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Abstract
Left ventricular outflow tract obstruction (LVOTO) affects survival and reoperation rates after surgical treatment of patients 
with interruption of the aortic arch (IAA) or coarctation of the aorta (CoA) with ventricular septal defect (VSD). The aim of 
the study was to determine predictors of LVOTO and to evaluate the relationship between aortic valve (AoV) morphology 
and the re-intervention rate. Retrospective review of patients, who underwent a conventional repair for IAA/CoA with VSD 
at a tertiary referral center between 1996 and 2017. The preoperative demographic data as well as pre- and post-operative 
echocardiographic parameters and re-interventions were reviewed. In the median follow-up of 8.3 years (range of 6.15–10.27) 
5 patients (11.9%) from a total of 47 patients included in the study presented with a significant LVOTO. Four of them required 
reoperation after median period of 2.3 years (range of 0.3–7.9) after the initial surgery. Multivariable logistic regression 
identified AoV z-score (OR 0.44, p = 0.017) as predictor of LVOTO. The mean AoV z-score before the primary repair 
was significantly smaller in those with LVOTO as compared to those with unobstructed flow from the LV (− 3.58 ± 1.96 
vs. − 1.44 ± 1.55; p = 0.0016). At 1-year follow-up, both groups showed an increase in the AoV z-score (p = 0.98). The 
re-intervention rate after primary repair (both surgical procedures and percutaneous interventions), either for LVOTO or 
reCoA, was higher in patients with AoV z-score ≤  − 3 (p = 0.007 vs. p = 0.46) and those, whose aortic annulus was less or 
equal than patient’s weight (kg) + 1.5 mm as compared to those with larger aortic annulus (p = 0.03 vs. p = 0.16). In patients 
after surgical treatment of IAA/CoA with VSD, the AoV z-score at diagnosis is a significant risk factor for reoperation for 
LVOTO. With age, AoV growth and z-score improvement is expected. Small AoV at diagnosis is correlated with increased 
rate of re-intervention for LVOTO and reCoA.
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Introduction

The surgical treatment of congenital abnormalities of the 
aorta, such as interrupted aortic arch (IAA) and coarctation 
of the aorta (CoA) combined with ventricular septal defect 

(VSD), has made great advances in the recent years [1, 2]. 
Various degrees of left ventricular outflow tract obstruction 
(LVOTO) such as small aortic valve (AoV) or subaortic ste-
nosis are often associated with IAA/CoA with VSD. LVOTO 
is an important factor affecting survival and reoperation 
rates after surgical treatment of patients with IAA/CoA 
with VSD; however, parameters predicting the likelihood of 
postoperative LVOTO remain controversial [3, 4]. The aim 
of the study was to determine predictors of LVOTO after the 
repair of IAA/CoA with VSD and to evaluate the relation-
ship between AoV morphology and the re-intervention rate.
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Materials and Methods

In this retrospective case review study all patients who 
underwent a conventional repair for IAA/CoA with VSD 
at a tertiary referral center between 1996 and 2017 were 
included. The preoperative demographic data (age, weight, 
height, body surface area) as well as echocardiographic 
recordings were reviewed at the time of diagnosis and at 
follow-up visits. The echocardiographic recordings were 
reviewed in order to determine: morphology of the AoV 
(bicuspid or tricuspid); diameter and z-score, mitral valve 
(MV) diameter and z-score, left ventricular (LV) dimensions 
and function. Documentation from follow-up inpatient and 
outpatient admissions were reviewed in search of re-oper-
ations and percutaneous interventions performed after the 
conventional repair for IAA/CoA with VSD.

