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ABSTRACT. Embryonic heart morphogenesis is a complex and dynamic process, and its mechanisms remain incompletely
understood. A wide range of methods are used to study spatial transformations of the heart and its chambers, including
histological methods, scanning electron microscopy, optical scanning microscopy, microcomputed tomography, and com-
binations thereof. Each method has its own advantages and disadvantages. Numerous computer models of the heart have
been created, based on the analysis of well-known embryonic collections. These models have provided a thorough morpho-
metric study of embryonic organ transformations from Carnegie stages 11 to 23 (until the end of the 8th week of gestation).
However, only a few similar studies exist in the early fetal period—from the 9th to the 15th week. It should be noted that
this period of intrauterine development is extremely important for the final formation of the morphological profile of many
cardiac defects. Furthermore, the early fetal heart is characterized by the greatest lack of information regarding the quanti-
tative parameters of the numerous developing structures in various cardiac chambers. Thus, many details of cardiac mor-
phogenesis are only now being elucidated, in part due to the complex geometric transformations of the chamber cavities and
wall structures. These details contribute to a better understanding of the architecture of the embryonic heart and allow for
the quantitative assessment of a wide range of chamber geometric parameters and heart wall structures. They also offer a
new tool for studying normal cardiogenesis and the development of congenital heart defects. This makes it crucial to use
modern tools for 3D modeling of the developing heart based on visual information obtained using classical light and electron
microscopy.
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Embryonic heart morphogenesis is a complex
and dynamic process, and its mechanisms remain in-
completely understood. The heart begins as a linear
tube of myocardium lined with endocardial cells, un-
dergoes looping, and develops into a four-chambered
heart divided by valves and septa. This process en-
compasses a number of key events, including the

transformation of the tubular heart into a loop, ven-
tricular septation, and the development of the atrio-
ventricular valvular apparatus, disruption of which
leads to a large number of congenital heart defects [1-
3].

A wide range of methods are used to study the
shape of the heart and the relief of its chambers: his-
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tological, scanning electron microscopy, optical scan-
ning microscopy, and combinations thereof. Each has
its own advantages and disadvantages [4]. Photo-
graphic images, even with a known scale, do not al-
low for the measurement of image depth, thereby lim-
iting their use for determining three-dimensional spa-
tial characteristics. A fundamentally new perspective
on cardiogenesis emerges through the combination of
three-dimensional reconstruction of histological sec-
tions and methods for identifying proteins and other
compounds [5, 6]. This also allows for a precise un-
derstanding of the localization of various processes in
the developing heart. Although the careful processing
of histological sections and the use of a significant
number of sections for reconstruction are time-con-
suming, such work allows for the highly accurate
transformation of the obtained information into a spa-
tial computer model [7, 8].

Many aspects of heart development are topo-
graphically complex and require three-dimensional
reconstruction to understand the pertinent morphol-
ogy. A comprehensive guide to human cardiac devel-
opment, based on segmentation of structures of inter-
est in histological sections, has been published based
on a fundamental series of studies [3]. The hearts of
12 human embryos were imaged between their first
appearance at 3.5 weeks and the end of the embryonic
period at 8 weeks. The models were presented as cal-
ibrated interactive 3D files in portable document for-
mat (PDF). This was used to describe the appearance
and subsequent remodeling of the single heart tube
that occurs at the end of the fourth week after concep-
tion. Loop formation at 5 weeks, the formation of car-
diac compartments at 6 weeks, and finally the septa-
tion of these compartments into physically separated
left and right sides of the circulation at 7 and 8 weeks
were described [3, 9].

The phases are successive, albeit partially over-
lapping. Thus, the basic cardiac layout is established
between 26 and 32 days after fertilization and is de-
scribed as Carnegie stages (CSs) 9 through 14, with
development in the outlet component trailing that in
the inlet parts. Septation at the venous pole is com-
pleted at CS17, equivalent to almost 6 weeks of de-
velopment. During Carnegie stages 17 and 18, in the
seventh week, the outflow tract and arterial pole un-
dergo major remodeling, including incorporation of
the proximal portion of the outflow tract into the ven-
tricles and transfer of the spiraling course of the
subaortic and subpulmonary channels to the intraper-
icardial arterial trunks. Remodeling of the interven-
tricular foramen, with its eventual closure, is com-
plete at CS20, which occurs at the end of the seventh
week. The authors provided quantitative correlations
between the age of human and mouse embryos and
Carnegie developmental stages [3, 9].

