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Development of Helical Myofiber Tracts

In the Human Fetal Heart: Analysis of
Myocardial Fiber Formation in the Left
Ventricle From the Late Human Embryonic
Period Using Diffusion Tensor Magnetic
Resonance Imaging

Saori Nishitani, MS; Narisa Torii, BS; Hirohiko Imai, PhD; Ryo Haraguchi, PhD; Shigehito Yamada
Tetsuya Takakuwa (2, MD, PhD

, MD, PhD;

BACKGROUND: Detection of the fiber orientation pattern of the myocardium using diffusion tensor magnetic resonance imaging
lags =12 weeks of gestational age (WGA) behind fetal myocardial remodeling with invasion by the developing coronary vas-
culature (8 WGA). We aimed to use diffusion tensor magnetic resonance imaging tractography to characterize the evolution of
fiber architecture in the developing human heart from the later embryonic period.

METHODS AND RESULTS: Twenty human specimens (8—24 WGA) from the Kyoto Collection of Human Embryos and Fetuses,
including specimens from the embryonic period (Carnegie stages 20-23), were used. Diffusion tensor magnetic resonance
imaging data were acquired with a 7T magnetic resonance system. Fractional anisotropy and helix angle were calculated
using standard definitions. In all samples, the fibers ran helically in an organized pattern in both the left and right ventricles. A
smooth transmural change in helix angle values (from positive to negative) was detected in all 16 directions of the ventricles.
This feature was observed in almost all small (Carnegie stage 23) and large samples. A higher fractional anisotropy value was
detected at the outer side of the anterior wall and septum at Carnegie stage 20 to 22, which spread around the ventricular wall
at Carnegie stage 23 and in the early fetal samples (11-12 WGA). The fractional anisotropy value of the left ventricular walls
decreased in samples with >13 WGA, which remained low (~0.09) in larger samples.

CONCLUSIONS: From the human late embryonic period (from 8 WGA), the helix angle arrangement of the myocardium is com-
parable to that of the adult, indicating that the myocardial structure blueprint, organization, and integrity are already formed.

Key Words: diffusion tensor magnetic resonance imaging ® fetal development m fetal heart m human late embryonic period m
myocardial fiber orientation

in the human embryo. Pulsation of the cardiac
tube begins at Carnegie stage (CS) 10 (4 weeks of
gestation [WGA]),"> which drives the placental circula-
tion. A concomitant change in the level of myocardial

The heart is the first functional organ to develop

organization proceeds after pulsation.® At first, trabec-
ulations emerge in the luminal layers of the ventricles
at CS 12 (4-5 WGA). During secondary trabecula-
tions, this trabecular layer becomes solidified in its
deeper part, while the remaining layer adjacent to the
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CLINICAL PERSPECTIVE

What Is New?

e We determined myocardial (ventricular) fiber
orientation using diffusion tensor magnetic
resonance imaging tractography in the late em-
bryonic human stages, corresponding to the
compaction (remodeling) phase with invasion
by the developing coronary vasculature, which
was even earlier than that reported in previous
studies.

e The helix angle arrangement of the myocar-
dium is comparable to that of the adult from the
human late embryonic period (from 8 weeks of
gestation), indicating that the myocardial struc-
ture blueprint, organization, and integrity are al-
ready formed.

What Are the Clinical Implications?

e These data may contribute to the emerging field
of fetal cardiology and give quantitative insight
into the normal development and activity of the
human fetal heart.

Nonstandard Abbreviations and Acronyms

CRL crown-rump length

CS Carnegie stage

DT-MRI diffusion tensor magnetic resonance
imaging

FA fractional anisotropy

HA helix angle

MR magnetic resonance

PA propagation angle

WGA weeks of gestation

ventricular lumen retains its trabeculations. Four cham-
bers and valves are established around CS 18 to 19
(7 WGA). Remodeling of the fetal myocardial pattern
to the adult arrangement begins at CS 22 (8 WGA)
with invasion by the developing coronary vasculature,
which enables perfusion of a large volume of the myo-
cardium, leading to thickening of the heart wall.* The
myocardium develops and differentiates from the fetal
to the neonatal period.®

The fibers of the myocardium are arranged in a
laminar structure® and crossing helical pattern in
adults.” Concerning the architecture of the heart, 2
models were proposed from gross dissection to his-
tological presentation. In the cardiac mesh model,?
the myocytes are arranged longitudinally and change
their angulation radially along the myocardial depth.
In contrast, in the helical ventricular myocardial
model (myocardial band), the ventricular myocardium
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is a continuous anatomical helical layout of myocar-
dial fibers.910

