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Abstract

Objective: In this pilot study, we tested the feasibility of cardiac structures reconstruction from histological sections in 12-13 weeks normal
fetuses. Conventional autopsy is hampered at this gestational age because of the small size of the heart anatomical structures, while
alternative non-invasive methods for pathology examination of the fetus are expensive, rarely available and lack accuracy data regarding
the confirmation of first trimester heart defects suspected by early prenatal ultrasound (US) scans. Materials and Methods: Normal hearts
from fetuses aged 12-13 gestational weeks (GW) were harvested for histological preparation, virtual reconstruction, and cardiac structures
analysis. The normalcy of heart structures was confirmed before pregnancy termination, using a detailed US scan protocol. The fetal heart
was routinely processed for formalin fixation and paraffin embedding (FFPE) and 10 um seriate sections have been cut until finishing the
specimen. All sections have been scanned and a three-dimensional (3D) reconstruction of the whole organ has been rendered, based on
computer-aided manual tracing. Using the 3D navigation software, the main cardiac structures were searched for a proper and confident
visualization. Results: Five cases were investigated. Visualization of the normal heart cavities, including atrioventricular septum was very
good in all fetuses. The entire course of right and left ventricle outflow tracts was confidently confirmed, along the branching pattern of
aorta and pulmonary artery trunk. Regarding the veno-atrial connections, it was easy to identify the entrance of the inferior and superior
caval veins into the right atrium, but a detailed review of the histological sections was necessary for the visualization of the left atrium
venous openings. The inherent morphological deformation following heart block sectioning resulted in a lower resolution or quality of the
“reconstructed” planes, but these distortions did not represent a significant impediment in any of the cases. The resources involved ordinary
histology and information technology (IT) equipment. To further decrease the time involved by the protocol, many steps may be automated:
cutting, coloring, and scanning. Conclusions: The results indicate that this method can be implemented to routine clinical practice. The use
of 3D reconstruction of fetal heart histological sections in first trimester may serve as an important audit to confirm the normalcy of heart
structures. Also, the histological and postprocessed information is retained, and this volume can be stored, reanalyzed, or sent online for a
second opinion. The method involves relatively undemanding resources, i.e., hardware, software, competences, and time. The procedure
could also benefit from refinements used in other imaging techniques to limit human—-computer interactions, such as sections distortion.
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specific recommendations have been developed by
professional societies regarding the objectives and technique
of the ultrasound (US) scan [2]. Still, the termination of

& Introduction

Fetal medicine is improving hastily due to technological

expansion combined with rising diagnostic experience.
The evolution of prenatal diagnosis enabled the detection
of fetal structural abnormalities as early as the end of the
first trimester of pregnancy. The first trimester anomaly
scan became part of the routine pregnancy care [1], and

pregnancy due to fetal severe malformations should be
audited according to an accurate anatomic diagnosis, to
confirm the echocardiographic diagnosis that prompted the
pregnancy termination. Frequently, fetal malformations at
this early gestational age are highlighted by using indirect
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techniques, as the Doppler imaging of the functional heart
activity. Conventional autopsy remains the “gold standard”
for fetal death or stillbirth evaluation [3], and the
confirmation of fetal defects suspected at the prenatal
US evaluations. Several large studies found that autopsy
added significant information regarding fetal heart in up
to one quarter of cases, when compared to prenatal US
diagnosis [4, 5] at a second trimester average gestational
age, which offer a better view on fetal heart structures than
first trimester assessment. Moreover, in first trimester
fetuses, an accurate conventional autopsy is hampered by
major difficulties, due to the small dimensions of the fetal
heart, accompanied by an equal complexity of its anatomy
and the wide diversity of cardiac malformation.

Ex vivo non-invasive imaging techniques, such as high-
resolution 7-9.4 T magnetic resonance imaging (MRI)
[6-8] and microfocus computed tomography (micro-CT)
[9, 10], were proposed as alternatives for autopsy in small
fetuses, less than 22 gestational weeks (GW), where the
information provided by conventional 1.5-3 T MRI has
important limitations [11-13]. Still, we have only limited
data regarding the detection of heart anomalies in first
trimester fetuses and the equipment’s and expert’s
availability is very low.

