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Characterising adequacy or inadequacy of the borderline left
ventricle: what tools can we use?*
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Abstract Borderline left ventricle refers to a spectrum of left ventricular underdevelopment, typically associated
with other cardiac anomalies. The left ventricle may be mildly hypoplastic, as is sometimes seen accompanying
aortic coarctation, or it can be severely hypoplastic, as is seen in hypoplastic left heart syndrome. For patients
with a borderline left ventricle that is at either extreme, the treatment decision is relatively straightforward.
Those with the most severe form of left ventricle hypoplasia will require single ventricle palliation or cardiac
transplantation, whereas those with the mildest form may not need any intervention. It is the management
strategy of children that fall within the grey zone of the spectrum, which continues to be controversial and
remains variable within and among different institutions. Cardiac diseases with associated left ventricle hypoplasia
include critical aortic stenosis, mitral stenosis, coarctation of the aorta, arch hypoplasia, cor triatriatum,
unbalanced common atrioventricular canal, Shone’s complex, total anomalous pulmonary venous return, and
complex conotruncal abnormalities. In this review, we will discuss the assessment and management of infants
with borderline left ventricle with critical aortic stenosis or arch obstruction and associated mitral anomalies.
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Introduction

Borderline left ventricle refers to a spectrum of left
ventricular underdevelopment, typically associated
with other cardiac anomalies.1,2 The left ventricle
may be mildly hypoplastic, as is sometimes seen
accompanying aortic coarctation, or it can be severely
hypoplastic, as is seen in hypoplastic left heart
syndrome.3–5 For patients with a borderline left
ventricle that is at either extreme, the treatment
decision is relatively straightforward. Those with the
most severe form of left ventricle hypoplasia will
require single ventricle palliation or cardiac trans-
plantation, whereas those with the mildest form may

not need any intervention. It is the management
strategy of children that fall within the grey zone of
the spectrum, which continues to be controversial
and remains variable within and among different
institutions. Cardiac diseases with associated left
ventricle hypoplasia include critical aortic stenosis, mitral
stenosis, coarctation of the aorta, arch hypoplasia, cor
triatriatum, unbalanced common atrioventricular canal,
Shone’s complex, total anomalous pulmonary venous
return, and complex conotruncal abnormalities. For the
purposes of this review, we will limit our discussion to
borderline left ventricles with critical aortic stenosis or
arch obstruction and associated mitral anomalies.

Aetiology of left ventricle hypoplasia

There are many hypotheses regarding the aetiology of
left ventricle hypoplasia. The “flow theory” suggests
that decreased flow through the left ventricle in fetal
life impedes growth of the left-sided structures.
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Causes of decreased flow include intrinsic left ventricle
disease such as endocardial fibroelastosis, intracardiac
obstruction, or extrinsic compression of the left side
of the heart. Endocardial fibroelastosis is a poorly
understood entity that causes diffuse fibrosis of the left
ventricle endocardium. It is associated with severe
diastolic dysfunction and cessation of left ventricle
growth in utero.5,6 Intracardiac obstruction includes
premature closure or restriction of the foramen ovale,
mitral stenosis and/or aortic stenosis, and coarctation of
the aorta.7 Finally, extrinsic compression may occur in
patients with a left-sided mass, including congenital
diaphragmatic hernia or congenital cystic adenoma-
toid malformation.8 There have been several genetic
syndromes and genes that have been implicated in the
aetiology of left ventricle hypoplasia as well; Jacobsen
syndrome, HAND-1, HAND-2, and NOTCH are the
most notable and have mainly been implicated in
aortic stenosis.9,10

Even with advancements in survival for both
cardiac transplantation and single ventricle palliation,
the potentially severe morbidity associated with these
surgical options makes biventricular repair more
appealing; however, accomplishing a biventricular
circulation in the setting of borderline left ventricle
carries short-term and long-term risks. The major
morbidities associated with biventricular repair
include multiple re-interventions and pulmonary
hypertension.11–14 Re-interventions include arch
re-operation, left ventricle outflow repair, and mitral
valve replacement.13–16 Moreover, conversion to a
single ventricle strategy for “failed” biventricular
repair is associated with significant morbidity and
mortality.14

