ?School of Clinical Medicine,
Tsinghua University, Beijing, China

Background: Surgical treatment of functional single ventricle combined with
atrioventricular valve regurgitation remains a clinical challenge. The outcomes
of atrioventricular valve repair in patients with single ventricle are limited.
Methods: A retrospective study was conducted of all 28 patients with functional
single ventricle treated with single-ventricle palliation who underwent
atrioventricular valve operation at the First Hospital of Tsinghua University
between April 2007 and October 2022.

Results: In our cohort, the female/male ratio was 7:21, with an average age of
87+6.0 (0.75-26) years. Half of patients (50%) were right-ventricle type for
single-ventricle morphology. 18 patients (64.3%) were with a common
atrioventricular valve. Twenty-three patients (82.1%) were combined with
heterotaxy syndrome. Pre-operatively, twenty-four patients (85.7%) were
diagnosed with severe atrioventricular valve regurgitation. AVV was repaired at
the Glenn (n =16, 57.1%), Glenn-Fontan (n =2, 7.1%) and Fontan (n =10, 35.7%)
stage, respectively. Valve plastic techniques included valve annulus/commissure
constriction (n = 24), clefts repair (9 cases), edge-to-edge suturing (13 cases) and
common atrioventricular valve separation (4 cases). The early mortality was 3.6%
(1/28). All survival patients were observed with improved regurgitation situations.
Twenty-two patients (78.5%) were observed with no more than mild
regurgitation postoperatively. The mean follow-up time was 54429 years
(range, 3.08-11.83 years), with late mortality of 11.1% (3/27). All these three cases
were observed with a severe regurgitation by echocardiogram in the last follow-
up. Besides, reoperation rate of this cohort was 3.6% (1/28).

Conclusions: AVV repair could significantly improve AVV function in SV patients
combined with severe AVVR, with satisfactory mid-term results. Part of the
cohort showed poor prognosis due to repeated AVVR. Regular follow-up by
echocardiogram is critically important for these patients.
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Introduction

Since the Fontan procedure was first employed in humans in 1971, the outcomes for
patients with functional single-ventricle heart disease (FSV) have significantly advanced
(1). However, several factors continue to influence the efficacy of treatment and
prognosis for FSV. Among these, atrioventricular valve regurgitation (AVVR) stands
out as one of the most critical determinants (2, 3). Numerous studies have reported
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that moderate to severe AVVR serves as an independent
risk factor for increased mortality and a higher incidence
of complications (1-5).

Given the complexity of anatomical abnormalities and
physiological challenges associated with FSV, managing coexisting
AVVR remains a significant clinical challenge for congenital cardiac
surgeons. Moreover, there is ongoing debate regarding indications
for surgery, optimal timing of intervention, and appropriate
techniques for valve repair. Consequently, strategic and efficient
management of patients suffering from FSV conditions complicated
by AVVR has consistently represented a major concern requiring
careful attention within clinical practice. To address this issue, we
conducted a single-institution retrospective cohort study involving
28 consecutive cases of FSV combined with AVVR who underwent
atrioventricular valve repair surgery between April 2007 and
October 2022. This study aims to review our surgical experiences
with this unique patient population.

Methods
Ethical approval

Our study received approval from the Committee and
Institutional Review Board of The First Hospital of Tsinghua
University (Beijing Hua-Xin Hospital), Beijing, China. All
procedures associated with this study, including the collection of
medical records and follow-ups, were conducted in accordance
with the Declaration of Helsinki. Given the retrospective nature
of this research, the requirement for written informed consent
was waived.

Patient selection and data collection

Between April 2007 and October 2022, a total of 28 patients
with FSV combined with moderate to severe AVVR receiving
atrioventricular valve repair surgery at the Heart Center, The
First Hospital of Tsinghua University were consecutively enrolled
in this cohort study. We systematically collected their medical
records, including demographic information (age, gender, race,
weight, height, etc.), narrative history, electrocardiography (ECG,
Mindray, Beneheart-R), chest x-ray, echocardiography (Echo, GE
VIVID E95), chest (CT),
catheterization imaging, operative details and post-operative data

computed tomography cardiac
for subsequent analysis. When patients were discharged from our
hospital, we further collected follow-up information through

clinical consultations and regular telephone interviews.

Evaluation of atrioventricular valve
regurgitation

We evaluated the extent of atrioventricular valve regurgitation

(AVVR) primarily through routine transthoracic echocardiographic
(TTE) examinations conducted at various time points: pre-
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operatively, post-operatively, prior to discharge, and during follow-
up. Both two-dimensional echocardiography and color Doppler
techniques were employed for this assessment. The severity of
AVVR was classified into the following categories: none (0), trivial
(1), mild (2), moderate (3), and severe (4).