The patients were divided in two groups according to 
the presence of LVOTO (valvar, subvalvar, and supraval-
var obstruction) in follow-up. The growth rate of the AoV 
and the need for surgical and trans-catheter re-interventions 
were compared between the two groups. Further, the surgical 
outcomes after primary repair were analyzed with regard to 
AoV z-score (AoV >  − 3 and AoV ≤  − 3) and AoV annulus 
index introduced by Hirata et al. In the latter  case, AoV 
annulus greater than the patient’s weight (kg) + 1.5 mm was 
used as a cut off value. The z-score was defined as the degree 
of standard deviation (SD) away from the mean diameter for 
a normal population, as indexed to the body surface area. 
Petersen’s method was used for calculation of AV z-score 
[5].

Statistical Analysis

Normality of continuous variables was tested using Shap-
iro–Wilk test. Depending on the normality of the continu-
ous variables, parametric or non-parametric methods were 
applied in the analysis. Differences in continuous vari-
ables between groups were tested using t-Student’s test or 
U Mann–Whitney test for two groups, and using ANOVA 
with Fisher’s Least Significant Difference (LSD) post hoc, 
Kruskal–Wallis with Dunn post hoc test or Mood’s median 
test for more groups, based on number of observations. For 
nominal data Fisher’s exact test or Chi2 test with Yates’ 
correction for continuity was used, based on the number 
of observations. For evaluation of change in AoV z-score 
between time points repeated measures ANOVA with Fish-
er’s LSD post hoc was applied. Impact of continuous and 
categorical variables on LVOTO presence was evaluated 
with logistic regression analysis.

Statistical analysis was performed in Statistica 13.1 
software and Excel. Two-tailed p-value less than 0.05 was 
deemed significant.

Results

A total of 47 patients (33 female) were included in the 
study. Patient characteristics are listed in Table 1. Thirty-
six patients presented with IAA with VSD (76.59%), and 
11 patients had CoA with VSD (23.4%). The overall inci-
dence of chromosomal abnormalities was 31.9%, includ-
ing 22q11.2 deletion syndrome in 11 patients (23.4%), 
CHARGE association and 5p deletion syndrome in single 
cases.

The study group (47 patients) underwent one-stage repair 
through median sternotomy: resection with end-to-end anas-
tomosis, either with or without extension. The median age 
at the initial surgery was 23 days (range of 14–27). Three 
patients died within 5 years after the primary repair. One 
patient died of heart failure 2 days after the primary repair, 
one died 1.5 months after the primary repair, and one died 
6 days after Ross-Konno procedure.

In the median follow-up of 8.31  years (range of 
6.15–10.27) 5 patients (10.6%) presented with a signifi-
cant LVOTO requiring re-intervention. Among the other 
42 patients, the left ventricle outflow tract remained unob-
structed. Preoperatively, the mean AoV z-score was sig-
nificantly smaller in those who developed LVOTO as com-
pared to those who did not (− 3.58 ± 1.96 vs. − 1.44 ± 1.55; 
p = 0.0016).

Aortic Valve Growth

The AoV size before the initial surgical repair, one year after 
final repair, and at last follow-up were evaluated. Results are 
presented in Fig. 1 and in Supplementary Table 1. At 1-year 
follow-up, both groups showed an increase in the AoV size, 
which had z-scores that approached 0 (p < 0.01). In the 
group of patients with LVOTO the AoV z-score changed 
from − 3.58 ± 1.96 to an AoV z-score of − 1.09 ± 1.05, 
and in patients who did not develop LVOTO changed 
from − 1.44 ± 1.55 to 0.11 ± 1.09 (p = 0.98). At last follow-
up, the mean AoV z-score of the patients with LVOTO 
was − 1.16 ± 1.40, whereas the mean AoV z-score of the 
other group was 0.11 ± 0.99 (p = 0.27).

Risk Factors for LVOTO After Primary Repair

Multivariable logistic regression identified AoV z-score (OR 
0.44, p = 0.017) as a predictor of LVOTO (Table 2). There 
were no significant differences between those two groups 
with regard to age, body weight at operation, mitral valve 
z-score, morphology of the AoV (bicuspid/tricuspid), and 
type of VSD (Table 2).