Congenital heart defects associated with left
ventricular hypoplasia

Critical aortic valve stenosis
With critical aortic stenosis, there is duct-dependent
systemic circulation. It is, thus, often difficult to
predict whether relief of the outflow obstruction
will result in a viable biventricular circulation or
whether the left ventricle itself is too small to support
the systemic output. To complicate issues further,
the mitral valve is often stenotic or becomes stenotic
over time. Left ventricular hypoplasia is associated
with critical aortic stenosis likely related to cessation
of growth.17,18 Over the past three decades, many

investigators have reported the potential risk factors
for poor outcome after biventricular repair in patients
with critical aortic stenosis. Smaller left ventricle
size has been consistently associated with higher
mortality in this cohort in multiple studies.17–21 A left
ventricular end-diastolic volume <20 ml/m2 has
been considered too small for systemic viability.22

Other researchers have focused on specific character-
istics of the left ventricle such as endocardial
fibroelastosis.17,18 In earlier studies, endocardial
fibroelastosis was diagnosed only during autopsy.
More recent studies have suggested that endocardial
fibroelastosis is difficult to diagnose by echocardio-
graphy and can be more accurately diagnosed by
cardiac magnetic resonance.23 Nevertheless, even in
prospective analyses, endocardial fibroelastosis can be
difficult to diagnose using echocardiography or cardiac
magnetic resonance.24 Endocardial fibroelastosis
portends left ventricle diastolic dysfunction and poor
filling even when the aortic stenosis is relieved by
surgical or transcatheter valvotomy. In the presence
of endocardial fibroelastosis, the consequence of
biventricular repair may be left atrial hypertension
and eventual pulmonary hypertension.24 In the long
term, restrictive cardiomyopathy may develop.25,26

In 1991, Rhodes et al designed one of the first
studies that analysed multiple variables and their
impact on surgical outcomes for critical aortic
stenosis.27 A multivariate equation using echo-
cardiographic measurements was developed to help
predict patients who would be more suitable for a
biventricular repair (Fig 1). A score of less than −0.35
correctly predicted death (retrospectively) after
biventricular repair in 88% of patients in whom it
was applied. Risk factors were also identified for
death after biventricular repair, including left
ventricle length, aortic root size, mitral valve area,
and left ventricle mass. The mortality rate was 100%
in patients who had two or more of these risk factors
and only 8% in those with one or zero. As these
criteria are from an earlier surgical era, the Ross and
Konno procedure were not taken into account.
Thus, the small aortic root size may not be as relevant
today. Despite this limitation, the “Rhodes” score
is ubiquitous and is often used to help paediatric
cardiologists and surgeons determine the best surgical
approach for patients with congenital aortic stenosis
and left ventricle hypoplasia.
The Congenital Heart Surgeons Society also

sought to determine patients with aortic stenosis and

14.0 (body surface area) + 0.943 (indexed aortic root dimension) + 4.78 (long-axis 
dimension of the heart) + 0.157 (indexed mitral valve area) – 12.03.   

Figure 1.
Multivariate equation used as Rhodes score for successful biventricular repair.27
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small left ventricles who would do well with a
biventricular repair.28 This study was unique in that
it also considered risk factors for single ventricle
palliation. A multivariable analysis of factors associated
with outcomes was used to predict the magnitude
and the direction of the survival benefit for
the optimal pathway – biventricular repair or single
ventricle palliation (Fig 2). Unlike the Rhodes score,
the Congenital Heart Surgeons Society incorporated
endocardial fibroelastosis into the scoring system, as
well as tricuspid regurgitation – a risk factor in single
ventricle palliation. Of note, it did not include a
measure of mitral valve size, which many consider
critical to help determine left ventricle viability.
More recently, Colan et al further refined the

Rhodes criteria, yielding a model (Fig 3) that was
similar to it, but with a reported 90% accuracy at
predicting survival with biventricular circulation
among neonates with critical aortic stenosis and a
mitral valve area z-score of less than −2.29 This
equation assumes that any patient with a mitral valve
z-score worse than −2 does not require biventricular
repair. It should be noted that all these scoring
systems have not been validated for other types of
left ventricle hypoplasia. In fact, many patients
who have “failed” these criteria have had successful
biventricular repair procedures.30,31 This is especially
true for patients with arch hypoplasia. Therefore, the
Congenital Heart Surgeons Society and modified
Rhodes criteria should be used exclusively for
patients with critical aortic stenosis.
Once a child is born with critical aortic stenosis,