Statistical methods

There were no instances of drop-out or withdrawal during the
follow-up period, resulting in a 100% follow-up rate among
patients in our study. Statistical analyses were performed using
SPSS software (version 22.0, IBM Corp., Armonk, NY). Normal
data are presented as mean+standard deviation or as
percentages, while non-normally distributed data (categorical
variables) are reported as median and range. Survival analysis

was conducted utilizing the Kaplan-Meier method.

Results
Patient characteristics

A total of 28 consecutive patients with functional single
ventricle (FSV) and atrioventricular valve regurgitation (AVVR)
were enrolled in this study. Among the participants, there were
21 males and 7 females. The mean age of these patients was
8.7+6.0 years, with a range from 8 months to 26 years. The
average weight recorded for these patients was 25.9 +15.1 kg,
spanning from 9.6 kg to 59.5 kg.

As summarized in Table 1, the primary diagnoses included:
unbalanced atrioventricular septal defect (AVSD) in 18 cases
(64.2%), mitral atresia in 2 cases (7.1%), tricuspid atresia in 3
cases (10.7%), double inlet ventricle in 4 cases (14.3%), and
double outlet right ventricle in one case (3.6%). Regarding FSV
morphology, there were classified as follows: Right-Ventricle
(50%), Left-Ventricle Type
represented by six cases (21.4%), and Double-Ventricle Type

Type accounted for 14 cases
comprising eight cases (28.6%).

For atrioventricular valve morphology, findings indicated that
common atrioventricular valve (CAVV) was present in 18 cases
(64.3%), while single mitral morphology was observed in three
cases (10.7%) and single tricuspid morphology appeared in two
cases (7%). Additionally, five instances of bilateral atrioventricular
valves accounted for 17.9%.

In terms of other anatomical malformations, heterotaxy
syndrome was identified among23 individuals (82.1%); specifically,
this included 15 cases of right atrial isomerism, two of left atrial
isomerism, and six of situs inversus. Furthermore, there were 16
cases of asplenia (57.1%) and four cases of polysplenia (14.3%).

Operative details

There were 14 patients (50%) receiving previous cardiac
palliations. The mean duration from the initial operation to the
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TABLE 1 Preoperative information of all included 28 FSV patients.

Baseline
characteristics

Age (Mean + SD, Range) 8.7+6.0 (0.75-26)
Weight (Mean + SD, Range) 259 +15.1 (9.6-59.5)

Gender N (%) Female 7 (25%)
Male 21 (75%)

Primary diagnosis N (%) Unbalanced AVSD 18 (64.2%)
Mitral atresia 2 (7.1%)
Tricuspid atresia 3 (10.7%)
Double inlet ventricle 4 (14.3%)
Double outlet right 1 (3.6%)
ventricle

SV morphology N (%) Right-ventricle Type 14 (50%)
Left-ventricle Type 6 (21.4%)
Double-ventricle Type 8 (28.6%)

AVV morphology N (%) Common AVV 18 (64.3%)
Single-mitral valve 3 (10.7%)
Single-tricuspid valve 2 (7.1%)
Bilateral atrioventricular 5 (17.9%)

valve

Other malformations N (%) Right-atrium heterotaxy 15 (53.6%)

Left-atrium heterotaxy 2 (7.1%)
Situs inversus 6 (21.4%)
Asplenia 16 (57.1%)
Poly-splenia 4 (14.3%)
AVVR grade Severe 24 (85.7%)
Moderate 4 (14.3%)

Data are presented as mean+ SD or median for continuous variables or numbers and
percentages for categorical variables.

SV, single ventricle; AVV, atrioventricular valve; AVVR, atrioventricular valve regurgitation;
UAVSD, unbalanced atrioventricular septal defect.

present operation was 5.7 £3.2 years, ranging from 2.5 to 12 years.
Previous procedures included Blalock-Taussig procedure (3 cases,
10.7%), bidirectional Glenn procedure (11 cases, 39.2%). Among
the 11 cases with previously bidirectional Glenn operations, 2 cases
also underwent combined AVV repair surgery in other hospitals.

