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ABSTRACT

Background: In the era of increasingly successful corrective interventions in patients with
congenital heart disease (CHD) global and regional myocardial remodeling are emerging as
important sources of long term morbidity/mortality. Changes in organization of the
myocardium in CHD, and in its mechanical properties, conduction and blood supply, result in
altered myocardial function both prior to and following surgery. To gain a better
understanding and develop appropriate and individualized treatment strategies, the
microscopic organization of cardiomyocytes, and their integration at a macroscopic level,
need to be completely understood. The aim of this study is to describe, for the first time, in
3D and non-destructively, the detailed remodeling of cardiac micro-structure present in a
human fetal heart with complex CHD.

Methods and Results: Synchrotron X-ray Phase-Contrast Imaging (X-PCI) was used to
image an archival mid-gestation formalin fixed fetal heart with right isomerism and complex
CHD and compare to a control fetal heart. Analysis of myocyte aggregates, at detail not
accessible with other techniques, was performed. Macro-anatomical as well as conduction
system changes specific to the disease were clearly observable, together with disordered
myocyte organization in the morphologically right ventricle (mRV) myocardium. Electrical
activation simulations suggested altered synchronicity of the mRV.

Conclusions: We have shown the potential of X-PCI for studying cardiac micro-structure in
the developing human fetal heart at high resolution providing novel insight while preserving
valuable archival material for future study. This is the first study to show myocardial

alterations occur in complex CHD as early as mid-gestation.
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INTRODUCTION

Congenital heart disease (CHD) is the leading cause of infant morbidity in developed
countries and affects approximately 1% of newborns '. For most phenotypes of CHD,
effective corrective or palliative interventions have been developed. While an adequate
circulation can mostly be established, long term morbidity and mortality is still an important
clinical problem, especially those related to heart (myocardial) failure and remodeling.
Therefore, beside basic morphology, detailed knowledge of the microarchitecture of the heart
and its complex (altered) development is essential, not only for understanding the genesis of
CHD and addressing long-term consequences of the disease, but also for developing realistic
biophysical computational models as a precursor to new or personalized treatment strategies.
Myocytes are aggregated and aligned in a predominant direction within the atrial and
ventricular walls, forming a complex three-dimensional network (myocardial architecture).
The complex organization of these bundles of myocytes within the myocardium determines
the propagation of electrical waves as well as the force development within cardiac tissue.
Understanding altered contractile function as well as triggers for remodeling requires
knowledge of this organization. Data on the organization of the myocardium in fetal life
useful for computational modelling is limited and even our understanding of normal
myocardial architecture after birth and in adulthood is still under debate™ . Even less is
known about the micro-structure of structurally abnormal hearts, especially given the
complexity of CHD and the great variety of underlying phenotypes".

Therefore, comparing the organization of the myocardium in different forms of CHD, and
quantifying the overall and detailed differences in comparison to normal hearts, is essential
for a better understanding of normal and abnormal cardiac architecture, to target long term
corrective therapy and to parametrize computational modelling of myocardial development,

electrical propagation and resulting function.
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In order to identify and quantify cardiac micro-structure and to image the whole heart for
evaluating detailed shape and macro-structure, high-resolution imaging (in the order of only a
few microns) is required. A number of 3D imaging techniques can be used for assessing
detailed cardiac morphology at high resolutions. However, only few of them allow imaging a
whole heart volume in 3D non-destructively. Optical (episcopic) microscopy is able to
acquire the information needed at high enough contrast and resolution, but is limited to in-
vitro imaging and additionally requires the destruction of the sample’. High resolution
magnetic resonance imaging (MRI) can provide reasonable resolution and contrast for
myocardial macro-structure, but to image micro-structure requires the addition of directional
sampling in diffusion tensor MRI (DT-MRI), necessitates extremely long scan-times and is
still relatively limited in resolution, especially in-vivo®. Classical, absorption-based micro-CT
shows promise, is fast, has resolution to identify individual cardiomyocytes (in adults) but
requires iodine staining to provide adequate contrast”®. Novel high-resolution imaging
techniques such as synchrotron X-ray Phase Contrast Imaging (X-PCI) have already
demonstrated good results in the study of structural changes of hearts from rabbit fetuses,
young rats and human fetuses at um resolution’ ', with sufficient contrast to distinguish
myocytes at cellular level and without the need for destructive sectioning, tissue processing ,
or the use of contrast agents.