the evaluation of left ventricle size becomes critical in
order to determine whether biventricular repair is
possible; however, much has been learnt about this
disease by how it evolves before birth. Many fetuses
with aortic stenosis progress to develop hypoplastic left
heart syndrome in utero.32,33 This observation, first
noted in the 1980s, has been the impetus for the field
of fetal cardiac intervention. In mid-gestation, some
fetuses with critical aortic stenosis will present with a
left ventricle that is dilated, poorly functioning, and
evident of endocardial fibroelastosis.33 Over the
course of the pregnancy, this type of left ventricle

often has cessation of growth such that it is markedly
hypoplastic at birth. In a fetal study assessing critical
aortic stenosis, fetuses that developed hypoplastic
left heart syndrome were more likely to exhibit
reversal of flow in the transverse aortic arch and
foramen ovale, monophasic flow across the mitral
valve, and left ventricle dysfunction compared with
fetuses with viable left ventricles at birth.34 Others
have suggested that patients who develop aortic
stenosis postnatally have little or no growth of the left
ventricle, aortic valve, or mitral valve during fetal
life; thus, following the trajectory of growth of these
structures is helpful to predict severity of disease.35,36

Mid-gestation risk factors for cessation of left
ventricle growth are used to justify fetal aortic balloon
valvuloplasty to potentially promote forward flow
through the left ventricle, and thus growth of the
left-sided structures.37

Aortic arch hypoplasia
Aortic arch hypoplasia has been associated with left
ventricle hypoplasia as well. The aortic valve may be
small but is typically not stenotic. Often, the mitral
valve is normal in structure but hypoplastic. In some
cases, the mitral valve is structurally abnormal, present
either as a parachute or an arcade valve. Similar to
critical aortic stenosis, the decision-making process
regarding aortic arch hypoplasia and a small left
ventricle is also challenging.
There are several issues that make aortic arch

hypoplasia different from critical aortic stenosis.
In critical aortic stenosis, the left ventricle is
often small but distended because of endocardial
fibroelastosis (Fig 4a). Thus, it is not as amenable to
alterations in filling to promote growth. In contrast,
the left ventricle in aortic arch hypoplasia is typically
slim and not apex-forming (Fig 4b). Thus, increased
flow into the left ventricle may potentially increase
the left ventricle size.
Early postnatal studies have demonstrated that

neonates with coarctation of the aorta and a hypo-
plastic, but morphologically normal, left ventricle
can have successful secondary growth of the left-sided

Survival benefit = Intercept + b1 (age at entry) + b2 (z-score of aortic valve at the 
sinuses) + b3 (grade of EFE) + b4 (ascending aorta diameter) + b 5 (presence of moderate or 
severe tricuspid regurgitation) + b6 (z-score of the left ventricular length)  

Figure 2.
Congenital Heart Surgeons Society’s multiple linear regression equation for survival benefit after biventricular repair.28

10.98 (body surface area) + 0.56 (aortic annulus z-score) + 5.89 (left ventricular to 
heart long-axis ratio) – 0.79 (grade 2 or 3 endocardial fibroelastosis) – 6.78.   

Figure 3.
New scoring system for aortic stenosis and left ventricular hypoplasia.29
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structures after repair.31,38 Pulchalski et al reported
that the mitral and aortic valve z-scores increased
significantly after repair of coarctation of the aorta
even in patients who start with mitral and aortic valve
z-scores of as low as −4.39 In their cohort, all the
patients survived, but 20% of them required
re-intervention, which was primarily to address the
left ventricular outflow tract. A follow-up study of
the same population demonstrated that the overall
freedom from re-intervention was 76% at 15 years
after the original arch repair.40

Recently, a scoring system has been devised to help
determine viability of biventricular repair in patients
with borderline left ventricle, regardless of other
associated lesions (Fig 5).41 Predictors include mitral
valve annulus size, aortic valve annulus size, left
ventricular length, right ventricular length, main
pulmonary artery diameter, and patient’s body
surface area. Successful biventricular repair has
been associated with a score of ⩽16.2, with 100%
sensitivity and specificity. This score has not yet been
prospectively validated.