The operative details for all these including 28 patients were
shown in Table 2. All these patients received operations under a
general anesthesia (GA) and with cardiopulmonary bypass
(CPB). The mean CPB time was 184.2 +81.6 h (58-422 h). The
mean aortic cross-clamp (ACC) time was 75.1+41.8h
(24-169 h). All patients (28/28, 100%) received scheduled repair
surgeries. Among these patients, mostly (27/28, 96.4%) received
AVV repair operations under cardiac arrest. Another patient
underwent a beating-heart surgery via the left intercostal
thoracotomy approach. The timing of AVV repair surgery
included Glenn (16 cases, 57.1%), Glenn-Fontan (2 cases, 7.1%)
and Fontan (10 cases, 35.7%) stage, respectively.

Based on the diverse variations of structural anomalies or
lesions associated with AVV morphology, a range of
corresponding valve repair techniques were employed. These
included constrictions of the valve annulus and/or commissures
(24 cases, 85.7%), repairs of valve clefts (9 cases, 32.1%), edge-to-
edge suturing methods (13 cases, 46.4%), and separations of
CAVYV (4 cases, 14.3%).

Apart from the Glenn or Fontan procedures, additional
combined interventions were performed to address anatomical
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TABLE 2 Timing of atrioventricular valve surgery and detailed operative
techniques.

WAV
184.18 + 81.63 (58-422)
75.07 + 41.84 (24-169)
16 (57.1%)
2 (7.1%)
10 (35.7%)
24 (85.7%)

Operative details Procedures
CPB time

Aortic cross clamp

Timing of surgery N (%) | Glenn

Glenn-Fontan

Fontan

Repair techniques N (%) | Valve anulus/commissure

constriction

Valve cleft repair 9 (32.1%)
Edge-to-edge suture 13 (46.4%)
CAVYV separation 4 (14.3%)
Other combined TAPVC corrections 6 (21.4%)
operation N (%) PA constrictions 4 (14.3%)
ASD enlargements 1 (3.6%)
Glenn anastomotic stenosis 1 (3.6%)

correction

Data are presented as numbers and percentages for categorical variables.
CAVV, common atrioventricular valve; TAPVC, total anomalous pulmonary venous
drainage; PA, pulmonary artery; ASD, atrial septal defect; CPB, cardiopulmonary bypass.

corrections for total anomalous pulmonary venous drainage
(TAPVC) (21.4%), pulmonary artery (PA)
constrictions in 4 cases (14.3%), atrial septal defect (ASD)

in 6 cases
enlargements in 1 case (3.6%), and correction of Glenn
anastomotic stenosis in 1 case (3.6%). During these operations,
all patients underwent transesophageal echocardiography (TEE)
examinations to assess the effectiveness of atrioventricular valve
repair and evaluate cardiac function.

Early outcomes

All patients underwent routine follow-up after discharge.
Patients who received the Fontan procedure are required to take
lifelong aspirin medication at a dosage of 3-5mg/kg/day. The
mean duration of mechanical ventilation was 60.2 + 115.0 h, with
a range from 3.0 to 600.0 h. The average length of stay in the
ICU was 10.3+9.0 days, ranging from 1.0 to 36.0 days. The
overall average length of hospital stay (LOS) was 29.6 +13.5 days,
with a range from 9.0 to 54.0 days.

There was one case of mortality during the early postoperative
period, resulting in an early mortality rate of 3.6%. The cause of
death was attributed to low cardiac output syndrome (LCOS),
which occurred on the fourth day following surgery.

Detailed complications

As summarized in Table 3, the observed complications during
the early postoperative phase included low cardiac output
syndrome (LCOS) in 2 cases (7.1%), acute kidney injury (AKI)
in 3 cases (10.7%), arrhythmia also in 3 cases (10.7%), and
extracorporeal membrane oxygenation (ECMO) implantation in

2 cases (7.1%). Of the three patients who experienced
arrhythmias postoperatively, one was diagnosed with sick sinus
syndrome (SSS) and subsequently underwent permanent
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TABLE 3 Details of complications at early phase after operation.

| Compications N 00
2(

LCOS 7.1%)
AKI 3 (10.7%)
Arrhythmias 3 (10.7%)
PM 1 (3.6%)
ECMO 2 (7.1%)

Data are presented as numbers and percentages for categorical variables.
LCOS, low cardiac output syndrome; AKI, acute kidney injury; SSS, sick sinus syndrome;
ECMO, extracorporeal membrane oxygenation.

pacemaker implantation (PPI). Notably, all ECMO implantations
occurred in patients undergoing Fontan surgery combined with
atrioventricular valve repair; both of these patients had their
ECMO withdrawn coincidentally on the fourth day after surgery
and were discharged without any adverse events (AEs).