A detailed description of LVOTO type, AV z-score, 
mean LVOT pressure gradient by echo, and interventions 
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performed in patients with LVOTO are presented in 
the Table 3. The mean AV z-score in five patients with 
LVOTO was − 3.6 ± 2.0 at the time of diagnosis. Three 
patients with LVOTO (3/5, 60%) had AoV z-score less 

than − 3.0 at the time of diagnosis. Among them, one had 
the smallest AoV z-score of − 6.09. Similarly, 4 patients 
had bicuspid AoV, whereas 1 patient had tricuspid AoV. 
Four patients (4/5, 80%) with LVOTO required reoperation 
a median of 2.3 years (range of 0.3–7.9) after the initial 
surgery. One patient underwent stent implantation in the 
aortic arch at the age of 9.9 years and did not require any 
surgical treatment.

Table 1   Overall summary of the patients and LVOTO group comparison

LVOTO left ventricular outflow tract obstruction, IAA interrupted aortic arch, CoA coarctation of the aorta, BSA body surface area, AoV aortic 
valve, MV mitral valve, ECC extracorporeal circulation, XCT aortic cross-clamping time, ECC stop end of extracorporeal circulation
a Chi-squared test with Yates’ correction for continuity
b Students’ t-test
c U Mann–Whitney test

All patients (n = 47) With LVOTO (n = 5) Without LVOTO (n = 42) p-value

Bicuspid aortic valve 47.2% (17) 80.0% (4) 41.9% (13) 0.1136a

Tricuspid aortic valve 52.8% (19) 20.0% (1) 58.1% (18)
IAA 28.9% (15) 80.0% (4) 63.3% (28) 0.5454a

IAA A 16.2% (5) 0% (0) 17.9% (5) 0.5717a

IAA B 70.3% (22) 100% (4) 64.2% (18)
IAA C 13.5% (5) 0% (0) 17.9% (5)
CoA 31.9% (15) 20% (1) 33.3% (14) 0.5454a

Age at operation: Mean 23.6 (± 14.9) 20.6 (± 9.9) 24.0 (± 15.4) 0.6365b

Body weight at operation: Mean 3.18 (± 0.61) 3.16 (± 0.63) 3.34 (± 0.48) 0.5491b

BSA: Mean 0.20 (± 0.02) 0.22 (± 0.02) 0.20 (± 0.02) 0.0358b

AoV diameter: Mean 6.1 (± 1.4) 5.2 (± 1.4) 6.3 (± 1.4) 0.1122b

AV z-score: Mean  − 1.7 (± 1.7)  − 3.6 (± 2.0)  − 1.4 (± 1.5) 0.0064b

MV diameter: Mean 9.9 (± 2.2) 8.6 (± 1.3) 10.1 (± 2.3) 0.2222b

MV z-score: Mean  − 0.66 (± 1.32)  − 1.30 (± 0.89)  − 0.55 (± 1.37) 0.3080b

ECC [min]: Median 102 (78–118) 105 (47.5–116) 102 (78–123) 0.7921c

XCT [min]: Mean 53.2 (± 12.8) 52.8 (± 11.8) 53.3 (± 13.0) 0.9419b

ECC stop [min]: Median 24 (22–29) 28.5 (24.5–29.5) 24 (22–28) 0.3778c

Fig. 1   Comparison of AV z-scores before, one year after opera-
tion and at last follow-up. ANOVA for repeated measure p-value 
was 0.0521. For each time-point, Fishers’ LSD post-hoc p-value 
was: before p = 0.0016, one year after p = 0.9898, at last follow-up 
p = 0.2697

Table 2   Risk factors for LVOTO, from logistic regression model

OR odds ratio, AoV aortic valve, MV mitral valve, BV bicuspid aortic 
valve, TV tricuspid aortic valve, VSD ventricular septal defect, VSD 
type 1 conoventricular septal defect, VSD type 2 muscular ventricular 
septal defect, VSD type 3 membranous ventricular septal defect