This study focuses on the detailed analysis of a human fetal heart with complex CHD and a
control, as a proof of principle. Specifically, the abnormal heart we analyzed was from a fetus
with a defect of laterality, termed isomerism, involving multi-organ abnormalities as well
complex CHD. We provide for the first-time details, currently not accessible with other
imaging techniques, of the micro-structure of this heart by means of X-PCI, which suggest
myocardial abnormalities are indeed present in CHD prior to birth from the mid-trimester of

pregnancy. We also show that the accurate measurement of the complex 3D arrangement of



1  myocytes within the myocardium, together with detailed cardiac geometry, allows detailed
2 computational cardiac electrical activation simulations, providing new insights into

3 functional and electromechanical remodeling in CHD.
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METHODS

The data will be made available to other researchers for purposes of reproducing the results'.
Sample description.

The samples used in this study are from the Cardiac Archive, held at the Institute of Child
Health (ICH), under UK Human Tissue Authority Research Licence (N° 12220). The study,
including transportation of samples, was approved by the Institute’s HTA research committee
and the Research committee of the Cardiac Academic Group, Children’s Cardiovascular
Research Department (GOSH/ICS). First, a heart of 20 weeks of gestation with complex
CHD was selected. The selected heart showed right isomerism (bilateral right atrial
appendages); a right-sided heart and apex; mirror image arrangement of the ventricles (left-
handed ventricular topology or 1-loop); atrioventricular septal defect (AVSD) with common
atrioventricular junction and valve, pulmonary atresia with aorta from the morphologically
right ventricle. In the donating fetus, both lungs were trilobed, bronchi short and eparterial,
stomach left-sided, gall-bladder right-sided, liver central, spleen absent, and intestines
normally rotated. Prenatal diagnosis at 20 weeks’ gestation had shown normal fetal head,
brain, face, spine, neck, skin, chest, abdominal wall, gastro-intestinal tract, kidneys and
bladder, extremities and skeleton. Image quality was limited but complex CHD was
identified comprising right isomerism, right-sided heart and apex, biventricular
atrioventricular connection, left hand ventricular topology, unbalanced AVSD with common
atrioventricular valve and right ventricular dominance, single outlet with aorta from mRV
and pulmonary atresia. Abnormal pulmonary venous Doppler suggested obstruction to
pulmonary veins but drainage of pulmonary veins was not clearly identified. There was
retrograde flow in the arterial duct and small central pulmonary arteries. The heart was noted
to be in sinus rhythm. This amounted to complex CHD with functionally single ventricle and

palliative surgery as the likely course postnatally. The parents opted for termination of
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pregnancy and consented for autopsy as well as retention of the fetal heart for research
purposes.

For comparison, a normal fetal heart of 19 weeks of gestation was chosen from the same
historical collection. Notes show termination of pregnancy for social reasons and the fetus
had no cardiac or extra-cardiac abnormalities.

Data acquisition

X-ray phase-contrast Imaging

Imaging of the heart with complex CHD heart was performed at the TOMCAT beamline of
the Swiss Light Source (SLS, PSI, Switzerland), with X-ray propagation-based phase-
contrast tomography, using a 20 keV parallel synchrotron X-ray beam (monochromaticity
bandwidth of 2%). The sample was located 60 cm from the detector (camera: sSCMOS
pco.EDGE 5.5, scintillator: LAG:Ce 300 um). The field of view (FOV) was 13.03 x 3.2 mm’
with isotropic pixel size of 5.2 um. The sample was kept at room temperature placed in a
sealed plastic tube with degassed deionized water and secured on a sample holder.