Diffusion tensor magnetic resonance (MR) imag-
ing (DT-MRI) tractography provides unique informa-
tion about the structure, organization, and integrity of
the myocardium. Evaluation of the microstructure of
the human heart with DT-MRI allows 3-dimensional
imaging of the heart in an intact state. Many studies
of myocardial fiber architecture have used DT-MRI for
imaging normal adult hearts in murine, human, sheep,
rat, and rabbit models,"~"* including abnormal hearts
such as those with hypertrophy' and infarction.'>'3
DT-MRI enables 3-dimensional visualization of the
myofiber architecture and measurement of diffusion
anisotropy, showing a gradual transmural change in
helix angle (HA), with a circumferential zone formed
in the middle of an adult human left ventricular (LV)
wall. There is no abrupt change in the HA, as could
be expected if the wall was constructed according to
the helical ventricular myocardial model (myocardial
baﬂd).15’16

A recent DT-MRI study of normal human fetal
hearts showed that the myocardium remains highly
isotropic at the end of the first trimester.'"'® The char-
acteristic anisotropy and fiber orientation pattern
seen in postnatal hearts are developed in the sec-
ond trimester and these evolve gradually. Pervolaraki
et al'® used a 9.4T MR imaging (MRI) system and
showed that the architecture of the human ventric-
ular wall was still irregular and isotropic at 100 days
of gestation (15 WGA). By 140 days of gestation (20
WGA), the anisotropic and orthotropic architecture
with a transmural change in the myocyte orientation
by ~120° was observed. Detection of the fiber orien-
tation pattern using DT-MRI lags =16 and 12 WGA
behind the onset of cardiac pulsation (4 WGA) and
the remodeling of the fetal myocardium on invasion
by the developing coronary vasculature (8 WGA), re-
spectively, which may be a prerequisite for cardio-
myocyte maturation and alignment.

Adequate conditions for DT-MRI acquisition, es-
pecially, the diffusion gradient sampling scheme,
can improve the robustness of measurements for
quantities such as HA and fractional anisotropy (FA)
as well as propagation angles (PAs).'®2° Therefore,
in this study, we aimed to use DT-MRI tractography
to characterize the evolution of fiber architecture in
the developing human heart from the late embryonic
stage, corresponding to the stage in which the fetal
myocardial pattern was remodeled with discrete cor-
onary circulation. The degree of the HA, FA, and PA
was calculated, using similar indices, as in previous
studies.’®'1821 We determined myocardial (ventric-
ular) fiber orientation in the late embryonic human
stages (8—24 WGA), which was even earlier than that
reported in previous studies.
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METHODS

Human Fetal Specimens

The data that support the findings of this study are
available from the corresponding author upon reason-
able request. The ethics committee of Kyoto University
Faculty and Graduate School of Medicine approved
this study’s use of human embryo and fetal specimens
(E986, R0316).

The Kyoto Collection of Human Embryos and
Fetuses comprised =45 000 human fetuses stored
at the Congenital Anomaly Research Center of Kyoto
University.?>* Most specimens were acquired when
pregnancy was terminated for socioeconomic reasons
under the Maternity Protection Law of Japan. The sam-
ples were collected from 1963 to 1995 according to the
regulations relevant at each time. For instance, written
informed consent was not required from parents at that
time. Instead, parents provided verbal informed con-
sent to have these specimens deposited, and each
participant’s consent was documented in the medical
record. Some of these specimens were undamaged
within well-preserved fetuses. Aborted fetal specimens
were brought to the laboratory, measured, examined,
and staged using the criteria proposed by O’Rahilly
and Mller.?> Fourteen human specimens (crown-rump
length [CRL]: 18-74 mm; 8-15 WGA) and 6 dissected

Table. Samples Used in the Present Study

Helical Myofiber Tracts in the Human Fetal Heart

human fetal hearts (CRL, 71-160 mm; 13-24 WGA) from
the Kyoto Collection were used for this study (Table 1).
Five specimens were in the late embryonic period be-
tween CS 20 and CS 23 (8—-9 WGA), while the remaining
specimens were obtained in the fetal period.

