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ABSTRACT

Objective To report on the feasibility of assessing cardiac structures on post-mortem 3-tesla MRI (pmMRI) and to
provide morphometric data in fetuses without cardiac abnormalities.

Methods Retrospective single center study on 3T pmMRI of 39 consecutive fetuses without cardiac abnormalities
(13-38 weeks of gestation). Fetal cardiac anatomy was assessed and measurements of cardiac structures were
performed on T2-weighted 3D multiplanar reconstructed images. Linear regression analysis was performed to

examine changes of cardiac dimensions during gestation.

Results The four-chamber view of the fetal heart could be obtained and the measurements of cardiac chambers and

ventricular walls could be performed in all 39 cases. The aorta and the pulmonary artery were visualized and their
diameters were measured in 38 (97.4%) fetuses, ductus arteriosus in 32 (82%). All measurements showed strong linear
correlation with gestational age. The relationship of the diameters of the pulmonary artery, aorta, and ductus arteriosus
remained constant over pregnancy. All these observations are consistent with what is known from prenatal ultrasound.

Conclusions The present study proves the feasibility of visualizing normal cardiac structures on 3-tesla pmMRI in
fetuses beyond 14weeks. We provide morphometric data that may enable diagnostic evaluation of cardiac

abnormalities on pmMRI. © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Conventional autopsy represents at present the gold standard
for post-mortem investigation of the fetus. The contribution
of fetal and neonatal post-mortem examination to clinical
practice is widely recognized and well-documented.'™ Despite
the proven value of autopsy, the rate of post-mortem
examinations of newborns and children has declined over the
last three decades.>” This is probably due to combination of
several reasons; one of the major objections making many
families declining to consent is the invasive nature of the
procedure.?

Therefore, imaging
(pmMRI) was proposed more than a decade ago as an
alternative to conventional autopsy.”'® pmMRI theoretically
provides detailed anatomic insight in a non-invasive way.
One recent study showed that pmMRI is accepted by nearly
all mothers.'! Several studies showed that pmMRI is a valuable
adjunct for the examination of central nervous system,

post-mortem magnetic resonance
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whereas identifying cardiovascular anomalies seemed to be
problematic.®%'>7'6 However, in the recent years, technical
advances, such as three-dimensional and high-field strength
(9.4T) MRI, improved cardiac evaluation on pmMRI. With
regard to structural abnormalities in small fetuses, 9.4T MRI
was shown to have a good diagnostic accuracy.'” One group
reported on the diagnostic usefulness of such technique
compared with low-field pmMRI in human fetuses with
congenital heart disease.'® However, only fetuses between 11
and 20 weeks were examined, because the bore diameter of
the 9.4T magnets does not accommodate larger fetuses. To
our knowledge, at present time, there are no studies reporting
on the assessment of the normal fetal heart on pmMRIL
Therefore, we aimed to document the ability of 3-tesla pmMRI
to visualize relevant cardiac structures in a group of fetuses
with proven normal cardiac anatomy and to provide
morphometric data that could be helpful for diagnostic
evaluation of cardiac abnormalities on pmMRI.
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MATERIALS AND METHODS

Study population

The study protocol was approved by the local ethics committee.
We retrospectively reviewed the fetal pmMRI that were
performed in our center during a two and a half year period
(December 2008-June 2011) after termination of pregnancy
(TOP) for chromosomal or severe structural abnormalities
diagnosed by detailed prenatal imaging or following intrauterine
fetal death.

For the present study, only fetuses with normal cardiac
anatomy were selected. Inclusion criteria were: (1) singleton
pregnancies with known exact gestational age (GA) based on first
trimester ultrasound (US); (2) absence of fetal congenital heart
anomalies either on prenatal ultrasound or on pathological
examination; (3) normal fetal growth reported on prenatal
ultrasound and (4) image quality sufficient to define most of
the fetal cardiac structures. We purposely excluded fetuses
with abnormalities that are likely to alter cardiac dimensions
or confound biometric measurements, such as congenital
diaphragmatic hernia, chest anomalies in skeletal dysplasia,
pulmonary hypoplasia in fetuses with renal anomalies, and fetal
hydrops. Moreover, fetuses with chromosomal anomalies that
are known to be associated to cardiac abnormalities were also
excluded from this study. Only three fetuses were excluded
because of poor image quality, two of them were 14 weeks of
gestation and one 13 weeks and 5 days. Moreover, one of these
fetuses was imaged on MRI 35 h after delivery.

