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Multimodality cardiac imaging for pre-operative
evaluation in a paediatric criss-cross heart
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Criss-cross heart (CCH) is considered as one of the most complex, challenging, and exceptionally rare congenital heart diseases
(CHDs). Criss-cross heart is defined by the twisted atrioventricular connection and the crossing of inflow streams to both ventri-
cles, caused by the rotation of the ventricular mass along its longitudinal axis. The treatment depends on the anatomical complexity.
Diagnosis of CCH is difficult, and interpretation of imaging results may be challenging.

A one-year-old girl presented with cyanosis and abnormal heart sounds. We report a patient with complex congenital CCH who
underwent successful biventricular repair using multimodality cardiac imaging, including echocardiography, cardiac computerized
tomography, 3D printing, and 4D flow-CMR (cardiac magnetic resonance).

Criss-cross heart is one of the most complex and rare CHD. Multimodality cardiac imaging is essential for finding the answers and
providing better care for complex CHD patients.

Congenital heart disease ® Criss-cross heart ® Case report ® Cardiac magnetic resonance ® Four-dimensional
cardiovascular magnetic resonance flow imaging (4D flow-CMR) e 3D printing in congenital heart disease ® Advanced
imaging techniques

2.1 Imaging modalities ® 2.2 Echocardiography e 2.3 Cardiac magnetic resonance ® 2.4 Cardiac computed tomography

Criss-cross heart is an exceptionally rare cardiac anomaly. It is commonly associated with diverse cardiac defects.
The surgical approach depends on the morphology of the primary defect.

e Multimodality cardiac imaging greatly contributed to understanding the cardiac anatomy and haemodynamics for pre-operative evaluation,
resulting in improved patient management.
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Introduction

Criss-cross heart (CCH) is recognized as one of the most intricate and
extraordinarily rare congenital heart diseases (CHDs). It is estimated to
occur in about eight cases per 1000000 live births, accounting for
<0.1% of all CHD instances.” The characteristic that defines CCH is
the twisted atrioventricular connection and crossing of inflow streams
to both ventricles, resulting from the rotation of the ventricular mass
along its longitudinal axis.” It can appear with various atrioventricular
and ventriculo-arterial arrangements and is commonly associated
with a superior—inferior orientation of the ventricular mass.>* The
treatment depends on the anatomical complexity. In most cases,
CCH patients are not candidates for a two-ventricle repair and are di-
rected towards a Fontan-type surgery.>® Diagnosis of CCH is difficult,
and interpretation of imaging results may be challenging. Using multi-
modality cardiac imaging, we report a complex congenital CCH patient
who underwent successful biventricular repair.

The institutional review board of the faculty of medicine approved
this study.

Summary figure

Pre-operative milestones

hand’ type. Furthermore, echocardiography showed a double outlet
right ventricle (DORV) with L-malposition of great arteries, cono-
ventricular ventricular septal defect (VSD), infundibular pulmonary
stenosis (PS), right aortic arch, and good biventricular systolic func-
tion (Figure 2). Cardiac computerized tomography (CCT) for pre-
operative planning showed cardiac segment anatomy and confirmed
diagnosis with CCH. Additional information from the CCT showed a
superior—inferior ventricle and right-sided aortic arch with an aber-
rant left subclavian artery (Figure 3). Cardiac 3D printing was per-
formed for pre-operative planning (Figure 4). Four-dimensional
cardiovascular magnetic resonance flow imaging (4D flow-CMR)
without contrast definitively demonstrated the crossing of inflow
streams of the two ventricles and accelerated flow from below the
pulmonic valve. Estimated pulmonary blood flow (Qp) to systemic
blood flow (Qs) was 2.46:1 under FiO, 100% (Figure 5). The scan
time was about 15 min. The patient underwent successful biventricu-
lar repair and was discharged after 10 days. An echocardiogram be-
fore discharge showed good left ventricular function and
unobstructed right and left ventricular outflow tracts. After total cor-
rection, 4D flow-CMR showed good haemodynamic flow without
significant obstruction and the Qp:Qs was about 1.
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Case presentation

A one-year-old girl presented with cyanosis and abnormal heart
sounds. She developed clinical heart failure, dyspnoea, and failure to
thrive. Cyanosis with room air oxygen saturation of 85% was noted
on examination. On auscultation, there was a loud systolic ejection
murmur grade IlI/Vl at the left upper parasternal broader. Chest
X-ray showed levocardia and cardiomegaly (cardiothoracic ratio of
60%) with mildly increased pulmonary blood flow (Figure 1).
Two-dimensional (2D) echocardiography showed {I,L.L} abdominal si-
tus inversus, atrial situs inversus with superior vena cava and inferior
vena cava draining to the left-sided morphologic right atrium, and cross-
ing of inflow streams of the right-sided right ventricles due to an appar-
ent twisting of the heart (criss-cross heart physiology). The imaging
showed L-loop ventricle in which the atrioventricular connections
are concordant and the topology of the right ventricle is of the ‘left
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Four-dimensional cardiovascular magnetic

resonance flow imaging protocols

All MRIs were taken usinga 1.5 T clinical MRl system (Signa HDxt 1.5T; GE
Healthcare, Milwaukee, WI, USA)) utilizing a clinical 12-Channel HD Body
Array Coil. 4D flow (four-dimensional flow) uses 3D phase contrast
(PC-MRI) with time-resolved acquisition. Sequences typically include
gradient-echo or steady-state free precession. A bipolar gradient is applied
to encode velocity information based on phase shifts in the MRl signal, and
velocity encoding gradients are used in three orthogonal directions (x, y, z)
to capture flow in all directions. The VENC (velocity encoding) is set ac-
cording to the expected flow speeds in the region of interest. The “fourth
dimension’ refers to the temporal aspect, where a series of images is ac-
quired over time, typically during a single cardiac cycle. The total scan time
was 5-6 min depending on cardiac triggering rate. PC velocity encoding
was 200 cm/s, and was applied along RL, AP, and FH flow directions.
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Figure 1 Chest X-ray AP supine demonstrates levocardia and cardiomegaly with increased pulmonary blood flow.