Image Acquisition
MRI Acquisition System

A 7T preclinical MR system (BioSpec 70/20 USR,
Bruker BioSpin MRI GmbH) installed with ParaVision
5.1 software (Bruker BioSpin) was used for MRI.?®
According to the size of the specimens, 2 different con-
ditions were selected for data acquisition (Table S1). A
transmit-receive solenoid coil (inner diameter, 19 mm;
Takashima Seisakusho Co., Ltd.) was used for the dis-
sected hearts an embryonic and small fetal samples
(CRL, 18-32 mm; 8-12 WGA), and a circular polarized
transmit-receive volume coil (inner diameter, 72 mm,
T9562; Bruker BioSpin) was used for large fetal sam-
ples (CRL, 43-160 mm; 11-24 WGA). During MR meas-
urements, sample temperature was regulated at 21°C
by controlling the temperature of the air supplied in
the magnet bore via a heater system (MR-compatible
small animal heating system; SA Instruments Inc.).
The temperature of samples was monitored using a

Lv
Sample ID (CS) CRL, mm DGA, d WGA, wk In Vivo/Ex Vivo Coil Size, mm Wall Thickness, mm Volume, mm?
21334 (20) 18 54 8 In vivo 19 ND 4.2
31275 (21) 18 nd nd In vivo 19 ND 4.2
32783 (22) 20 nd nd In vivo 19 ND 5.0
20018 (23) 23 nd nd In vivo 19 ND 6.0
30363 (23) 26 63 9 In vivo 19 ND 4.9
F1730 30 82 12 In vivo 19 0.44 10.8
51397 32 72 " In vivo 19 0.60 9.0
F2307 43 75 " In vivo 72 0.69 31.0
51262 51 nd nd In vivo 72 0.54 19.9
F2148 65 95 14 In vivo 72 0.78 ND
F1934 68 97 14 In vivo 72 117 78.6
F2214 69 95 14 In vivo 72 112 70.0
37334 70 105 15 In vivo 72 0.87 46.4
F2482 71 88 13 Ex vivo 19 ND 209
52770 74 92 14 In vivo 72 1.42 ND
F2949 85 nd nd Ex vivo 19 1.21 183
F1599 94 nd nd Ex vivo 19 ND 102
F48 98 98 14 Ex vivo 19 1.65 118
F215 158 166 24 Ex vivo 19 1.99 536
F377 160 136 20 Ex vivo 19 1.80 650

CRL indicates crown-rump length; CS, Carnegie stage; DGA, day of gestation; LV, left ventricular; nd, not described; ND, not determined; and WGA, weeks
of gestation. The gray shade indicates the samples in embryonic period.
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thermistor temperature probe and monitoring system
(Model 1025, MR-compatible small animal monitoring
and gating system; SA Instruments Inc.).

T1-Weighted MR Images

To obtain morphological information of the heart,
T1-weighted (T1W) MR images were acquired using
a spoiled gradient echo sequence with the following
acquisition parameters for the dissected heart sam-
ples as well as the embryonic and small fetal sam-
ples. Repetition time was 30 ms; echo time, 4.152 ms;
flip angle, 25°, field of view, 15.36x15.36x15.36 mm?;
matrix size, 384x384x384; isotropic spatial resolution,
40 um; receiver bandwidth, 100 kHz; number of aver-
ages, 10; and acquisition time, 12 hours 18 minutes.
For the large fetal samples, they were as follows: echo
time, 2.842 or 3.192 ms; field of view, 15x22.5x15 mm?;
matrix size, 192x288x192; isotropic spatial resolution,
78 pm; number of averages, and 30; acquisition time,
13 hours 50 minutes. Other parameters were the same
as those for dissected heart samples.

Diffusion Tensor MRI

DT-MRI data set was acquired using a standard 3-di-
mensional diffusion-weighted spin echo pulse se-
quence. For the dissected hearts and embryonic and
small fetal samples with a CRL of 16 to 32 mm, imag-
ing parameters were as follows: repetition time, 300 ms;
echo time, 19.337 ms; field of view, 15x15x15 mm3;
matrix size, 150x150x150; isotropic spatial resolution
of 100 pm; and receiver bandwidth, 50 kHz. For large
fetal samples with a CRL between 43 and 74 mm, the
following imaging parameters were used: echo time,
19.037 ms; field of view, 15x22.5x15 mm?; matrix size,
100x150x100; and isotropic spatial resolution of 150 pm.
Other parameters were the same as those for dissected
heart samples. Diffusion was encoded along a set of
30 gradient directions, using a pair of trapezoidal gradi-
ent pulses of 0.239 ms rise time, 4.2 ms duration, and
9.3 ms separation, accompanied by a nominal b value
of 1000 s/mm? for dissected heart samples as well as
embryos and small fetuses with a CRL of 16 to 32 mm
and 600 s/mm? for large fetuses with a CRL between
43 and 74 mm. Five nondiffusion-weighted images
were acquired. The total acquisition time was 65 hours
38 minutes for dissected heart samples and 43 hours
45 minutes for large fetal samples. For fetal samples, 2
sets of DT-MRI data were acquired and then averaged
to improve the signal-to-noise ratio of the images.