After positioning the heart at the stage's center of rotation, acquisition was performed by
rotating the sample through 360° acquiring 2500 projections (exposure time: 70 ms). Nine
sequential acquisitions (overlap 126 slices - 0.66 mm) from base to apex, were performed in
order to cover the whole heart along its longitudinal axis. Additionally, 50 flat and 20 dark
images were acquired for flat-field and dark-field corrections of each acquisition. Before the
reconstruction procedure a single-distance phase retrieval approach, the Paganin filter'*, was
applied on each projection to improve visualization of the cardiac tissue. The projection set
was finally reconstructed, both with and without Paganin filter, using the Gridrec algorithm'’,
Reconstructed volumes were then merged together to obtain a unique single data set for the

whole heart with a Matlab script.
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The normal heart was scanned at the [13-2 beamline of Diamond Light Source under similar
conditions. Briefly, image acquisition was made using a 20 keV parallel synchrotron X-ray
beam. The sample was located 120cm from the detector (camera: pco.4000 with a 1.25x
objective lens, scintillator: CAWO4 250 um). The FOV was 14 x 9.6 mm with isotropic pixel
size of 3,2 um. 2001 projections of 0.5s exposure time were recorded. Additionally, 20 flat
and 20 dark images were acquired for flat-field and dark-field corrections, applied before the
reconstruction procedure. The projection set was reconstructed using the filtered-back
projection algorithm.

Magnetic resonance imaging diffusion tensor image

MRI measurements were performed using a 9.4T horizontal bore scanner (Agilent
Technologies, Santa Clara, USA) equipped with 1000mT/m gradient inserts and a 26mm
volume resonator RF coil (RAPID Biomedical, Rimpar, Germany). 3D fast spin echo DT-
MRI acquisition with monopolar diffusion weighting (DW) gradients was performed in the
heart with complex CHD (maximum gradient strength = 26G/cm). Acquisition parameters
were: isotropic resolution = 156um, field of view = 2cm’, TR/TE = 600/18ms, flip angle 90°,
with 3 spatial averages. DW was applied in 30 directions with 3 unweighted b0O-volumes,
with DW of b = 1180 s/mm?, gradient strength 0.26T/m, duration 0.5ms and separation 10ms.
Image analysis

Tissue and arterial tree segmentation

Datasets were analyzed with Fiji (reslicing/rendering), and image analysis software llastik'®
(image segmentation). Segmentation of Paganin reconstructed dataset was performed semi-
automatically using the two-stage pixel classification module in //astik. Then, morphological
operations were applied to smooth segmentations using first an in-house algorithm

implemented in Matlab (R2016b, The MathWorks Inc., Natick, Massachusetts, USA, 2016)
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and secondly the Seg3D image processing software'’. Coronary arteries were manually

segmented by labelling some slices, then performing a 3D interpolation in 3D Slicer'®.

Delineation of the conduction tissue
Conduction tissue was visualized as low-density (dark) regions surrounded by connective
tissue visible as high-density (bright) areas within the X-PCI images as described in previous

L1 The obtained dataset was rotated and

studies of normal fetal and postnatal human hearts
resliced in Fiji to investigate the cardiac conduction system. In order to improve the
visualization of conduction tissue, maximum intensity projection (MIP, depth 5 slices) was
performed in the resliced dataset, to improve contrast between differing cardiac tissues. The
components of the conduction system including the atrioventricular node (AVN), non-
branching, left and right bundle branches were manually traced in Seg3D software'’. 3D
interpolation of delineated areas was performed to obtain a 3D volume reconstruction of the
whole conduction system in 3DSlicer'.

Quantification of the myocyte aggregates orientation

X-ray phase-contrast imaging

The gradient structure tensor was calculated on the reconstructed image dataset without
Paganin filter to estimate the local orientation of the myocyte aggregates as described in'*'*.
Briefly, the oriented gradient magnitude in x, y and z-directions were obtained for each voxel
using a central difference algorithm. Then, the local structure-tensor within a voxel’s cubical
neighborhood was calculated. Eigen-decomposition of the structure tensor was performed to
transform the given gradient space into a space with three orthogonal vectors. The smallest

eigenvalue (4;), which indicated the direction with the lowest intensity variation, corresponds

to the vector pointing in the myocyte direction, vs. For the smallest eigenvalues’ vector vs,
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the helical angle (HA) ay was calculated as the angle between the transverse plane and the
vector projection to the local tangential plane of the cylindrical coordinate system of the heart
(see Supplementary Figure Sla-b).