Advanced pathology procedures include dissection
microscopy and episcopic microscopy. Dissection microscope
was frequently used to confirm the anatomy in small
fetuses, but this requires special instrumentation and medical
training. Episcopic microscopy [14, 15], represents one of
the most accurate confirmation methods. The episcopic
alignment of images prevents distortions and excludes
realignment difficulties [16, 17], but is rarely performed,
due to the resources involved, the difficulties in obtaining a
balanced and homogeneous staining of the sample [18]
and lacks the benefit to reanalyze the original sectioned
tissues.

One of the first methods used to imagine embryonic
developing structures was three-dimensional (3D)
reconstructions of histological sections based on computer-
assisted manual delimitation of the organs of interest,
illustrated by medical artists or dedicated software
[16, 19, 20]. A previous pilot study confirmed that the
improvement of 3D reconstruction methods enables
accurate visualization and measurement of internal and
external cardiac structures and large vessels in fetuses
younger than 13 GW [21]. Nevertheless, this technique
was considered difficult and labor-intensive as it required
sophisticated manual cutting, histological preparation
and alignment of many sections and therefore left only
for researcher’s purposes. Still, nowadays many of these
procedures have been automatized.

Aim

The aim of our pilot study was to describe an casily
reproducible protocol meant to reconstruct fetal heart
anatomy using serial histological sections. This method
could be used widely in fetal medicine centers as an audit

for the first trimester heart scan, in pregnancy terminations
and miscarriages cases.

& Materials and Methods

The study protocol was proposed to pregnant woman
admitted in our Clinic for pregnancy termination at request

in the end of the first trimester (12—-14 GW). Medical
abortion protocol was elected, that involved Mifepristone in
conjunction with Misoprostol. The parents were informed
regarding our research project and agreed with the autopsy
and histopathological (HP) examination presented in this
paper.

Fetal anatomy was carefully evaluated before termination
by a team of experts in maternal-fetal medicine and pediatric
cardiology, according to a detailed first trimester protocol,
using both transabdominal and transvaginal approach. The
US scans were performed using Philips EPIQ 7 system,
Philips Ultrasound Inc., Bothell, USA, equipped with the
eL18-4 linear array, V9-2, 3D9-3v convex 3D array and
General Electric Voluson E10 system, GE Healthcare,
Zipf, Austria, equipped with RM6C and RIC6-12 convex
transducers.

Fetal autopsy was performed following the evacuation
of the fetuses in the Department of Pathology, Emergency
County Hospital, Craiova, where, during the procedure, the
fetal hearts were harvested and sent for further evaluation
at the Research Center for Microscopic Morphology and
Immunology, University of Medicine and Pharmacy of
Craiova, Romania. The whole tissue was fixed in 10%
neutral buffered formalin and routinely processed for
formalin fixation and paraffin embedding (FFPE). The
block was then sectioned in seriate 10 pm thick sections
until no tissue was left visible, using a motorized HMB450
rotary microtome (Thermo Scientific), using constant speed
and strokes. Sectioned slices were collected utilizing a
dedicated section transfer system (STS), flattened on a
warm water bath (37°C), collected on poly-L-lysine treated
slides for better adhesion, and left to dry in a thermostat
(37°C) for 24 hours. The slides were all numbered to
keep the slices in the correct order and 300 slices were
created. Subsequently, we used the protocols for the
classical histological technique for Hematoxylin—Eosin
(HE). The slides were deparaffinized, rehydrated with
decreasing concentrations of ethanol, till distilled water.
After rehydration, the sectioned were stained with HE,
all batches of slides being processed with exact timings.
The sections were last coverslipped with a xylene-based
mounting medium.

The slides were scanned utilizing a Nikon Eclipse 90i
motorized microscope (Nikon Instruments, Europe BV,
Amsterdam, The Netherlands) fitted with a Prior ES111
OptiScan motorized stage (Prior Scientific, Cambridge,
UK), a 16-megapixel Nikon DS-Ri-2 complementary metal
oxide semiconductor (CMOS) cooled camera and driven
by the Nikon NIS-Elements AR image analysis software.
Each image was numbered accordingly to maintain the
order of the slices. The resulting images were processed
using MATLAB algorithms (version 2019a, MathWorks,
USA), which removed blood contained in the heart cavities,
artefacts resulting from the slide scans. The canvas size of
the images was adjusted to be the same for all [22]. At first,
we undertook a preprocessing step that implied reducing
the first image’s size from 20 pm/pixel to 400 pm/pixel.
The process is needed to reduce registration time. The
staining process was not performed for the whole image
set at the same time, resulting in different stain condition,
thus different stain ratios on different slides. We have
overcome this issue by applying a color transfer between
images using a non-referenced version of the algorithm
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presented in [23]. The images were inverted and converted
to an 8-bit grayscale, after which we have subtracted
10/256 points of intensity from each pixel to obtain a black
uniform background. The pre-processing step ended with
the transformation into a grayscale with clear background.
The registration process involved using the current image
as reference for its neighboring images. In the end, we
have obtained a stack of 229 aligned images that were
imported and processed in Amira—Avizo from ThermoFisher
using a trial version. The slices were aligned using both
automatic and manual alignment. Image segmentation was
done manually by carefully selecting the anatomical
elements (myocardium, aorta, pulmonary arteries, trachea,
thymus, and the heart valves) one at a time on every slice
using multiple selection tools that the software has to offer.
Each individual element was attributed a “material”. This
made the selection and edit process much easier. The
“blow” tool was first used to select the bulk of the elements
using a tolerance of 20-35 and Gauss width of 4. The
selection was then refined using the “brush” and “lasso”
tool.