For TOP prostaglandin induction of labor alone was used for
early or midterm pregnancies. For terminations at 24 weeks
or beyond, intracardiac injection of potassium chloride or
injection of lidocaine hydrochloride (Linisol) and fentanyl
(Fentanyl-Janssen) was used before induction of labor with
prostaglandins. Fetuses were kept in the delivery ward at 4°C
until MRI was performed.

After the MRI and in case informed consent was obtained
from the parents, fetuses were referred for conventional
autopsy carried out by an experienced fetal pathologist
according to a predesigned protocol.

Post-mortem magnetic resonance imaging

Magnetic resonance autopsy imaging (unfixed tissue) was
performed on 3.0-tesla units (either Magnetom Trio, Siemens
Medical Systems, Erlangen, Germany; or Achieva TX, Philips
Medical Systems, Best, the Netherlands). The fetus was
positioned supine and imaged with the wrist, knee, or head coil
according to the size of the fetus. Small fetuses were placed in a
60mL syringe filled with iso-osmolar solution (to increase
sample size on MRI). For assessment of fetal anatomy, we used
T2-weighted images, obtained using a 3D turbo spin echo
(HASTE) sequence with the following parameters: TE 131 ms,
TR 1000 ms, slice thickness 0.3 to 0.8 mm (according to the size
of the fetus), no intersection gap, field-of-view > 200 x 200 mm.
These parameters allowed acquiring images with isotropic
voxel resolution, suitable for high-resolution multiplanar
reconstruction (MPR). All fetuses were imaged according to
a predesigned full body MRI protocol, with a maximum
acquisition time of 40 min, independently from GA.
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Magnetic resonance imaging analysis

The fetal heart analysis was performed offline on MPR images
using Picture Archiving and Communication System (PACS,
Agfa-Gevaert N.V., Mortsel, Belgium). To investigate different
cardiac structures, we generated multiple views corresponding
to those prenatally obtained by ultrasound: upper abdomen
view, four-chamber view, five-chamber view, as well as main
pulmonary artery (PA) with bifurcation into left and right PAs,
and three-vessel and trachea view. In addition, by using
multiplanar imaging, we had a freedom to recreate numerous
images not only from the standard axial, sagittal, and coronal
planes, but also from different oblique planes.

Each heart was assessed by a sequential segmental approach
as suggested by Carvalho et al, 2005.*° First, visceroatrial situs,
cardiac position, size, and axis were established. Second,
number, arrangement, and relative size of the cardiac chambers
were analyzed. Moreover, position of the atrioventricular valves,
as well as continuity of the interventricular septum, was
assessed. The inflow veins (superior and inferior vena cava
[SVC/IVC], pulmonary veins) and the outflow vessels (aorta
[Ao], PA, ductus arteriosus [DA]) were evaluated with emphasis
on their relative size, origin, and course. In addition, the presence
of the aortic and pulmonary valves was determined.

Measurements

All the measurements of fetal cardiac structures were performed
on MPR images by a single operator. First, on a transverse plane
of the fetal chest at the four-chamber view, cardiac and thoracic
circumferences were measured (Figure 1). They were expressed
as a cardiothoracic (C/T) circumference ratio, by dividing cardiac
circumference by thoracic circumference. Further, on the same
four-chamber view, transverse internal diameters of ventricular
and atrial cavities, as well as the thickness of ventricular walls
and interventricular septum, were assessed (Figure 2). The
transverse internal diameter of each atrium was measured at
the level where the diameter was largest, from the lateral wall
to the septum atrium primum. The transverse internal diameter

im 28.8 m
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Area 2604 m
Avg 219.2'G