Optical scanning techniques have been used to
demonstrate the spatial organization of cavities in the
early embryonic heart and their changes [10, 11]. Due
to the limited effective depth of such research, it is

only possible to study early stages and/or optically
transparent specimens. The heart, smooth on the out-
side with a significant radius of curvature, has an ex-
ceptionally complex geometry on the inside due to the
presence of trabeculae, septa, and valves. The internal
surface is also the site of application of hemodynamic
influences. To date, understanding of the changing
geometry of the internal surface of the heart has been
obtained from a small number of studies. Three-di-
mensional imaging methods have been used to iden-
tify features of normal and abnormal morphogenesis
[12], but none of these studies have focused on quan-
tifying the three-dimensional organization of various
segments, chambers, and the heart as a whole, fol-
lowed by their comparison. Determining quantitative
changes in cardiac chamber volumes and geometric
relationships of cavities would provide insight into
the changing function of the early heart, although per-
forming these measurements in microscopic tissues
may require different imaging techniques.

One technology used to measure complex geo-
metric shapes at low resolution is micro-computed to-
mography (micro-CT). Micro-CT uses high-power
X-rays to image the object, converting its density gra-
dient into a three-dimensional image. The scanning
head rotates 360° around the object, creating a virtu-
ally continuous series of flat (two-dimensional)
slices. Micro-CT can easily produce three-dimen-
sional image elements smaller than 10 pm [13]. This
is significantly larger than what is possible with ultra-
sound (30 um) and magnetic resonance imaging (100
um). Micro-CT is primarily used to visualize and
quantify bone architecture and development [14].
Studies using radiocontrast agents have enabled the
visualization of vascular structures associated with
bone fracture healing, as well as the vasa vasorum,
particularly the coronary arteries [15]. A potential ap-
plication of micro-CT is the assessment of cardiac
chamber cavities during embryonic development.
Additional information will be obtained by compar-
ing these results with serial section reconstruction and
scanning electron microscopy. Unfortunately, micro-
CT does not provide complete information on the vol-
umetric parameters and chamber relationships of the
developing heart.

Video light microscopy has been used to obtain
real-time images of the contracting embryonic heart.
This method is effective for assessing ventricular
function in the early heart. However, its capabilities
are limited at later stages, when only the cardiac sur-
face can be assessed [16]. Micro-MRI (with a resolu-
tion of approximately 12 pm), which is used for in
vivo imaging, is of great importance for analyzing the
structure of the early heart chambers and myocardial
architecture [17]. This method not only allows us to
determine the spatial characteristics of the developing
heart chambers but also to quantify the key structural
parameters within the myocardial muscle layers [18]
and evaluate the interaction between the trabecular
and compact myocardium of the embryonic heart [17-
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20]. However, the significant duration of the study
creates certain difficulties in analyzing cardiac dy-
namics, as the outlines of the structures are distorted
due to artifacts caused by movement during the car-
diac cycle.

High-frequency ultrasound microscopy (40-100
MHz), which provides a resolution of 50 um and a
penetration depth of 4-5 mm, was used to analyze
early mouse embryonic development [21]. A prereg-
uisite for using this technique is the presence of a con-
ductive medium or direct contact with the object be-
ing imaged.

The use of M-mode echocardiography is quite
problematic in experimental animals with high heart
rates, since the relaxation time of the ultrasound trans-
ducer limits the frequency at which data is recorded.
The use of three-dimensional reconstruction of atrial
components [22, 23] and proliferation processes in
the developing heart tube [24] provided initial in-
sights into the information that can be extracted from
studying computer models of the heart.