The automatic segmentation using the “threshold”
tool did not yield the results we expected due to the
presence of artefacts from the scanning of the slides and
the processing of the images. However, it can be used to
render the 3D volume but without the possibility of editing
each heart element individually. The images underwent a
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Figure 1 — Transabdominal evaluation of a 13+1 weeks’ normal fetus at the time of the first trimester anomaly scan:

smoothing process using the median filter. The settings
used were the following: interpretation 3D, neighborhood
26, and the number of iterations were 5. We found out
that these settings were best for our model as further
increasing of iterations would smooth the surface more,
but heart cavities and vessel’s lumen would fill up. The
pictures were taken using the snapshot function, “,jpg”
format, red, green, and blue (RGB) palette color.

The aim of the pathological assessment was to
demonstrate the aspect of the cardiac chambers and
atrioventricular (AV) septum, the venous atrial inflows
and ventricular outflow tracts.

= Results

The multidisciplinary examination of the fetal anatomy
was performed according to a detailed first trimester
protocol (Figures 1 and 2). Both transabdominal and
transvaginal techniques were used to investigate the first
trimester fetal heart because of the complexity of the heart
structures and small dimensions. The information provided
by grayscale mode regarding heart normalcy was always
complemented with color or power Doppler visualization
of the blood flows, as the heart chambers and great vessels
are usually too small for a proper visualization at this
gestational age.

T S e gl .
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(A) Crown-rump length measurement, to establish the gestational age; (B) Facial profile and evaluation of the genetic
markers: nuchal translucency, nasal bone, and facial angle; (C) Situs evaluation in the axial upper abdominal plane
at the beginning of cardiac sweep, with the stomach and aorta on the left side; (D) Cardiac sweep continuation with
the visualization of the four-chamber plane during diastole in Compare mode (grayscale and high-definition power
Doppler — Color Power Angio) showing cardiac chambers, septum and AV valves with crux cordis; (E) Four-chamber
plane during systole in Compare mode showing opened mitral and tricuspid valves and equal and separate AV flows.
Ao: Aorta; AV: Atrioventricular; LA: Left atrium; LV: Left ventricle; NB: Nasal bone; NT: Nuchal translucency; PV:
Pulmonary veins; RA: Right atrium; RV: Right ventricle; Sp: Spine; St: Stomach.
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Figure 2 — Great vessels evaluation in the same fetus, during the cardiac sweep: (A) LVOT plane, in Compare mode with
visualization of the aortic flow emerging from the LV; (B) Five-chamber plane in Compare mode, with aorta crossing
the RVOT; (C) RVOT with pulmonary artery emerging from the RV and branching in the axial plane; (D) Three-
vessel and trachea plane, duplex mode, showing the confluence of the arterial arches’ flows using Doppler. Ao: Aorta;
AoA: Aortic arch; DA: Ductal arch; LV: Left ventricle; LVOT: Left ventricular outflow tract; RPA: Right pulmonary
artery; RV: Right ventricle; RVOT: Right ventricular outflow tract; T: Trachea.

After scanning the microscopic slides, we obtained a  aspect was corrected as well using MATLAB (Figure 3B).
series of images that we analyzed and centralized in series ~ All images need different working tools in Amira—
(Figure 3A). Due to the nature of the HP preparation, Avizo from ThermoFisher (Figure 3C).
some of the slices were more dilated than others and this

Figure 3 — (4) Histological capture of a heart section; (B) MATLAB post-processing image of the same capture;
(C) Amira—Avizo segmentation editor view: individualizing each heart element.