Figure T MPR PMMR image (transverse plane) in a 13 weeks and
2 days fetus with encephalocele showing measurements of cardiac
and thoracic circumferences at four-chamber view. The fetus is
scanned in a 60 mL syringe filled with iso-osmolar solution
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Figure 2 MPR PMMR image (transverse plane) demonstrating four-chamber view in a 33 week fetus with meningocele. The arrows indicate the
points for measurements of (a) cardiac cavities (atria and ventricles) as well as (b) the thickness of ventricular walls and interventricular septum

of each ventricle (endocardial-to-endocardial) was determined
just below the atrioventricular valve. The thickness of the
ventricular wall (endocardial-to-epicardial surface) and the
ventricular septum were measured just below the atrioven-
tricular valves. Internal diameters of Ao, PA, DA, and SVC were
assessed on multiple views. The diameter of each vessel was
measured in different planes (multiplanar view with three
orthogonal planes), and the mean of two measurements was
taken for further analysis (Figure 3). The diameters of ascending
Ao, as well as PA, were assessed above the aortic and pulmonary
valves at the level of the sinotubular junction. Moreover, the ratio
of the diameter of the PA to the diameter of the ascending Ao
(PA/Ao ratio) was calculated. The diameter of the descending
Ao was taken just below the entrance of the DA. Further, the
diameter of the DA was obtained at its middle, half the distance
between its union with the Ao and the PA (Figure 3). The
measurement of the SVC was carried out at its entry into the right
atrium. In most cases, on the transverse view, the IVC appears as
an oval-shaped structure slightly compressed antero-posteriorly.
Assuming that it was more circular in vivo, the diameter of
the IVC was calculated from the circumference (for the purpose
of graphic presentation). The latter was taken on the axial
view where the IVC enters into the right atrium (Figure 4b).
In all cases, measurements were performed only when the
image quality was good enough to allow clear definition of
the structures.

Statistical analysis

Statistical analysis was performed using Excel 2010 (Microsoft
Corp., Remond Wash., USA). Linear regression analysis was
used to determine the relationship between the measurements
of different cardiac structures and the GA.

RESULTS

Out of 160 pmMRI examinations, 39 matched the inclusion and
exclusion criteria. The median GA was 24 weeks (range 13w
2d-38w 6d). Of the 39 fetuses, 17 were female fetuses, and 22
were male fetuses. Thirty-seven fetuses underwent TOP, and
two were intrauterine fetal death. The medical indications for
the TOP are displayed in Table 1. Feticide was performed in
TOP in 26 cases. A prostaglandin induction of labor was
performed in all cases. Among the 39 fetuses, four had no
conventional autopsy (10.3%): three cases were terminated
because of a genetic disorder, and in one, a cytomegalovirus
fetopathy was present. pmMRI was performed within the
interval of 1h 10min to 20h 30min (median 6h 30min) after
delivery of the fetus. The median isotropic voxel size was
0.5mm (range 0.3-0.8 mm).

A four-chamber view could be obtained, and the heart and
the thoracic circumferences were measured in all 39 cases
(Appendix 1). The cardiothoracic ratio was fairly constant
throughout gestation with a median of 51% (range 46-57%)
(Figure 5). The widths of the cardiac chambers and the

Figure 3 MPR PMMR image on sagittal /oblique (a, b) and transverse (c) planes of 18 weeks fetus with segmental spinal dysgenesis. (a) long-axis
view of the right ventricle (RV); (b) long-axis view of the cortic arch; (c) three-vessel view. Arrows indicate the measurements of the diameters of aorta
(Ao) and pulmonary artery (PA). Ductus arteriosus (asterix) connects the PA to the Ao. RPA right pulmonary artery; SVC superior vena cava; S spine
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Figure 4 MPR PMMR images demonstrates inferior vena cava (IVC) on (q, b) transverse, (c) coronal, and (d) sagittal planes in a 24-week fetus
with genetic disorder. (b) IVC appears as an oval shaped structure slightly compressed antero-posteriorly. (b) measurement of the perimeter of