The development of three-dimensional ultra-
sound cardiography has provided impetus for the
study of the geometric shape of internal cardiac struc-
tures, such as fibrous rings. The spatial structure of
the bicuspid valve in healthy individuals and cardiac
patients has been studied in detail using three-dimen-
sional ultrasound cardiography. Before the advent of
three-dimensional echocardiography, the shape and
function of the mitral valve during the cardiac cycle
were studied using other three-dimensional imaging
methods. It was established that the geometry of the
fibrous rings changes during systole. The size of the
fibrous ring is known to increase in the second half of
systole after presystolic narrowing of the ring, and
then continues to increase in early diastole and
reaches a maximum during late diastole. Obtaining
three-dimensional images using this method has cer-
tain limitations, since for spatial reconstruction of the
internal structure of the heart, it is necessary to deter-
mine the appropriate anatomical landmarks before
constructing the model. This approach allows for an
assessment of the three-dimensional structure of the
mitral and tricuspid valves, but not their volumetric
relationship to the cavities during the cardiac cycle
[22, 23].

Recently developed techniques, such as laser mi-
crodissection combined with quantitative polymerase
chain reaction or mass spectrometry, can be used to
assess certain parameters. However, their application
in embryological studies is challenging due to the
small size and complex morphology of the develop-
ing heart. Powerful methods such as serial gene ex-
pression analysis and microprobes provide data on
gene expression but do not provide spatial infor-
mation. The use of MRNA and protein identification
methods, in situ hybridization, and immunohisto-
chemistry allows localization of specific mMRNA and
proteins in specific cells and tissues. Combining these

methods with radioactive studies and autoradiog-
raphy allows calibration followed by quantitative as-
sessment of staining intensity [22, 25]. For moder-
ately "amorphous" organs consisting of isotropic tis-
sue (liver), a limited number of sections can provide
complete information on gene expression and its gra-
dient. For complex objects such as the developing
heart, the spatial distribution of a specific gene ex-
pression product must be mapped throughout the en-
tire organ. In this case, studying a few random sec-
tions is insufficient.

Three-dimensional reconstructions in the study
of embryonic development were initially based on the
schematic delineation of the organ of interest and sub-
sequent depiction of the reconstructed organs by med-
ical artists [26]. With the advent of digital cameras,
spatial restoration methods have become widespread.
A review of previously existing reconstruction meth-
ods showed that they did not provide precise infor-
mation and, at the same time, were extremely labor-
intensive for researchers who implemented their re-
construction protocols using the hardware and soft-
ware available at the time. Results based on the col-
lection of episcopic images have recently been pub-
lished [27]. Episcopic methods based on fluorescence
allow for high-resolution imaging immediately be-
fore sectioning.

A study of the reconstructions showed that
hearts at the same stage of embryonic development in
the same species are identical. Carefully performed
reconstructions for a single stage are apparently suf-
ficient to create a representative model of a given de-
velopmental stage [28, 29]. The morphology of the
reconstructed models corresponds to the morphology
of whole-mount preparations of stained hearts. Volu-
metric quantitative characteristics of hearts at similar
stages differ by no more than 10%. These preliminary
results indicate that biological variation does not pose
a problem for population assessment. It should be
noted that the parameters were calculated according
to Cavalieri's principle and, thus, provide an objective
estimate of myocardial volumes [28].

Volumetric data on the structures of the devel-
oping heart can be used in mathematical and func-
tional models of cardiac development. Based on these
data, it was determined that a 100-fold increase in
mouse myocardial volume occurs over 6 days (be-
tween days 8.5 and 14.5 of embryogenesis) [23]. As-
suming that all cells in the heart undergo division dur-
ing this period, this increase in volume would corre-
spond to 6.6 cell divisions, meaning each cell should
divide at least once every 24 hours. However, accord-
ing to literature data and data obtained through quan-
titative modeling [25], cardiomyocytes differ in cell
cycle duration both within the heart at a given stage
and throughout the organ at different stages of devel-
opment. The increase in volume can be explained not
only by mitosis; other mechanisms, including cell
growth, migration, and transformation, must also be
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taken into account. Thus, our understanding of the dy-
namics of cardiac development at all stages of embry-
onic development will be supplemented by important
information obtained through quantitative and volu-
metric 3D computer reconstruction [30].