A series of five fetal hearts harvested from 12+4 Visualization of the normal heart cavities, including AV
to 1342 gestational age fetuses medically aborted were  septum was very good (Figures 4-6) in all fetuses. The
evaluated. Fetal heart measurements ranged between emergence of right and left ventricle outflow tracts was
14/5/3.5 mm and 17/7/4 mm. also confidently identified, along their valves (Figures 4B
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and 5A), course (Figures 4D and 5A) and branching pattern
(Figures 4B and 5B) of aorta and pulmonary artery trunk.
Regarding the veno-atrial connections (Figure 4, A and B),
it was easy to identify the entrance of the inferior and
superior cava veins into the right atrium, but a detailed
review of the histological sections was necessary for a
confident visualization of all left atrium venous openings.

Figure 4 — Right heart evaluation: (A) Bicaval plane, showing the SVC and IVC atrial connections, indicated with

We noted a lower resolution or quality of the
“reconstructed” planes, mainly caused by the inherent
morphological deformation following heart block sectioning.
However, these distortions did not represent an impediment
to visualize the heart anatomy structures in any of the five
fetuses.

arrows; (B) RVOT with PV highlighted at the emergence of PT from the right ventricle and intact adjacent septum;
(C) Rotation of the fetal heart to visualize the rest (anterior part) of the IVS; (D) PT short axis view with trifurcation
of the main PA into the RPA, which wraps around the aorta, the LPA (indicated with arrow), and the large DA. Ao:
Aorta; AoA: Aortic arch; DA: Ductus arteriosus; IVC: Inferior vena cava; IVS: Interventricular septum; LPA: Left
pulmonary artery; PA: Pulmonary artery; PT: Pulmonary trunk; PV: Pulmonary valve; RA: Right atrium; RPA: Right
pulmonary artery; RVm: Right ventricle myocardium; RVOT: Right ventricular outflow tract; SRV: IVS view from
the right ventricle; SVC: Superior vena cava; T: Trachea; TV: Tricuspid valve.

Figure 5 — Left heart evaluation: (A) 1VS view firom the
LV and LVOT (aortic emergence) with AoV highlighted
in blue — interatrial communication view from the LA,
indicated with arrow; (B) Two venous connections of the
LA (black curved arrows) — concomitantly, pulmonary
artery trifurcation is better visualized. Ao: Aorta;
AoV: Aortic valve; DA: Ductus arteriosus; IVS:
Interventricular septum; LA: Left atrium; LPA: Left
pulmonary artery; LV: Left ventricle; LVOT: Left
ventricular outflow tract; PT: Pulmonary trunk; RPA:
Right pulmonary artery; SLV: IVS view from the left
ventricle; Th: Thymus.

=& Discussions

We present a protocol of standard histological preparation,
which ultimately enables the virtual reconstruction and
analysis of fetal cardiac structures at the time of first
trimester anomaly scan, 11-13 GW. This is important,
because the fetal heart’s size over the span of the first
trimester anomaly scan generates an important dilemma
regarding the best method to audit the heart structures
normalcy in pregnancy termination cases. At this age, the
fetal heart is too small for standard pathology investigation

Figure 6 — Heart section showing the valves of the great
vessels (A) and AV valves (B) in the same plane. AoV:
Aortic valve; AV: Atrioventricular; MV: Mitral valve;
PV: Pulmonary valve; TV: Tricuspid valve.

methods [24] and conventional MRI [11-13], too big
for alternate imaging methods, as the photonic confocal
microscopy [20, 25-27], US backscatter microscopy [28,
29], and optical coherence tomography (OCT) [30-32],
while non-invasive high-resolution imaging techniques,
as 7-9.4 T MRI [6-8] and micro-CT [9, 10] are still
performed only in research settings due to the low
availability and limited data regarding the reliability of
first trimester heart anomalies detection. The principle
of 3D reconstructions of embryonic organs based on
computer-aided techniques is not new [16, 19] and in our
opinion, should not remain a historical one, but improved
for the first trimester autopsy purposes. In our experience,
the use of the technical advances in histological preparation
and computer-imaging software overcome the previous
highlighted disadvantages of the method. Thus, we
developed a protocol that involves basic resources for
general settings, to obtain an accurate and reproducible
HP imaging of the first trimester fetal heart.
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The results of our pilot study showed that the main
features of the fetal heart anatomy, including atria and
ventricles features, septum, and ventricle outflow tracts
emergence and branching were achievable in all cases
using low resources in terms of equipment and medical
personnel. It was much harder to highlight left atrium
venous inflows, but the need to confirm abnormalities of
these structures is negligible in the first trimester, as the
veins identification is not part of the routinely US scan
protocol.