Three-Dimensional Reconstruction and
Visualization of Fiber Tracts

The hearts were computationally reconstructed from
the T1-weighted images, and the LV thickness and
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volume were measured using Amira (version 5.5.0,
Visage Imaging). Heart volume was defined as that
from the apex to the short-axis plane where the aortic
valve was observed. The global coordinate system for
the left ventricle was defined for the measurement of
the HA and FA. The z axis passing through the center
of the LV lumen from the apex was determined using
the reconstructed image. The cross-sectional plane
orthogonal to the z axis was used for analysis in the
measurements of HA and FA. From the DT-MRI data,
fiber tracts were visualized using DSI Studio (http:/dsi-
studio.labsolver.org).

HA, FA, and Tractographic PA

FA and HA were calculated using standard definitions,
as previously described,’®" using custom-written
scripts in MATLAB (R2016a; The MathWorks, Inc.). HA
is defined as the angle between the local radial plane
and the projection of the primary eigenvector to the
plane tangent to the radial plane. HA was measured as
the indicator showing the inclination of the myofiber out
of the local short-axis plane. Transmural HA changes
from the endocardium to the epicardium of the left ven-
tricle were analyzed in the following 12 areas, namely
3 regions (anterior, posterior, and septum) on 4 cross-
sections (basal, upper-middle, lower-middle, and api-
cal).?” Transmural HA changes of the lateral wall of the
right ventricle were analyzed when the analysis of the
septum included the right lateral wall in smaller speci-
mens. The angles were calculated from the DT-MRI
data sets using a 10° “cake” slice.

FA index was measured by the average of the in-
dices of the 4 cross-sections (basal, upper-middle,
lower-middle, and apical). FA measures diffusion an-
isotropy and ranges between 0 and 1, where 0 means
isotropic diffusion and 1 indicates infinite values. The
PA was defined as the angle between 2 adjacent prin-
cipal eigenvectors relative to a given tract.”® Thus, PA
measured curvature as a differential by unit length,
with physical units of degrees per voxel.

RESULTS

Gross View

In this study, MR images acquired from the fetal sam-
ples were analyzed (Figure 1). Three-dimensional re-
construction showed the gross anatomy of the heart
including, 4 chambers and valves, aorta, and pulmo-
nary arteries in all samples. The fibers run in a heli-
cal pattern in both the left and right ventricles; thus,
the fibers in the subendocardium form a right-handed
or positive helix around the left ventricle, while those
in the subepicardium form a negative or left-handed
helix. The midmyocardial fibers are aligned circumfer-
entially. Fiber architecture in the septum was identical
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CRL 30 mm (12 WGA)

Figure 1. Three-dimensional reconstruction and fiber tracts of the fetal hearts.

A, Embryonic heart at Carnegie stage (CS) 23: T1-weighted magnetic resonance imaging on the upper-
middle section (left), 3-dimensional reconstruction (middle), and fiber tracts are visualized using DSI
Studio (right). B, Fetal hearts from the fetus with a crown-rump length (CRL) of 30 mm (12 WGA) and CRL
of 94 mm: fiber tracts are visualized at the ventral and apical views (CRL, 30 mm) and ventral view (CRL,
94 mm). LV indicates left ventricular; and RV, right ventricular.

to the pattern in the LV wall and was conserved from
the base to the apex. The apical vortex was notable
even in smaller samples (Figure 1B).

The LV wall thickness of the fetus with a CRL of 30 mm
(12 WGA) was 0.44 mm and that of the fetus with a CRL
of 1568 mm (24 WGA) was 1.99 mm (Table). LV wall thick-
ness increased linearly according to the fetal size (CRL)
(R?=0.85). LV wall thickness was not measured in the
embryonic period because it may be inaccurate owing to
the thin wall and irregular cavity surface of the trabecular
layer. The LV volumes of the heart from the fetus were 4.2,
9.0, and 650 mm? for a CRL of 18 mm (CS 20; 8 WGA),
32 mm (11 WGA), and 160 mm (20 WGA), respectively
(Table 1). The LV volume increased by the third power
according to the increase in fetal size (CRL).