IVC at her entry into the right atrium

ventricular wall thickness, as well as of the interventricular
septum, were successfully assessed in all cases. The diameter of
the left atrium ranged between 2.0 and 12.8mm (median
7.6mm), being slightly smaller than the right atrium (range
2.0-19.7mm, median 10.0mm). Both ventricles were almost
equal in size ranging between 1.0 and 12.3 mm, with the median
value of 4.8 mm for the left ventricle and 4.7mm for the right
ventricle. The median value of the ventricular wall thickness
was 3.8 mm for the left ventricle (range 1.2-6.4 mm), 3.5 mm for
the right ventricle (range 1.2-6.2mm), and 3.1mm for the
interventricular septum (range 1.1-5.5mm). The great arteries
(Ao and PA) were visualized and measured in 38 cases (97%).
The only one where it was not possible was a fetus of 13 weeks
and 2days of gestation. The DA was successfully assessed in
32 cases (82%) (Appendix 2). The PA (median 3.9 mm, range
1.3-6.5mm) had the largest diameter throughout gestation,
whereas the ascending Ao (median 3.3 mm, range 1.1-5.6 mm)
followed the same growth curve but was slightly smaller than
PA, whereas the DA (median 1.3 mm, range 0.6-3.0mm) had
the smallest diameter (Figure 6). The PA/Ao ratio was calculated
in 38 cases and plotted against GA (range 0.85-1.58, median 1.16)
(Figure 6). SVC and IVC have been visualized and measured in all
39 fetuses. The pulmonary veins were not seen in one fetus of
13 weeks of gestation. The presence of the aortic and pulmonary
valves was noted respectively in 32 (82%) and in 33 (84.6%) cases.
On four-chamber view, the insertion of the tricuspid valve and
the mitral valve was visualized in 26 (66.7%) and 30 (76.9%) cases,
respectively. Five of these fetuses, in which both atrioventricular
valves could not have been assessed on pmMRI, were fetuses
below 18 weeks of gestation. In the remaining fetuses at different
GA, fluid levels due to post-mortem blood sedimentation
were observed.
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A significant correlation between GA and the dimensions of
cardiac structures was found, with linear growth over time
(Appendix 3[a,b]).

DISCUSSION

Herein, we demonstrate the feasibility of visualizing fetal
cardiac structures on 3-tesla pmMRI. With sufficient
resolution, normal cardiac structures can be discriminated
and measured as early as 14 weeks of gestation.

We report on the assessment of the normal heart on 3-tesla
pmMRI in fetuses between 13 and 38weeks of gestation. In
our study, we used 3D data sets with the slice thickness that
ranged between 0.3 and 0.8mm. As a result, we obtained
isometric voxel sizes for MPR in nearly all cases, clearly
improving the MPR image quality and resulting in better
visualization of the cardiac structures. As previous post-
mortem studies have primarily used low field strengths and
2D data sets,”*?? this could explain the difficulty to assess the
fetal heart. The use of higher field strength and isotropic 3D
sequences optimizes the image quality for multiplanar
evaluation of the cardiac structures.

One recent study compared the diagnostic utility of 1.5T, 3T,
and 9.4T MRI in fetuses at or under 20 weeks of gestation.'®
The authors concluded that only by using a 9.4T MRI fetal
cardiac structures could be visualized irrespective of GA. The
former study mainly focused on fetuses with congenital heart
disease. However, to our knowledge, to date, no dedicated
studies are available on cardiac evaluation on pmMRI in
fetuses without cardiac pathologies. Moreover, our study
provides biometric data of cardiac structures on pmMRI over
a wide GA range. Our results show that all cardiac dimensions
have a strong linear correlation with GA as previously

© 2013 John Wiley & Sons, lid.
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Table 1 Medical indications for termination for pregnancy in 37
fetuses

Type of anomaly Number of case:

Infrauterine infection:
Cytomegalovirus infection 11
Toxoplasmosis 1
Neural fube defects
Meningocele 2
Encephalocele 1
Lumbosacral spina bifida 2
Other nervous system anomalies:
Callosal agenesis (one case associated with pes equinus) 2
Infracranial bleeding 1

Hydrocephaly (posthemorrhagic; by third ventricular 2
obstruction)

Rhombencephalosynapsis 1

Megalencephaly polymicrogyria, and hydrocephalus 1
syndrome

Spinal dysgenesis 1

Fefal hypokinesia (migration disorder; suspect of valproic 2
acid embryopathy)

Distal arthrogryposis 2
Cloacal dysgenesis 1
Harlequin ichthyosis 1
Amniotic band syndrome 1
Microphthalmia and ventriculomegaly 1
Geneic disorders:

Mucoviscidosis (=cystic fibrosis) 1

Unbalanced translocation 5 and 6 (palatoschisis /cleft lip 1

on US);