Non-invasive imaging tools were proposed to serve as
audit for first trimester anomaly, especially in the context
of alarmingly decreasing rates of fetal conventional autopsy.
In our view, it is questionable to audit an imaging in vivo
technique (US) with another one (MRI, CT) performed
postmortem. Poor image resolution of conventional MRI
accounts for significant errors regarding heart malformations
detection in fetuses less than 24 GW [7, 11, 13]. This problem
of image resolution in small-sized fetuses could be addressed
by carrying out postmortem MRI at high-field strength or
CT angiography [7, 9]. By utilizing high-field postmortem
MRI at 9.4 T, the four-chamber view and outflow tracts
can be viewed in all fetuses irrespective of gestational age
(8 GW), while micro-CT improved resolution for imaging
small objects down to micrometers. Still, the human
and technical resources for such investigation are lacking
in general settings. This is also the main disadvantage
of advanced pathology techniques, such as episcopic
microscopy.

The literature and our studies as well highlighted the
need for an accurate early diagnosis in pregnancy [33-38].
Therefore, the main objective of our research was to
develop a feasible method to imagine the fetal heart in
the first trimester. As various techniques were proposed,
we aimed to use an optimal technique in terms of resources
involved, such as medical equipment requirements, software,
personnel, and time. 3D reconstruction of histological
sections based on computer-aided manual tracing appears
the optimal alternative for the conventional autopsy for
several reasons. First, the requirements for the protocol
are very lenient. Then, the use of histology offers the
possibility to reanalyze the original heart block and
correctly identify the tissue characteristics. It is also
important that any sectional planes may be reconstructed to
imagine various heart structures that may be considered
important for the respective case.

Regarding the resources we used, no custom-made
hardware is necessary: stained sections were digitized using
an ordinary scanner and computer. The other methods
we mentioned as a replacement for conventional autopsy
require professional, dedicated, and expensive equipment
and software. The software used for the reconstruction
procedure does not require programming skills and was
designed for end users and can be purchased at a
reasonable amount of money. To further decrease the time
involved by the protocol, many steps may be automated:
cutting, coloring, and scanning.

Our work represents a pilot project that confirms
the viability of cardiac structures reconstruction from
histological sections in first trimester fetuses. The results
denote that this method can be applied to regular clinical
practice. The method we used has several strong points.

The image reconstruction resolution from histological
sections is higher than conventional imaging methods,
while the heart volume information can be reexplored
using two-dimensional (2D) and 3D imaging.

Study limitation

We acknowledge the preliminary nature of this pilot
study, study which is limited to the reconstruction of
several normal hearts. The aim of our research was to
emphasis the applicability of the method in nowadays
settings. However, the quality of the images we have
obtained leaves little doubt that the method will be feasible
for the study of abnormal hearts.

Histological investigation requires a conventional
autopsy, one that has a much lower acceptance by parents
than non-invasive virtuopsy, which is accepted by nearly
all mothers. Thus, the high acceptance of virtuopsy makes
it a more acceptable alternative, as the rate of refusal of
conventional autopsy is rising and usually depends on
factors over which we have no control [39].

A lower resolution of the “reconstructed” planes was
noted compared with the other imaging methods. This
morphological deformation, inherent during heart block
sectioning and preparation could be corrected using external
marker-based automatic congruency [40], although this
approach was previously challenged because of the
difficulties to place external markers close enough to the
fetal heart [20]. This field may benefit from implementation
of image processing solutions that improve modeling of
distortions. Such correction software solutions are used
in other imaging methods, as micro-MRI or US.

& Conclusions

The use of 3D reconstruction of fetal heart histological
sections in first trimester has an important potential to
confirm heart anatomy, even in this era of great advances
in microscopy and imaging techniques. This method can
be used during routine clinical practice with few and
low-cost supplementary resources. Image reconstruction
from histological sections offers an excellent resolution
while all the information is retained, and the volume can
be stored, reexplored or sent online for a second opinion.
The procedure would benefit from refinements used in
other imaging techniques to limit human—computer
interactions, such as sections distortion.
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