Detail of the quantification of the HA distribution within both ventricles is provided in
section S1 of Supplementary material.

Magnetic resonance imaging diffusion tensor image

Intensity-based thresholding plus manual labelling was performed on baseline images to
obtain a mask of the cardiac tissue. The segmented mask was applied to all the DW images.
DT-MRI was estimated in the masked volume using Camino with a nonlinear optimization
method. Eigenvalues and eigenvectors of the diffusion tensor were computed and the
principal eigenvector vy, describing the main myocyte aggregates direction, was considered
to obtain the helical angle, computed as described in the previous section.

Computational modelling of electrical activation

Details about the simulations of the electrical activation propagation are provided in section

S1 of Supplementary material.
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RESULTS

Visualization of the overall cardiac structure and vasculature

Figure 1 displays example images obtained from the heart with complex CHD, reconstructed
using the Gridrec algorithm'” and the Paganin phase retrieval method'* showing short axis
slices at mid-ventricular (Figure 1a) and atrioventricular valve level (Figure 1b) as well as a
longitudinal resliced image through the common atrioventricular valve and apex (Figure 1c).
The structure of the three segments of the heart (atria, ventricles and great arteries) can be
clearly differentiated and analysed together with sub-structures such as atrioventricular and
arterial valvar complexes including fine detail of tendinous cords and valvar leaflets (Figure 1
d-e)).

When visualizing data using volume-rendering (Figure 2 and Supplementary Video 1) the
complete structure of the cardiac segments can be identified. Compatible with right
isomerism, there are bilaterally extensive pectinate muscles, as seen in short axis (Figure 2c).
The ventriculo-arterial connection is also evident, with a patent aortic valve arising from the
left-sided mRV and pulmonary atresia. Hypoplastic sinuses are seen within the atretic
pulmonary root, which would not be visible by standard techniques of dissection. The type
and mode of atrioventricular connection is also clearly seen. There is a biventricular AV
connection via a common atrioventricular junction, guarded by a common atrioventricular
valve in the setting of an AVSD.

Location of the conduction system in the abnormal fetal heart.

Figure 3 shows the feasibility of manual delineation of the conduction tissue in X-PCI
images. Using similar methodology to that used in serial histologic sections®'** the
conduction system was traced ‘section to section’ through the heart. Dual AVNs were
identified, one superiorly and one inferiorly joined by a sling of conduction tissue (common

bundle). The connection from the superior AVN to the common bundle was narrower than
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the connection inferiorly. The ventricular bundle branches were readily identified arising
from the common bundle astride the mid portion of the ventricular septum. Our findings
agree with those reported in similar fetal specimens with right isomerism and left-hand
topology.”"** A 3D reconstruction of the manually delineated conduction system, including
both AVNs, common, left and right bundle branches, is shown in Figure 3b and 3¢ and in
Supplementary Video 2.

Myocyte aggregates orientation

A longitudinal plane of the calculated HA of myocyte aggregates together with the
visualization of the resulting 3D vector plots within 4 different apical-basal short axis slices
of the normal and complex CHD fetal hearts, together with an overall rendering of the
resulting 3D fiber structure, are shown in Figure 4. The myoarchitecture of the
morphologically left ventricle (mLV) in the abnormal and control hearts show a gradual
change in HA from epi- to endocardium as has been showed in adults®. However, in the
heart with complex CHD, the middle layer of circumferential myocytes is thicker and the
deep layer of longitudinal cardiomyocytes thinner compared to the control. Regional areas of
more disorganized myocytes are evident in the septal and free wall of the mRV as reflected in
the plots of HA within selects slices (Figure 4). Moreover, a flipping of the myocardial
pattern within the mid septal wall is evident; myocyte orientation in the apex is normal, but
changes to a partially mirror-imaged transmural distribution at the base, similar to that seen in
Situs Inversus Totalis>".