OR p-value

Age at operation 0.980 (0.902–1.065) 0.6320
Body mass at operation 1.589 (0.360–7.025) 0.5412
AoV z-score 0.437 (0.221–0.864) 0.0173
MV z-score 0.661 (0.300–1.456) 0.3040
BV/TV (TV) 0.181 (0.018–1.809) 0.1454
VSD type
 1 0.248 (0.056–1.154) 0.0629
 2 – 0.9972
 3 0.250 (0.053–1.177) 0.0795
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The main reason for surgical re-intervention was 
LVOTO with an estimated echocardiographic peak gra-
dient ≥ 60 mmHg (three patients); two patients had an 
estimated peak gradient of 37 and 51 mmHg. One of 
them underwent surgical treatment because of impaired 
LV function, the other underwent stent implantation in 
the aortic arch.

Surgical treatment consisted of resection of subaortic 
membrane in four patients and modified Ross-Konno pro-
cedure in two patients. Additionally, one patient under-
went re-operation in the aortic arch.

Postoperative Course After Primary One‑Stage 
Repair

All surgical re-operations performed in the entire study 
group involved subaortic resection and redo CoA repair, 
whereas all percutaneous re-interventions included aorta 
balloon angioplasty and arch stenting. Figures 2, 3 and 
Supplementary Table 2 display re-intervention rate in the 
entire cohort, both re-operations and percutaneous inter-
ventions, separated by AoV z-score and AoV index intro-
duced by Hirata et al. We identified 7 patients (14.9%) 
with small aortic annulus and 40 patients (85.1%) with 
large aortic annulus. According to the second classifica-
tion we identified 8 patients (17.7%) with the AoV annu-
lus z-score of − 3.0 or less and 39 patients (82.3%) with 
the AoV annulus z-score of ≥  − 3.0.

The re-intervention rate for LVOTO was significantly 
higher in patients with initial AoV z-score ≤  − 3 (37.5% 
vs. 7.7%; p = 0.008). The re-intervention rate for reCoA 
was higher (but not significant) in patients with initial 
AoV z-score ≤  − 3 (28.2% vs. 50%; p = 0.46). Similarly, 
there was significantly higher incidence of LVOTO in 
patients, whose aortic annulus was ≤ patient’s weight 
(kg) + 1.5 mm as compared to those with larger AoV 

annulus (42.8% vs. 5.0%; p = 0.04). The rate for re-inter-
vention for reCoA was also higher in the group of patients 
with small aortic as compared to those with larger AoV 
(57.1% vs. 30.0%; p = 0.16), but with no significant 
difference.

Table 3   Profiles of the patients 
with LVOTO (n = 5)—level of 
obstruction, AoV z-score, mean 
PG, and type of intervention

AS aortic stenosis, AoV aortic valve, PG pressure gradient, BVP balloon valvuloplasty

Level of obstruction AoV z-score Mean PG 
[mmHg]

Age at the intervention [years]

Pt 1 Subvalvular  − 3.90 120 aortic arch plasty (0.3)
sub-AS resection (3.3)
Ross-Konno procedure (10.3)

Pt 2 Sub- and valvular  − 4.15 37 stent implantation in the aortic 
arch (9.9) observation

Pt 3 Sub- and valvular  − 4.38 88 sub-AS resection (1.6)
Ross-Konno procedure (5)

Pt 4 Subvalvular  − 0.8 60 sub-AS resection (7.9)
Pt 5 Subvalvular  − 2.80 51 BVP (0.1) sub-AS resection (2)

Fig. 2   Flow charts of follow-up process of patients after conventional 
repair for IAA/CoA with VSD. Patients are classified to the subgroup 
defined by AoV z-score (A) or Hirata classification (B). AoV aortic 
valve, reCoA recoarctation of the aorta, LVOTO left ventricular out-
flow tract obstruction
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Discussion