Arch obstruction often presents in a more subtle
manner in utero than critical aortic stenosis. Often, a
discrepancy between left ventricle and right ventricle
size is the most notable feature.42 Quartermain et al
reported that postnatal aortic arch obstruction was
common in fetuses with LV:RV size discrepancy.43

A ratio of ⩽0.6 had good sensitivity for the prediction
of need for neonatal arch intervention. Others have
shown that measures of the ascending aorta, aortic
isthmus, and pulmonary valve-to-aortic valve diameter
ratio are good predictors of postnatal coarctation.44,45

Slower rate of growth of the aortic valve is also quite
sensitive and specific for predicting coarctation of the
aorta.45

Mitral valve disease
The mitral valve is one of the most important factors
in determining the feasibility of biventricular repair.
Mitral valve abnormalities are associated with arch
hypoplasia and critical aortic stenosis and are often a
component of Shone’s complex.46 When mitral valve
abnormality is the primary disease, survival after
surgical intervention is quite poor compared with
intervention on other valves.47 Many patients with
left ventricle hypoplasia have structural mitral valve
disease, most typically arcade mitral valve, with
shortened or no chordae tendinae, or parachute mitral
valve, with the majority of chordae tendinae attached
to one papillary muscle. Importantly, mitral stenosis
is often not present at birth, only to progress over
time after initial repair. Previous studies assessing
the success of biventricular repair in patients with
borderline left ventricle have reported high rates of
re-intervention, particularly of the mitral valve, with
mitral valvuloplasty or mitral valve replacement
being common.12–14 In a recent study of 49 infants
and children who underwent the Ross/Konno
procedure, mitral valve disease was highly associated

Figure 5.
Echocardiographic scoring system for borderline left ventricle.41

AVPSLA, aortic valve annulus measured in cm in the parasternal
long-axis view in mid systole; BSA, patient’s body surface area,
in m2; LVL4C, left ventricular length measured in cm in the
4-chamber view at end diastole; MPA, main pulmonary artery
diameter measured in cm either in the parasternal long-axis or
short-axis view in mid systole; MV4C, mitral valve annulus
measured in cm in the apical four-chamber view at end diastole;
RVL4C, right ventricular length measured in cm in the 4-chamber
view at end diastole.

Figure 4.
(a) In critical aortic stenosis, the left ventricle (LV) is often small but distended because of endocardial fibroelastosis (EFE). Thus, it may not
be amenable to alterations in filling to promote growth. (b) In contrast, the LV in aortic arch hypoplasia is typically slim and not apex-
forming. Increased flow into the LV may potentially increase the LV size.
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with mortality.16 Morbidity included multiple
re-operations on the mitral valve and pulmonary
hypertension. Others have used selection criteria that
focus on mitral valve disease in determining whether
a biventricular repair should be attempted.48 Using
these factors, biventricular repair can be successful
with the mitral valve having little impact on the
outcome; however, re-operation rates for other left-sided
issues remain quite high.48 Among all considerations
for biventricular repair, the mitral valve must remain
an important focus of the evaluation.

New treatment strategies for borderline left
ventricle

Fetal intervention
With the observation that fetal critical aortic stenosis
can evolve into hypoplastic left heart syndrome,
fetal intervention was explored as early as 25 years
ago.32,33 Transcatheter fetal aortic valve dilation has
been performed successfully in over one hundred
fetuses over the last decade, much to the credit of the
team at Boston Children’s Hospital. Although it has
been technically successful, the number of patients
who have had a successful and sustained biventricular
repair after birth has remained limited.37,49 Moreover,
multiple re-interventions over the first few years of life
are common.49 Fetal aortic valvuloplasty can result in
aortic valve and mitral valve growth.50,51 It has also
been shown to improve left ventricle function in some
patients.49,51 Importantly, these cohorts have been
studied without a control group. Thus, it is difficult to
know whether fetuses without fetal intervention
would have had a different outcome. Moreover, fetal
intervention poses a procedural risk to the mother
and a 10% mortality rate for the fetus. Nonetheless,
fetal intervention has moved the field of paediatric
cardiology forward and will likely continue to have a
place in treatment of the borderline left ventricle.