Figure 5 shows the comparison of local helical angles determined by X-PCI (Fig. 5a) and
DT-MRI (Fig. 5b) within two slices (apical and mid ventricular). While the overall pattern is
qualitatively similar, both show the clear disorganization of myocyte aggregates within the
septum and mRV in mid-ventricular slices, the low resolution of DT-MRI images

(demonstrated by limited voxels across the lateral wall) makes it more difficult to see the

12
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gradual change in the local HA from endo- to epicardium clearly present in the X-PCI
images.

Disorganization in the septum of the isomeric heart is also evident when quantitatively
comparing the transmural profiles of HA with the normal control heart (Figure 6), showing a
lower linear correlation (R* = 0.81 £ 0.19 normal vs. 0.63 + 0.26 CHD) (Supplementary
Table 1).

Finally, according to the distribution of helical angles within the two ventricles (Figure 7),
the portion of myocyte aggregates running circumferentially was higher in the complex CHD
heart compared to the control; while the mRV in the control heart had approximately 2% less
circumferential myocardial strands compared to the mLV the percentage in the complex
CHD heart in mRV and mLV are approximately equal (RV =14.7+ 0.8 vs LV =14.0 £ 0.9

%).

13
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DISCUSSION

For the first time, we have non-destructively imaged and quantified the integrated myocardial
macro- and micro-structure of a whole ex-vivo human fetal heart with complex CHD. We
quantitatively extracted details of 3D micro-anatomy namely cardiac myocyte organization,
coronary circulation, and conduction system, and additionally showed how this can be used
to (computationally) study the effect of the observed remodeling on electrical activation, as
compared to a normal fetal heart.

Our approach shows a proof of principle for X-PCI, and subsequent analysis, to provide a
novel promising way for capturing relevant detail of 3D myocyte arrangement and
correlating with the conduction system and coronary supply without the need for sample
processing, sectioning and image registration. Similar results have been reported in a normal
adult heart by means of micro-CT imaging® but at approximately 10x lower resolution and
requiring iodination of the sample to increase image contrast.

The high-resolution images obtained by X-PCI allow us to discriminate the local
predominant direction of myocyte aggregates using a 3D structure tensor approach and, in
this initial study, to quantify the transmural distribution of HA . In both complex CHD and
control, we observed well-conserved transmural variations in HA from endo- to epicardium
in the free wall of the mLV, similar to those reported in human adults or animals'*'***. The
wider range of angle values and more regional differences in the HA of myocyte aggregates
in comparison to previous studies is likely due to the immature fetal myocardium as well as
higher-resolution of our data, allowing us to quantify subtler local changes, as well as the
ability to image the trabeculations in more detail. Our results support the hypothesis that
cardiomyocytes are aggregated end to end forming a 3D mesh. Our findings show that, even
in the midtrimester, there is a smooth change in the HA across the thickness of the mLV

rather than the abrupt change in HA that would be expected if the ventricles exist as a unique
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myocardial band.*® Some authors have also described the existence of myocardial “sheets” or
“sheetlets”. While myocytes undoubtedly clump into linked ‘colonies’ or ‘bunches’, we did
not find evidence to support myocardial “sheets” in our fetal hearts, albeit that the supporting
collagen network is known to be immature at this gestation®’.

In our case with complex CHD and mirror image arrangement of the ventricles our results
suggest that there is overall preservation of the change in HA of myocytic aggregates from
endo- to epicardium with a circumferential layer within mLV. The mRV is much more
disorganized with an extensive deep trabecular layer and smaller circumferential layer.
Moreover, while the transmural change in HA of myocyte aggregates in the mLV lateral
wall, from endo- to epicardium is quite linear and uniform between all short-axis slices, the
septal transmural HA distribution is less linear and more heterogeneous across slices,
particularly near the base of the heart. As has been reported in cases of Situs Inversus
Totalis**, we have observed that the orientation pattern of the myocyte aggregates changes
from apex to the base, where the superficial (more epicardial) layer of myocyte aggregates in
the complex CHD is thinner in the base compared to the apex.