In this study, we analyzed the mid- to long-term outcomes 
after conventional repair for patients with IAA/CoA with 
VSD, focusing on risk factors for post-operative left ven-
tricular outflow tract obstruction. Postoperative LVOTO is 
considered as a common source of morbidity and mortal-
ity after primary repair for IAA or CoA [3, 4, 6, 7]. Our 
cohort included 5 patients who developed subaortic steno-
sis and among them 4 needed re-operation. After analysis 
of all the variables in our patients, the aortic valve z-score 
at diagnosis could be identified as a risk factor for future 
LVOTO. We found that the initial mean AoV z-score in 
patients who did not have recurrent LVOT obstruction 
was − 1.44 ± 1.55.

Several previous reports have tried to identify param-
eters used to predict the development of LVOT obstruc-
tion after IAA/CoA + VSD repair [3, 4, 8–15]. As stressed 
by many authors careful preoperative planning may 
identify high-risk patients, help to guide post-operative 

management, minimize the need for LVOT reintervention, 
and improve long-term survival [7, 13, 16, 17].

The measurement of the aortic valve annulus has been 
used to predict postoperative LVOTO by Hirata et al. [8]. 
They reported that for the patients whose aortic annulus 
is greater than patient’s weight + 1.5 mm, low reoperation 
rate for LVOTO is expected. For the patient whose aortic 
annulus is less than patient’s weight + 1.5 mm, almost half 
of them needed reoperation. The authors recommended 
the Yasui or the Norwood operation for patients whose 
aortic annulus was less than or equal to the patient’s 
weight + 1.0 mm.

Sugimoto et al. investigated the impact of bicuspid aortic 
valve on the mid- to long-term aortic valve-related outcomes 
after conventional repair for 50 patients with IAA/CoA com-
bined with VSD [9]. They found bicuspid aortic valve to be a 
significant risk factor for valve-related reinterventions after 
conventional repair for IAA/COA with VSD. According to 
the authors careful follow-up focusing on AoV function is 
important also in patients who had no valve-related prob-
lems during the postoperative period.

In another series of 75 patients with IAA/CoA + VSD 
a bicuspid aortic valve and an aortic valve annular z-score 
of − 3.0 or less before primary repair were found to be 
risk factors for LVOTO [10]. Furthermore, bicuspid AoV 
patients more frequently required reoperation than tricuspid 
AoV patients. This finding underlines the impact of bicuspid 
AoV and need for case-by-case evaluation.

Salem et al. demonstrated that the most important inde-
pendent predictor of subsequent LVOT obstruction in 
patients with IAA + VSD is AoV annulus size: AoV valve 
annulus diameter < 4.5 mm and a z-score < –5.0 predict 
development of LVOT obstruction and possible need for 
future surgical intervention [11]. An adequate growth of the 
AoV annulus seen in their whole study group is consistent 
with the results of our study. The authors also emphasized 
the role of careful monitoring not only short- and interme-
diate-term results of surgical repair, but also the long-term 
changes in the pathophysiology of this disease proces.

The minimum size of the subaortic area below which 
patients undergoing one-stage repair might be at high risk 
for postoperative LVOTO has also been controversial. Geva 
et al. [13] found that among a variety of anatomic risk fac-
tors a subaortic cross-sectional area ≤ 0.7 cm2/m2 was a pre-
dictor of postoperative LVOTO after repair of IAA.

Similar results reported Apfel et al. [3]. They found that 
those patients with significant LVOTO after conventional 
repair had significantly smaller subaortic diameter indexes 
(0.83 ± 0.1 cm/[BSA]) when compared with those with a 
good result (0.99 ± 0.16 cm/[BSA]).