Regurgitations

As presented in Table 4, all patients demonstrated an
improvement in their aortic valve regurgitation (AVVR) status.
Specifically, there were 2 cases classified as having no to trace
(Grade 0-1: 7.1%), 20 with  mild
regurgitations (Grade 2: 71.4%), and 5 cases exhibiting moderate
regurgitation (Grade 3: 17.9%).

regurgitations cases

Follow-up

There were no drop-outs or withdrawals during the follow-up
period. The mean follow-up duration was 5.4 +2.9 years, with a
range of 3.08 to 11.83 years. During the follow-up, three patients
died, resulting in a crude long-term mortality rate of 11.1%
(3/27). The causes of mortality for these three patients included
malignant arrhythmia (1 case), acute cerebral infarction (1 case),
and acute heart failure (1 case). Additionally, all three patients
exhibited severe regurgitation during the follow-up period.

Furthermore, one patient underwent reoperation for repair in
the sixth year following the initial procedure; thus, the crude
reoperation rate within our reported cohort was calculated to be
37% (1/27).
individuals (39.3%) achieved Fontan completion.

Among the remaining 24 survivors, eleven

Discussion

The treatment of FSV remains a clinical challenge, especially
when it occurs in combination with significant AVVR. In this
present retrospective cohort report, we reviewed our single-
centered clinical experiences for the surgical treatment of FSV
combined with AVVR in 28 consecutive pediatric patients. It
showed a satisfactory result with varying valve repair techniques.
The early and long-term mortality rate and reoperation rate are
relatively low in this cohort. Our results hint that the elimination
of regurgitation may have close relationship with the prognosis for
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TABLE 4 Regurgitations after operation.

Regurgitaions N 0

No-to-trace (Grade 0-1) 2 (7.1%)
Mild (Grade 2) 20 (71.4%)
Moderate (Grade 3) 5 (17.9%)

Data are presented as numbers and percentages for categorical variables.

these FSV patients, especially for the mortality, as we observed all
these three patients who died during the follow-up were found a
severe recurrent regurgitation with TTE examinations.

Functional single ventricle (FSV) is one of the most complex
CHD, in which clinical outcomes are markedly improved with
the wide application of the Fontan procedure (6-8). However,
when it is complicated with significant atrioventricular valve
regurgitation, it is always correlated with a poorer outcome.
Meanwhile, it is common in FSV patients complicated with
AVVR, based on our literature review, the incidence of AVVR in
FSV patients were 10.0%-13.5% (9, 10). Extensive literatures
were conducted to explore the mechanisms of atrioventricular
regurgitation in FSV patients, from animal studies, and bench to
clinical studies (11-14).
regurgitation in FSV patients is often the structural abnormality

The mechanism of atrioventricular

of atrioventricular valve apparatus, including valve leaflets, valve
sinus, annulus, chordae tendineae and papillary muscles (15).
When regurgitation occurs in younger children, especially in
newborns, or in hypoplastic left heart syndrome (HIHS) patients,
it is always related to a worst outcome (16). Intervention for
regurgitation in the early phase may benefit to cardiac function
and clinical outcomes. Honjo et al. reported that bi-directional
Glenn procedure may not alleviate the progression of
atrioventricular regurgitation, because the chronic pre-load
increase may further enlarge the univentricular chamber and lead
to the enlargement of the atrioventricular valve annulus, finally
aggravate the regurgitation and impair cardiac function (5).
Thus, it is critically important to the timing of intervention
based on an accurate evaluation of the degree of regurgitation.

In this report, the timing of intervention for regurgitation
varies according to the patient’s disease characteristics and
cardiac function. The timing of repair surgery included Glenn
Stage (16 cases, 57.1%), Glenn-Fontan Stage (2 cases, 7.1%) and
Fontan Stage (10 cases, 35.7%), respectively. All these repair
operations were performed in patients with moderate or severe
(Grade 3-4) regurgitations. According to our experience, if an
FSV patient was observed with no more than Grade 2 (trace or
mild) regurgitation, a regular follow-up is necessary without
reintervention. However, if the FSV patients were observed with
moderate or severe regurgitations, an aggressive anti-heart failure
therapy should be conducted. If moderate to severe AVVR
existed after treatment, timely valve repair or replacement
operation is imperative. Otherwise, the cardiac function will be
further impaired, and when it is extremely severe atrioventricular
regurgitation with severe cardiac function impairment, only
cardiac transplantation works (5, 15). Therefore, the timing of
intervention for regurgitation may be closely related to the
outcomes of these patients.
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In this study, we reported varying repair techniques including
valve annulus and/or commissure constrictions (24 cases, 85.7%),
valve clefts repairs (9 cases, 32.1%), edge-to-edge suturing (13
cases, 46.4%) and CAVV separations (4 cases, 14.3%), according
to the structural lesions of atrioventricular valve apparatus. Thus,