These findings are clinically relevant, since in the abnormal heart, the mLV was noted to be
small on prenatal ultrasound. The parents had been counselled of the likelihood of a
functionally univentricular palliation being required following birth (the Fontan circulation).
In this setting, the mRV would have been the systemic ventricle after corrective surgery.
While we cannot predict how the mRV would have developed through subsequent gestation
and postnatally, it is well known that patients with right isomerism are particularly difficult to
manage following birth and surgery, partly attributed to the constellation of lesions that are
present®®. It is possible that there would have been delayed recovery with normal remodeling
of the mRV myocardium later in gestation. However, it is also possible that the regional wall

disorganization documented in this heart could persist and that this would lead to very
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abnormal regional function and wall stresses, contributing to abnormal global function as
well as development of remodeling and fibrosis, thus further contributing to morbidity or
mortality.

Finally, our electrophysiological biophysical simulations show the potential of exploiting the
high-resolution information retrieved from X-PCI images (detailed geometry integrated with
local myocyte orientation) to study cardiac electrical. Similar electrical activation studies
have been demonstrated in a normal adult heart by Stephenson et al.® Our initial results
suggest the presence of electrical dyssynchrony in complex CHD compared to control, likely
to lead to further mechanical inefficiency as often observed in CHD. Further delineation of
activation following the specific path of the ventricular conduction system could be
integrated in order to perform even more accurate and details simulations, but this was out of
the scope of this study.

Our study is proof of principle but given the potential value of investigating developmental
changes in the myocardium and micro-architecture in CHD, it strongly suggests that a
comprehensive survey of fetal hearts with a wide spectrum of disease is warranted.
Limitations might be availability of fetal material and access to time on synchrotrons
worldwide but with co-ordination of studies across centres both of these factors could be
overcome. With the rapid progress in synchrotron research and further clinical translation it
may, in the future, prove possible to perform non-invasive post-mortem imaging of whole

29,30 PR .
" and even in-vivo experiments.

fetuses at higher resolutions than other modalities
Translation of X-PCI to clinical scanners has already begun in the field of mammography for
breast cancer detection, working towards in-vivo assessment of tissue structure, fibrosis,
vessels without the use of contrast agents.

In conclusion, we have shown the potential of synchrotron X-PCI, to demonstrate macro- and

micro-anatomy of human fetal hearts in 3D, preserving invaluable research material for
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further study, and allowing detailed co-characterization of the myocardium, coronaries and
conduction system thus providing novel, clinically relevant insight into the structure of fetal

hearts with CHD.
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FIGURE LEGENDS

Figure 1. X-ray phase contrast synchrotron radiation-based micro-CT imaging of
complex CHD. Short axis (a)-(b) and a longitudinal resliced images (c) showing detail of
papillary muscles (a), common atrioventricular valve (b,c), aortic and tricuspid valves (d), the
aorta and pulmonary trunk (e). mLV, mRV: morphologically left and right ventricles

respectively; AVSD: Atrioventricular septal defect.

Figure 2. Detailed visualisation of cardiac anatomy and vasculature. (a) Volume rendered
image depicting detailed cardiac anatomy together with proximal coronary tree (red). (b)
Longitudinal and (c) short-axis virtual cuts of the 3D volume render showing details of
abnormal anatomy including AVSD, extensive pectinate muscles and atretic pulmonary

valve. mLA, mRA: morphologically left and right atriums respectively.

Figure 3. Delineation and 3D reconstruction of the conduction system in complex CHD.
(a) Virtual longitudinal cut of the resliced X-PCI dataset showing delineation of the
conduction tissue (dashed green line). (b) Maximum intensity projection of the X-PCI dataset
together with 3D rendering showing two AVNs connected by a sling of conduction tissue
(green). (¢) Volumetric reconstruction and 3D representation of the conduction system
(green) showing the common, left and right bundle branches. Sup. AVN and Inf. AVN:

superior and inferior atrioventricular nodes respectively.

Figure 4. Quantification of helical angle in fetal hearts. Longitudinal slice of the local
helical angle (HA) of myocyte aggregates together with representation of the 3D HA vectors
in four short-axis slices of both (a) normal and (b) complex CHD fetal hearts at different

apical-basal positions. (¢) From left to right: lateral left ventricle (LV), anterior, lateral right
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ventricle (RV), posterior and apical views of the fetal heart with tracking based on v3

eigenvector. Tracks were colour-coded by z-component value of the unit v3 vector.