PGRN mutation, known to be associated with 1
{romolemporo\ dimension

PROM at 18 weeks of gestation 1

GO% x P
S0% ,_‘_._r_'_ﬂ‘;'_’_g_f_f_t,
* * * &

4006
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é 300
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Figure 5 Cardiothoracic (C/T) ratio throughout gestation in 39
fetuses without cardiac abnormalities

described for measures by prenatal ultrasound®® and post-
natally on conventional autopsy.’*?® Interestingly, the
absolute values do not match perfectly; they seem to be slightly
lower than those of reference ranges derived from 2D fetal
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echocardiography.?®?%%’ Prenatal sonographic measurements
are taken at a definite point in the cardiac cycle (end-diastole),
when the chamber size and vessel diameter are at their
maximal size, and the ventricular wall dimensions are the
thinnest. Moreover, on prenatal ultrasound, some authors
measure the diameters of the great vessels at the level of the
valve,?>?® what also could result in slightly higher values.
Because in some cases on PMMR images, the valve is not
clearly visible, we chose to measure the diameters of Ao and
PA just above the assumed valvular level. Even reference charts
derived from morphological studies are often unreliable for
in vivo measurements.’**?®

Although individual values for the measurement of different
cardiac structures seem to differ from those reported in the
literature, the C/T ratio was concordant with prenatal
findings,”® about 50%. Wong et al. (2007)*° assessed PA/Ao
ratio at the level of three-vessel view in a group of 966 fetuses
between 16-24 weeks of gestation, and it was comparable to
the one in our study (1.14 and 1.16, respectively), highlighting
that although post-mortem changes might slightly alter the
dimensions of cardiac structures, the relationship between
the dimensions is maintained.

Two major strengths of our study are (1) the short time delay
between delivery and pmMRI and (2) the use of 3D sequences
with isovolumetric voxel size on a 3T MRI. This allowed us to
acquire good quality images for MPR and provided us with
an unlimited choice of image orientation to view the cardiac
structures in any desirable plane. Moreover, as 3T MR units
have no limitations regarding the size of the fetus and are
clinically more readily available, we could include in our study
fetuses from 13 weeks of gestation up to term. As shown by
other groups, the use of 9.4-tesla MRI provides an even better
tissue contrast and spatial resolution for evaluating the fetus
up to 20 weeks of gestation.'”'® Although the assessment of
actual diagnostic value of this technique was beyond the aim
of this study, we showed that the main cardiac structures can
be identified on 3T pmMRI in fetuses beyond 14 weeks.
Moreover, this technique allows examination of the fetal heart
in situ, where connections with other structures are
maintained and can easily be assessed. Furthermore, very
small structures can be assessed.

Our study has several limitations. First, although we
focused on pregnancies terminated for various non-cardiac
abnormalities, they may not be fully representative for a
normal healthy fetal population. Therefore, only fetuses with
anomalies not interfering with the cardiac anatomical
development and function and with documented normal
growth were included. The fetuses in this study group were
not homogeneously distributed throughout gestation. We are
aware that accurate morphometry may prove more difficult
in non-preselected cases or fetuses with cardiac pathology,
but the aim of this study was to investigate the ability of
pmMRI to visualize and measure the structures of the normal
fetal heart. Further studies in fetuses with cardiac or chest
abnormalities are necessary to validate the usefulness of the
provided normal reference data. Second, as one of the
objectives of the study was to provide reference values for
cardiac measurements, we limited our population to cases

© 2013 John Wiley & Sons, lid.
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Figure & Scatter-plots of pulmonary artery (left top image), corta (right top image), and ductus arteriosus (left bottom image) demonstrating
their growth (diameters measured on MPR 3T PMMR images) throughout gestation in fetuses without cardiac abnormalities. Pulmonary artery/

aorta (PA/Ao) ratio throughout gestation (right bottom image)

with good quality MR images (based on a subjective visual
assessment). Among all cases that met the other inclusion
criteria, only three cases had an unacceptable image quality.
All three of them had a GA less than 15weeks. At last, post-
mortem changes related to cessation of circulation and post-
mortem muscle contractions might limit the interpretation
and influence the correct biometry on PMMR images. As in
our case, we experienced difficulties to visualize the cardiac
valves and the continuity of the DA due to blood
sedimentation in cardiac chambers. Post-mortem contraction
of the fetal heart muscle might alter cardiac dimensions,
resulting in smaller ventricle cavities and thicker ventricular
walls. In the total post-mortem population of 160 fetuses,
cardiac contraction was observed on pmMRI in only two cases.
Both of them had a GA of 24 weeks and were not included in
the study population, on the basis of the inclusion criteria.
The measurements of the ventricular walls and the ventricular
cavities for these two cases were clear outliers on the presented
cardiac reference graphs.
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Fetal heart on post-mortem MRI
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