Helix Angle

In fetal heart specimens, the cross-sectional view of
the myofiber tracts coded by HA showed organized
patterns in both the right and left ventricles (Figure 2).
The concentric gradual changes in colors indicate a
smooth transmural change in HA values (from positive
to negative) in all directions of the ventricles. Any-level
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and regional differences were not noted in samples of
the fetus with a CRL of 23 mm (CS 23) and larger sam-
ples at the fetal period. Although the ventricular wall
became thin between CS 20 and CS 22 (8 WGA), the
cross-sectional view of the myofiber tracts coded by
HA also showed concentric gradual changes in colors.
The transmural HA value linearly decreased for all 16
regions in the ventricles. This feature was observed in
almost all small (CRL, 23 mm [CS 23] to large [CRL,
160 mm]) samples (Figure 3). Such a linear decrease
in HA value of the wall was most clearly detected at
the upper-middle region, while it was occasionally am-
biguous in the lower-middle and apical regions.

Change in transmural HA in the 4 areas on the
upper-middle region of the left and right ventricles
according to growth demonstrated that such linear
decrease could be detected in all hearts except in
smaller samples in the embryonic period (Figure 4).
In that sample, the linear change in transmural HA
value was interrupted at the posterior wall (Figure 4,
arrow). Transmural difference in the HA value of the
ventricular wall was almost constant (between 80°
and 120°) in all samples but did not correlate with
growth (Figure 5).
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Embryonic period

CRL18 mm
(CS20; 8 WGA)

CRL51 mm

CRL68 mm (14 WGA)

CRL30 mm
(12 WGA)

CRL160 mm (20 WGA)

Figure 2. Upper-middle cross-sectional view showing the myofiber tracts coded by the helix

angle (HA).

The concentric gradual changes in the colors indicate a smooth transmural change in HA values (from
positive to negative) in all directions in the ventricles. Any prelevel or regional differences are not seen
in the samples of the fetus with a CRL (CRL) of 23 mm and in the larger samples in the fetal period. CS
indicates Carnegie stage; and WGA, weeks of gestation.

Fractional Anisotropy

The average FA value of LV walls was =0.2 in the em-
bryonic period. A higher FA value was detected at the
outer side of the left anterior wall and septum at CS
20 to 22, which spread around the ventricular walls
at CS 28 and early fetal samples (CRL, 30-51 mm;
11-12 WGA). The FA value of LV walls decreased in
samples from fetuses with CRL 65 mm (15 WGA)
and 160 mm (20 WGA), which remained low (=0.09)
(Figure 6).

Propagation Angle

Segments with low PA were coherent and have a low
radius of curvature. The majority of tract segments had
a PA of <20° in all of the samples examined (Figure 7).
The PA in the heart is essentially uniform, except for
the PA in the right ventricle and its insertion points to
the septum and inside the ventricular wall (trabecular)
where it is slightly increased.

DISCUSSION

In the present study, myocardial (ventricular) fiber ori-
entation was determined in the late embryonic human
stages (8 through 24 WGA), which was earlier than
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that reported in previous studies. The development
of coherent myofiber tracts was detected by HA in all
samples, including younger hearts, such as those at
the embryonic period (CS 20-23; 8-9 WGA). The lin-
ear change in HA value was observed in all areas, ex-
cept at the posterior wall in the embryonic period. The
middle to outer layers at the embryonic stage may
correspond to the compacted (remodeled) myocar-
dial layer, which became thick and formed matured
myocardium in the future. The border between the
trabecular and remodeled myocardium may cause
interruption of the linear change at the posterior wall.
Moreover, the HA value showed a pattern similar to
that reported in adult hearts,""" although the differ-
ence in transmural HA value was smaller (80-120°)
than that in the adult (=120°). The present data indi-
cated that the blueprint of the myocardial structure,
organization, and integrity at the compaction (remod-
eling) phase of the late embryonic period are essen-
tially similar to that of adults.