Figure 5. Comparison between X-PCI and DT-MRI helical angle analysis. Estimation of
helical angle (HA) in two different apical-basal image slices with (a) X-PCI and (b) DT-MRI

analysis. All images were colour-coded by HA value.

Figure 6. Transmural variation in helical angle. Left ventricular transmural profiles of
helical angles across four segments (lateral, septal, anterior and posterior) in four different
slices (apical, mid-low, mid-high and basal) in the (a-d) normal and (e-h) complex CHD fetal

heart.

Figure 7. Histograms of helical angle in LV and RV of fetal hearts. Histograms of helical

angle for the left (LV) and right ventricles (RV) in four slices (apical, mid-low, mid-high and

basal) in the (a-d) normal and (e-h) complex CHD fetal hearts.
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Supplementary material
S1. Supplementary methods
Quantification of the myocyte aggregates orientation
X-ray phase-contrast imaging
To quantify the helical angle distribution within the LV and RV, first LV and RV were manually
delineated in the different short-axis planes. Then, histograms of the helical angle distribution within
each ventricle were computed across five adjacent apical, mid-low, mid-high and basal ventricular
slices with a bin size of 2°. The percentage of circumferential arranged myocyte aggregates was
calculated by considering only the myocyte aggregated with a helical angle within the range of [-
10°,10°]. To assess the local differences of the transmural profiles of myocyte aggregates orientation
in different regions of interested (ROI) within the LV, segments of LV myocardium of 20° wide in
short-axis plane were defined as the LV lateral, septal, anterior and posterior walls, as previously
done in other similar studies! (see Supplementary Figure S1). The transmural profiles of the helical
angle were calculated for each ROI in the apical, mid-low, mid-high and basal slices. To do so,
transmural profiles of helical angle, corresponding to each ROI, were averaged in polar coordinates.
Then, the profiles were plotted as a function of normalized wall thickness from endo-to epicardium.
Phase wrapping of the helical angle around +90°, as occurring particularly in the papillary muscles
region, was avoided by expanding the dynamic range to +150° to -90°. A linear regression fitting was
performed to the different transmural profiles to characterize their linearity. R2 coefficient and
gradient over the myocardial wall in °/mm were computed. All processing was performed using in-
house code developed in Matlab. Finally, 3D fiber tracking was performed in the whole heart along
vector v3 in Paraview?, using a 2nd order Runge-Kutta method. Tracks were displayed in the whole

heart and color-coded by z-component of the v3 eigenvector.

Computational modelling of electrical activation



The segmentation datasets created from the X-PCI images of both normal and abnormal fetal hearts
were subsampled four times along every axis. Subsequently, VTK? was used to construct the
corresponding hexahedral meshes, where every voxel was transformed into a hexahedron, resulting
in 25.5 and 40.5 million elements with edge length of 41.6um and 18.8um respectively. The local
orientation of myocytes aggregates calculated previously was assigned to every vertex of the 3D
meshes.

The electrical activation simulations were carried out using the monodomain approximation of
electrophysiology using Alya, the Barcelona Supercomputing Center (BSC)’s in-house, multi-
physics, HPC solver* on the MareNostrum 4 supercomputer on 432 high memory processors
(RRID:SCR _015737), at the BSC. The diffusion was assumed equal to half the diffusion of a normal
adult myocardium’ and the ionic cell model employed was the human myocyte model published by
Ohara® assuming all cells have an endocardial action potential. The simulations were initialized by

activating the whole endocardial surface.