Discussion

Criss-cross heart is an exceptionally rare CHD characterized by the
crossing of ventricular entry axes, which are typically parallel in a normal
heart.® In CCH, there is a displacement of the ventricular mass, resulting
in each ventricle seeming to be located on the opposite side of its cor-
responding atrium. Although the base of the heart stays in place, the
ventricles appear to have twisted along their longitudinal axis. This shift
in blood flow dynamics results in the crossing of flows through the
atrioventricular (AV) valves, creating the illusion that each atrium is de-
livering blood to the opposite ventricle.”

The presentation of CCH can include solitus or situs inversus and
concordant or discordant

AV or ventriculo-arterial (VA) connections.? Most cases that present
with situs solitus are with atrial situs solitus.® In our case, the patient
presented with situs solitus but with atrial situs inversus. The VA con-
nection should be described separately and may be concordant or dis-
cordant.”'® The CCH is always invariably associated with other cardiac
defects such as VSD, atrial septal defect, PS, DORYV, or transposition of
the great arteries.® Our case showed L-loop ventricle, DORV with
L-malposition of great arteries, conoventricular VSD, infundibular PS,
and right aortic arch. Due to the complexity of cardiac anatomy,
most CCH patients are directed towards a Fontan-type surgery.””
We report a successful biventricular repair of a complex congenital
CCH, achieved with using multimodality cardiac imaging.

The 2D-transthoracic echocardiography is the primary imaging
method used to assess the configuration and structural arrangement

of all cardiac chambers and AV valves, as well as their connections to
the great arteries.""®

Cardiac computerized tomography is a crucial tool for diagnosis of
complex CHDs. Advances in CCT technology now allow for the elim-
ination of motion artefacts without the need for anaesthesia and a sub-
stantial reduction in radiation exposure.'? Using advanced multiplanar
imaging combined with 3D volume reconstruction, we can effectively
visualize and clarify anatomical structures, making their complexities
easier to understand and accurately depicting the size of both ventri-
cles. Furthermore, in this case, the CCT imaging added important de-
tails, such as the presence of a superior—inferior ventricle and a
right-sided aortic arch with an aberrant left subclavian artery.

The use of 3D-printing models has enhanced our understanding of
complex cardiac anatomy. The models have demonstrated their useful-
ness by helping surgical teams prepare more effectively for correcting
major abnormalities, including the closure of ventricular septal defects.
By clarifying three-dimensional anatomy, 3D-printed models improve
decision-making, planning, and the safety of complex congenital heart
surgeries.” Alifu A and colleagues reported the effectiveness of using
a 3D-printed model to replicate the detailed anatomy of a CCH with
situs solitus and DORYV in a 13-year-old female patient. Using the
3D-printed model enhanced the comprehension of the patient’s un-
ique anatomy and enabled more accurate surgical planning, resulting
in a successful biventricular repair.'*

In assessing challenging anatomical abnormalities such as CCH, 4D
flow-CMR proves invaluable. The 4D flow-CMR showed the flow
steaming of the two ventricles to cross each other due to the heart
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Echocardiography images demonstrate. (A) Left-sided right atrium connected to right-sided right ventricle; (B) right-sided left atrium con-
nected to left-sided left ventricle; (C) double outlet right ventricle with two great arteries arising from right ventricle; (D) malposition of great artery with
aorta left anterior to pulmonary artery; (E) right-sided aortic arch.
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Cardiac computerized tomography demonstrated. (A) Axial image showed left-sided right atrium connected to right-sided right ventricle;
(B) the axial image showed right-sided left atrium connected to left-sided left ventricle; (C) coronal image showed superior—inferior relationship of the

two ventricles and double outlet right ventricle; (D) volume-rendered 3D reconstruction showed right-sided aortic arch with an aberrant left subclavian
artery.

twisting around its long axis. As a comprehensive tool for flow analysis,
4D flow-CMR enables accurate visualization of blood flow patterns,

along with the study of complex haemodynamic parameters.' report may be the first to utilize 4D flow-CMR to enhance visualization

Additionally, 4D flow-CMR provides significant value in analysing the and evaluate haemodynamics pre- and post-operatively in a paediatric
haemodynamics of intracardiac shunts. It offers a reliable approach patient with CCH.

for measuring the Qp/Qs ratio and directly quantifying shunts, demon-
strating high reproducibility.16 To the best of our knowledge, this case



K. Saengsin et al.

(A) Volume-rendered 3D reconstruction showed criss-cross heart with double outlet right ventricle; (B) criss-cross heart with double out-
let right ventricle with superior—inferior ventricle; (C) 3D printing with blood pool reconstruction; (D) 3D printing with myocardial reconstruction.
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Four-dimensional cardiovascular magnetic resonance flow imaging. (A and B) The crossing of inflow streams of the two ventricles; (C) the
accelerated flow from below the pulmonic valve.
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