Previous studies in human hearts showed that
coherent fiber tracts can be detected with HA be-
fore the detection of anisotropy of the ventricular
wall by FA.'"'® That is, the fetal ventricular wall at 10
to 14 weeks was highly isotropic with FA, and few
tracts could be resolved with HA. The anisotropy in
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Figure 3. Transmural change in the helix angle (HA) on left and right ventricles.
HA value against transmural depth in left ventricular wall segments of human fetal hearts from fetuses

with a crown-rump length (CRL) of 23 mm (Carnegie stage [CS] 23) (A) and CRL of 160 mm (20 weeks of
gestation) (B).

the heart was first detected between 14 and 19 WGA. were well resolved with HA. The FA value reflects the

At 19 weeks, the fetal ventricular wall was still weakly relative structural maturity and plasticity of the heart.
anisotropic with a low FA, while coherent fiber tracts ~ Therefore, they concluded that myofiber organization
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The linear change was detected in the transmural HA value in all hearts except the smaller samples in the
embryonic period. Such linear change is interrupted at the posterior wall in the embryonic heart (arrow). CS
indicates Carnegie stage; and CRL, crown-rump length.
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Figure 5. Transmural difference in helix angle (HA) value between the inside and outside of the

ventricular wall according to growth.

The transmural difference in HA value (green dots) is calculated as the difference between the maximum
positive value inside (red rectangle) and the maximum negative value outside (blue rectangle) the

ventricular wall. CRL indicates crown-rump length.

and the differentiation of myocardium begins to de-
velop between 15 and 19 WGA (second trimester) and
continues to evolve after birth. That seems to be the
consensus at present. However, this process lags ~16
WGA behind the onset of cardiac pulsation and con-
traction (4 WGA),"> which may be a prerequisite for
cardiomyocyte maturation and alignment.

In this study, the FA value of the myocardium was high,
even in samples from the embryonic period (CS 20-23;
8-9 WGA) and early fetal period (CRL, 30—-51 mm; 1112
WGA), than the FA value in larger samples from the fetal
period. The FA value in such small human samples has
not been previously reported.”'® A high FA value was
detected mainly at the outer side of the wall, which cor-
responded to the layer of the compacted (remodeled)
myocardium. In this study, the FA value in larger samples
(CRL, 158; and 160 mm, 24, and 20 WGA, respectively)
seems to be compatible with that in a previous study.!”
The relationship between histological maturation and
increasing anisotropy was reported during the fetal pe-
riod,""® which was not always demonstrated in other
animal models.?"?829 Zhang et al®® speculated that the
higher water content in fetal tissue and physiological hy-
pertrophy of cardiomyocytes contribute to a lower FA.
The acute change between a CRL of 30 and 32 mm (12
and 11 WGA, respectively) was observed in the present
study. We cannot provide any data regarding whether
there is an important transition in fiber alignment during

J Am Heart Assoc. 2020;9:e016422. DOI: 10.1161/JAHA.120.016422

this period or whether it might be a secondary artifact.
It will be worth analyzing more samples to better under-
stand the progression.

The condition for DT-MRI acquisition may contrib-
ute to our improved results.”'® One significant differ-
ence from the previous study is the diffusion gradient
sampling scheme. Namely, 30 unique sampling ori-
entations with optimal arrangement'® were employed
in the present study while 12'® or 24'" orientations
were used in the previous study (Table S1). Jones has
shown that at least 30 unique and evenly distributed
sampling orientations are required for a robust esti-
mation of mean diffusivity, FA, and tensor-orientation
(main diffusion direction), whereas at least 20 unique
sampling orientations are necessary for a robust es-
timation of anisotropy.?® Therefore, the robustness
of measurements for quantities such as HA and FA
as well as PA estimated in the present study should
be better than the previous one. Another difference
is the MRI sequence. A fast imaging sequence such
as echo planar imaging was generally used for DT-
MRI' to accelerate image acquisition. However, the
acquired images often include sequence-related arti-
facts such as distortions, which are problematic in dif-
fusion tensor image analysis. Therefore, we employed
standard spin echo sequence in the present study for
acquiring artifact-free images and improving reliability
of estimated quantities.