S2. Supplementary results

Electrical activation simulations

The complex organization of the bundles of myocytes within the myocardium guides the propagation
of the electrical waves as well as the force development within cardiac tissue. Therefore, in order to
perform etiology- or individual-specific electrophysiological simulations, the specific orientation of
myocyte aggregates have to be mapped to the subject-specific volumetric anatomy. The results of the
electrical activation simulations performed in both hearts are summarized in Supplementary Figure
2, Supplementary Table 2 and Supplementary Video 3. Supplementary Figure 2a-c show the
cumulative histograms for the control and abnormal hearts normalized by the tissue volume and the
isochrones maps of electrical wave propagation of both hearts are displayed in Supplementary Figure
2d. While the complex CHD heart might be activated faster per volume unit, there is a clear
heterogeneity in activation, where both the synchronicity of RV versus LV, as well as the
homogeneous propagation within one ventricle, is hampered due to the myocytes disorganization

within the septum and RV.



S3. Supplementary figures

Apex-base (long) axis

radial axis

Supplementary Figure 1. Definition of eigenvectors, angles, and segments. (a) Cardiac
cylindrical coordinates and angle system used to describe myocyte aggregates orientation is defined
with radial, tangential (tang.) and longitudinal (long.) axis. The helical angle (an) is defined as the
angle between the short-axis plane and the projection of principal orientation onto the tangential-
longitudinal plane. (b) Scheme of the coordinates system defined with eigenvectors (vi, i=1...3)
obtained with structure tensor analysis. (c) Specification of regions-of-interest in the left ventricle

(LV): lateral, anterior, posterior and septal walls.
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Supplementary Figure 2. Activation times and isochrone maps of cardiac depolarization

seeded from the endocardium. Cumulative histograms of activation time in the (a) morphologically

left ventricle (mLV), (b) morphologically right ventricle (mRV) and (c) in both ventricles in the

normal (red) and in the complex CHD (blue) fetal hearts. (d) Isochrone maps of cardiac

depolarization in both normal (left) and complex CHD (right) fetal hearts.



S4. Supplementary Tables

Supplementary Table 1. Linearity (R? of the linear regression fitting) and gradient of transmural v3

helical angle profiles in apical, mid-low, mid-high and basal myocardial slices in lateral, septal,

anterior and posterior walls in the normal and complex CHD fetal hearts. Linearity and gradient were

measured from the LV endocardium to epicardium.

Lateral Septal Anterior Posterior
Gradient Gradient Gradient Gradient
Linearity Linearity Linearity Linearity

(°/mm) (°/mm) (°/mm) (°/mm)

Apical 0.97 -56.29 0.91 -46.00 0.99 -51.25 0.99 -47.67

—= Mid-low 0.99 -39.21 0.84 -39.77 0.97 -43.50 0.99 -42.87
E Mid-high 0.93 -27.30 0.54 -42.55 0.97 -35.05 0.94 -30.42
Basal 0.99 -38.07 0.96 -47.30 0.99 -42.97 0.87 -36.69
Apical 0.88 -36.66 0.73 -31.30 0.70 -36.89 0.885 -43.82
% Mid-low 0.96 -47.07 0.82 -59.67 0.88 -38.51 0.944 -44.90
Lg. Mid-high 0.87 -47.37 0.24 -24.69 0.94 -44.57 0.954 -51.69
S Basal 0.95 -50.61 0.72 -33.99 0.94 -40.57 0.838 -45.28




Supplementary Table 2. Activation times obtained from the electrophysiological simulations in

both normal and abnormal fetal hearts.

Activation times normalised by Normal Abnormal
volume

Left Ventricle (LV) (s/cm?®) 0.0159 0.0133
Right Ventricle (RV) (s/cm?) 0.0157 0.0187
Septum (s/cm?) 0.0073 0.0044
LV basal (s/cm?) 0.0157 0.0097
RV basal (s/cm?) 0.0096 0.0138
LV-Septum difference (s/cm?) 0.0084 0.0054

RV-Septum difference (s/cm?) 0.0023 0.0094




S5. Supplementary Videos

Supplementary Video 1. Top to bottom swept of the volumetric rendered image of the complex

CHD fetal heart.

Supplementary Video 2. Volumetric render of the delineated conduction system together with a

subvolume of the X-PCI dataset of the complex CHD fetal heart.

Supplementary Video 3. Electrical wave propagation in the complex CHD (left) and in the normal

(right) fetal heart. Colours indicated activation time.
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