Left ventricle rehabilitation strategy
For left ventricle hypoplasia with arch obstruction, arch
repair is often the only surgical procedure necessary
because the mitral and aortic valves are unobstructed
and endocardial fibroelastosis is not present. On the
other hand, for patients with aortic valve disease, mitral
valve disease, and endocardial fibroelastosis, surgical
strategy may be more complicated. Several new treat-
ment strategies have been proposed over the last decade
to augment forward flow into the left ventricle, and
thus promote growth of the left-sided structures; one
such method, now termed left ventricle rehabilitation,
includes a combination of techniques to relieve inflow
and outflow tract obstruction coupled with endocardial
fibroelastosis resection. Endocardial fibroelastosis

resection during a Ross/Konno procedure was first
reported in 1997 and resulted in improved diastolic
function and improved left ventricular stroke volume.52

Emani et al recently evaluated nine patients who
underwent left ventricular rehabilitation surgery; there
was no operative mortality and no deaths from cardiac
causes after a median of 25 months of follow-up,53 but
two patients did require re-operation. There was a
decrease in left atrial pressure and left ventricular
end-diastolic pressure with improved ejection fraction
post-operatively; however, pulmonary artery pressure
and pulmonary vascular resistance were not reported.
These patients require close follow-up over a more
extended period of time, with follow-up haemodynamic
measurements to determine what happens to the
pulmonary vascular resistance and pulmonary artery
pressures over time.
The same group has also proposed another newer

surgical strategy – that is, performing left ventricle
recruitment in a staged manner. An initial Norwood
procedure is performed, but the atrial septum is left
restrictive on purpose to promote forward flow
through the mitral valve. After a variable period of
time of growth, the left ventricle is “rehabilitated”
with endocardial fibroelastosis resection, mitral valve
chordal elongation, and repair of the left ventricular
outflow tract. Of the 34 patients in the staged
recruitment group, 13 of them underwent biven-
tricular conversion.54 At the median follow-up of
2.9 years (range 1–6 years), there has been nomortality.
Re-operation after biventricular conversion has been
performed in four patients. In about half of the patients,
the right ventricle pressure has been reported as half
the systemic arterial pressure. In the other half, the
right ventricle pressure has not been measured or is
more than half of the systemic pressure. Of note,
pulmonary vascular resistance, left atrial pressures,
and pulmonary artery pressures have not been
reported in this cohort. It also remains to be seen
whether the left ventricle growth that is seen is actual
growth or pathologic dilation. Further follow-up
studies need to be performed to validate these findings.
Hammel et al published a report of four patients who
had critical aortic stenosis and severe left ventricular
dilation and dysfunction.55 They also proposed a
two-stage surgical approach. The first stage consisted
of surgical aortic valvotomy, bilateral pulmonary
artery banding, and atrial septectomy. The second
stage included patch closure of the atrial septal defect,
ligation of the ductus arteriosus, and removal of
the pulmonary artery bands. Prostaglandin infusion
continued between the stages to maintain right ven-
tricle contribution to systemic perfusion. The results
were mixed, with two patients dying before the second
stage and two patients surviving with a normal left
ventricle ejection fraction. These reports demonstrate

1486 Cardiology in the Young December 2015

https://doi.org/10.1017/S1047951115002267 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951115002267


the extreme variability of outcomes in patients with
borderline left ventricles, regardless of treatment.

Conclusions

Left ventricle hypoplasia is not a homogeneous
diagnosis, and thus should not be treated as one.
Complicating matters is the fact that there are
morphological and physiological changes that occur
during fetal, neonatal, and post-operative life;
determining the severity of disease at all levels of
obstruction remains extraordinarily challenging.
Using a scoring system may incorrectly lead a
clinician down the wrong surgical pathway. More
confounding is the fact that biventricular failure
cannot be recognised until it is attempted, whereas
single ventricle palliation failure has nothing to
do with the risk factors of borderline left ventricle.
The different scoring systems available are labour-
intensive and vulnerable to error. Newer strategies
such as the Ross operation with or without a Konno
procedure are very effective treatments for aortic
stenosis. Endocardial fibroelastosis resection may
have benefit but long-term results remain to be seen.
If a biventricular repair is attempted, a thorough
evaluation of the mitral valve and its apparatus and a
consistent method to evaluate the presence and
severity of endocardial fibroelastosis are essential.
Multiple re-interventions are common in this
population and should be expected. Pulmonary
hypertension and restrictive cardiomyopathy may
be the long-term consequences of aggressive left
ventricle rehabilitation. As a community, we have yet
to determine whether this pathway is “better” than a
good single ventricle palliation.
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