Recently, Jijeh et al. analyzed the growth and predictors 
of future obstruction of the LVOT after repair for VSD and 
aortic obstruction [18]. They reported that small aortic valve 

Fig. 3   Number of patients classified to the subgroup defined by AoV 
z-score (A) or Hirata classification (B), based on specific reopera-
tion/intervention. AoV aortic valve, reCoA recoarctation of the aorta, 
LVOTO left ventricular outflow tract obstruction
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and LVOT at diagnosis are not risk factors to predict the 
need for surgical re-intervention for LVOTO in future. This 
finding is inconsistent with a number of previous reports and 
the current study as well.

Selective management of the LVOT for repair of IAA 
with VSD was reported by Suzuki et al. [12]. They dem-
onstrated that, tailored to the degree of subaortic narrow-
ing, resection or incision of the infundibular septum at the 
time of primary repair was very effective in preventing 
or prolonging the interval to recurrent LVOTO. However, 
they found that reoperation for LVOTO related to the 
development of a new and discrete subaortic membrane 
or aortic stenosis is still required in a subset of patients. 
Many authors report that prophylactic direct approaches 
to prevent future LVOT obstruction including myectomy/
myotomy and left-sided placement of the VSD patch do 
not reliably prevent late LVOTO. It is unclear if they are 
effective in preventing postrepair LVOTO compared with 
a conventional repair [16].

One of the major findings of our study is that aortic 
annuluses grew significantly within 1 year after primary 
repair. In particular, the aortic annulus of patients, who 
developed postoperative LVOTO, had increased in size 
from mean z-score of − 3.58 to mean z-score of − 1.09 at 
one year after the primary repair. The growth of the annu-
lar dimension, in response to increased flow after repair, 
has been reported in previous reports. The above men-
tioned study of 75 patients by Sugiura et al., and similarly 
by Sugimoto et al. [9], found that regardless of the annu-
lar size before primary repair, the size of the aortic valve 
annulus increased in almost all patients after surgery [10]. 
In both groups (bicuspid/tricuspid aortic valve) the aortic 
valve diameter became significantly larger at the 1-year 
follow-up, approximating the normal value. Significant 
LVOT growth after repair of aortic obstruction with VSD 
in 89 patients was observed also by Jijeh et al. [18]. The 
recent study of Plymale et al. found normalization of the 
aortic valve z-score at follow-up, but residual aortic arch 
obstruction persisted in one-third of subjects [19].

Our study, similarly to others, has shown that the aor-
tic valve annulus grows after initial repair and establish-
ment of increased aortic flow, but it is still not enough to 
prevent post-operative LVOTO if the initial aortic valve 
z-score was − 3.6 ± 2.0.

In the current study, we found increased re-intervention 
rate, either for LVOTO or reCoA, in the group of patients 
with small aortic annulus during long-term follow-up.

Previous studies have shown that apart from hyper-
tension and re-coarctation, aortic valve and aortic arch 
pathology are commonly encountered in patients after 
coarctation repair [20–22].

That indicates need for case-by-case follow-up evalu-
ation of patients with CoA/IAA, especially those with 
small aortic valve before primary repair.

There are several limitations to this retrospective and 
single-institution study including relatively small-sized 
cohort and the small number of events. The rates for re-
intervention for reCoA, although higher in the group 
of patients with small aortic annulus and AoV z-score 
of ≤  − 3, did not meet significance, which is most likely 
due to a small sample size. A longer follow-up period is 
required to confirm the results of the current study.

Conclusion

In patients after surgical treatment of IAA/CoA with VSD, 
the AoV z-score at the time of diagnosis is a significant risk 
factor for reoperation for LVOTO. With age, AoV growth 
and z-score improvement is expected, with the most growth 
in the first year after primary repair. Small AoV dimension is 
correlated with increased rate of re-operations and catheter 
re-interventions for LVOTO and recoarctation of the aorta. 
Despite good overall survival, patients after conventional 
repair for IAA/CoA with VSD frequently require reinterven-
tion and need to be carefully followed.
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