Nishitani et al

Helical Myofiber Tracts in the Human Fetal Heart

A
Embryonic period
CRL18 m;n CRL20 mm (CS22)
(CS20; 8 WGA)
CRL43 mm (11 WGA) CRL51 mm CRL68 mm (14 WGA)  CRL160 mm (20 WGA)
Bo.6 -
FA ]
04 4
0 L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] 1
CRL 18 18 20 23 26 30 32 43 51 69 71 85 94 98 158 160 (mm)
WGA 8 nd nd nd 9 12 11 11 nd 14 13 nd nd 14 24 20 (weeks)
CS 20 21 22 23 23
Embryonic period Fetal period

Figure 6. Fractional anisotropy (FA) on ventricular walls according to crown-rump length (CRL).
A, Upper-middle cross-sectional view showing the myofiber tracts coded by FA value. B, Box plots of FA
values in each voxel of the entire left ventricle. In the box plots, the bars represent the sample range, the
boxes represent the second and third quartiles, and the middle line represents the median. The acute

change between CRL of 30 and 32 mm (12 and 11

weeks of gestation [WGA]) might be a secondary

artifact. It will be worth analyzing more samples to better understand the progression.

Limitations

This study has some limitations. First, the present
DT-MRI resolution limits the transmural HA value in
younger samples. DT-MRI was performed with a
resolution of =100 pm, which is sufficient to resolve
transmural patterns in the myofiber architecture in fetal
samples. In younger hearts, the spatial resolution of

J Am Heart Assoc. 2020;9:e016422. DOI: 10.1161/JAHA.120.016422

DT-MRI was limited in the later embryonic period (CS
20-23; 8-9 WGA), where the thickness of the myocar-
dium was <0.5 mm. The ventricle wall was resolved
only by 4 to 5 points in the youngest heart (CS 20; 8
WGA). A DT-MRI system with a much higher resolution
or use of other systems to detect the fiber tract should
be necessary in the analysis of a much younger heart.
Garcia-Canadilla et al*® showed using same sample
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Embryonic period

CRL18 mm
(CS20; 8 WGA)

CRL30 mm (12 WGA) CRL85 mm

CRL160 mm (20 WGA)

Figure 7. Propagation angle (PA) on ventricular walls according to crown-rump length (CRL).
Upper-middle cross-sectional view showing the myofiber tracts coded by the PA value. WGA indicates

weeks of gestation.

slices that the gradual change in the local HA from the
endocardium to the epicardium was clearly demon-
strated in the phase-contrast x-ray computed tomog-
raphy images but not in the DT-MRI because of limited
voxels across the lateral wall. Second, samples with
prolonged fixation were used. Postmortem changes
in structures visualized by DT-MRI have been shown
in rats,®" which indicate ~3° of change in myofiber HA.
The heart fibers change their direction between dias-
tole and systole, although the present fixed samples
were not examined in such phases. An inadequate
signal-to-noise ratio associated with dehydration
may result from the prolonged fixation of fetal hearts.
Prolonged fixation may affect ventricular volumes and
wall thickness. Third, for the measurement of HA and
FA, the left ventricle was recognized as having a cyl-
inder shape. Therefore, the results become inaccurate
at the apical to the apex region and the right ventricle.
A different coordinate system is required for the analy-
sis around the apex and right ventricle.

CONCLUSIONS

The present DT-MRI data have demonstrated coher-
ent tracts of the myocardium since the later embryonic
period, corresponding to the compaction (remodeling)
phase with invasion by the developing coronary vas-
culature. In this study, the HA value showed a pattern
quite similar to that reported in adult hearts, indicating

J Am Heart Assoc. 2020;9:e016422. DOI: 10.1161/JAHA.120.016422

that the blue print of the myocardial structure, or-
ganization, and integrity are already formed at the late
embryonic period. These data may contribute to the
emerging field of fetal cardiology and will give a quan-
titative insight into the normal development and activ-
ity of the human fetal heart.
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SUPPLEMENTAL MATERIAL



Table S1. Parameters of MRI acquisition.

Our study Pervolaraki et al.
19-mm coill 72-mm coil [18]

Magnet 7T 7T 94T
Coil size (inner diameter, mm) 19 72 ND
Repetition time (ms) 300 300 500
Echo time (ms) 19.337 19.037 15
Field of view (mm3) 15x15x15 15x22.5x15 14.8x14.8x20.8
Matrix 150x150x150  100x150x100 128x128x128
Resolution (isotropic, um) 100 150 100~170
Receiver bandwidth (kHz) 50 50 ND
Number of non-DW images (i.e. . c
nominal b-value = 0 s/mm?)

ND
Number of gradient directions 30 30 12
Nominal b-value (s/mm?) 1000 600 1000
Acquisition time 65h 38m 43h 45m ND
Number of scans 1 2 ND
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