28/0
28/2
65/0
38/0
60/0
57/0

it is also important to choose the appropriate repair techniques,
which may also be related to the operative outcomes of these

Repair/replacement

patients. Based on previous literatures, the essential principle in

treatment of AVVR is, when it is can be repaired, valve repair
procedure is the best choice than replacement. However, when

c
the patient is in an older age, with extensive enlarged valve =
annulus or enlarged univentricular chamber, the quality of 8 § § 55% 8
leaflets is poor, or extremely difficult to repair, replacement § ©
surgery may be the better choice. Overall, the technique selection o
should be individualized and comprehensive, fully considering
the actual situation of the patient’s characteristics (17, 18). g

As our experience paid more attention on the timing of 'E elelse AR
intervention and applications of varying repair techniques for o g s
AVVR, our results were satisfactory. We conducted a literature %

2

review for published cohorts reporting treatment of SV with

AVVR, as shown in Table 5, our report seems to achieve a good
surgical result, with achievement of most superior hospitalization
mortality rate (3.6%) and considerably acceptable mid-term
mortality rate (11.1%) (4, 9, 10, 19, 20). Meanwhile, the
reoperation rate in our cohort was the lowest compared with

Mid-term
mortality
11.1%
8.7%
30%
30%
13.3%
31.3%

other reported studies. However, there were still one case died at
early phase post-operatively, as well as three cases died during

the follow-up time. The critical question for the reported
mortality was whether these patients would benefit more from
AVVR replacement surgery compared with AVVR repaired. The

3.6%
23.3%
4.6%
13.2%
6.7%
14%

question will be confirmed through further comparable and
larger sample size, prospective studies. In addition, the ICU stay

>
5=
©
—
j
o
=
>
=
(]
(A7)

time and LOC time seemed a little longer in our cohort, which

reflected the severity of illness for these AVVR repaired patients.

Part of these patients also had to undergo ECMO treatment. S

However, through a good heart team, involving cardiac surgeons, = &

ICU specialists, ECMO specialists, cardiologist and nursing team, g < § 2lelele

we achieved a rather good result in these critical illness patients. % g ;é g 888

In addition, we acknowledge that the Glenn operation, o Cl

particularly when performed alongside concomitant valvular g ;

interventions, is considered safe based on several literature -‘g’ =

reports. However, a contentious debate continues regarding g

whether the Fontan procedure and valvular intervention should z %

be conducted simultaneously. Some scholars advocate for a § % SRR

staged surgical approach as potentially safer. Nevertheless, 5 0

drawing from our center’s extensive experience, we assert that £

judiciously selecting appropriate candidates for concurrent g 5

Fontan and valvular interventions can be both safe and reliable. o = <lzlal=l=zl=
Besides, based on our experience, the threshold for considering a 2 % zlglglg818!8

repair unsuccessful in this specific cohort of patients, thereby 2 N

justifying conversion to valve replacement, is defined as moderate to %

severe valve regurgitation observed postoperatively. In our cohort, % o gz =

no significant regurgitations were noted among the three late deaths. g o ?, —= 5 <

However, during the follow-up period, all these patients who " § -g ?3 8 ; ;‘f 5

experienced late death exhibited severe regurgitation without any =N 2 5 B ;i 2|2 g“

intervention. Therefore, we suggest establishing moderate to severe = EaElC =% = |5
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valve regurgitation as the threshold for deeming a repair unsuccessful
and necessitating conversion to replacement.

The present study has several limitations. Firstly, the study design
is a retrospective, and single-institution cohort study, a relatively
small sample size may affect its validation in other real-world
settings. Secondly, the mean follow-up duration of this study is
5.4+29 years, which reported the midterm outcomes of these
patients, further longer follow-up data should be cumulated in order
to assess the long-term safety and clinical effect of AVVR repair
surgery. Last but not least, due to the relatively small sample size, no
complicated statistical methods were applied in this present study,
such as multivariate analysis or Cox-regression model. We expect to
collect more patients’ data to evaluate the risk factors that affect the
mortality, reoperation rate or Fontan completion rate in further
larger sample size, multi-centered studies.

In conclusion, our reports showed a satisfactory result for FSV
patients combined with moderate to severe AVVR. Postoperative
regurgitation may significantly affect the prognosis, especially the
mortality. Routine echocardiogram follow-up postoperatively is
critically important for these patients.
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