The principles of muscle mechanics previously
applied to the analysis of cardiac contraction focused
on the need to obtain detailed information regarding
the morphology of ventricular contraction. Currently,
there are numerous gaps in our knowledge regarding
changes in cardiac wall configuration, muscle fiber
orientation, and sarcomere size during the cardiac cy-
cle. This is necessary for constructing geometric
models that analyze the mechanics of ventricular con-
traction, as well as for developing an understanding
of the correlation between cardiac structure and func-
tion in health and disease. In situ and angiographic
studies of the external and internal parameters of the
left ventricle revealed changes in the shape and vol-
ume of the left ventricle during the cardiac cycle,
while examination of isolated papillary muscles and
the left ventricle established the relationship between
sarcomere size, muscle length, and the volume of the
relaxed heart [31]. However, studies of the external
and internal dimensions of other cardiac chambers, as
well as dynamic analysis of the cavities of the embry-
onic heart, were not conducted at that time.

Until now, no study has been conducted on the
relief morphology and internal structure of the con-
tracting left ventricle under known hemodynamic
conditions. Methods for rapid cardiac fixation in sys-
tole or diastole, described in a number of studies, have
made it possible to analyze the geometry of the ven-
tricular cavity and walls under specific hemodynamic
conditions. Information obtained through direct
measurements and dynamic techniques can be ap-
plied to the development of appropriate geometric
models for analyzing the mechanical properties of
ventricular contraction and relaxation. Changes in the
shape, volume, and thickness of the ventricular walls
require the creation of a continuously changing model
which, when related to established values of pressure
and blood flow, would ultimately allow the accurate
calculation of the distribution of stresses and shorten-
ings of the fibers throughout the cardiac cycle.

Currently, the emphasis in such research is on
studying the architecture of the cardiac chamber walls
at various stages of embryonic development, taking
into account changes in the orientation and distribu-
tion of muscle fibers during systole and diastole. To
adequately analyze the geometry of these fibers dur-
ing the cardiac cycle, it is necessary to perform three-
dimensional reconstruction in combination with other
morphological methods and compare the obtained re-
sults at all stages of postnatal and prenatal develop-
ment, which has previously been quite difficult.

Since morphogenetic changes in the heart are
spatial in nature, three-dimensional visualization and
analysis of cardiac development using other methods

are extremely important. Three-dimensional visuali-
zation is a powerful tool for embryological research
and significantly contributes to understanding the dy-
namics of morphogenetic changes in the embryo [32,
33]. Attempts to three-dimensionally reconstruct em-
bryonic structures have been made since the emer-
gence of embryology as an independent field of study.
Typically, spatial reconstruction of embryonic struc-
tures was performed based on serial histological sec-
tions of embryos, often using the wax slab technique
[34]. However, such reconstruction and imaging
methods require significant time and specialized
skills. Recent advances in computing technology
have made computer reconstruction of biological
structures more efficient. Various three-dimensional
structures have already been reconstructed using this
method, and the simulated images can be processed
at the researcher's discretion. In the field of studying
the development of the heart and large vessels, com-
puter modeling and computer graphics are used to
visualize the developing heart and blood vessels of
mice [12], chickens, and humans [35, 36].

Attempts have been made to reconstruct the
heart and large vessels at stages of human embryonic
development using computer programs. These at-
tempts have demonstrated that computer reconstruc-
tion is an important tool for detailed analysis of the
three-dimensional phenotype of embryos. During em-
bryonic development, spatially and temporally coor-
dinated morphogenetic changes occur. The cardio-
vascular system is one of the organ systems that un-
dergoes accelerated restructuring during ontogenesis.
In the earliest studies, spatial changes in the heart and
great vessels of human embryos were studied using
histological sections and wax-up reconstructions
[37]; these studies made significant contributions to
the study of human embryonic development. Studies
using computer reconstruction of the heart and great
vessels of normally developed embryos largely con-
firmed the results of these classical studies, although
some inconsistencies were noted.

Inaseries of studies by Yamada S. et al. [32, 33],
reconstruction of the structures of the cardiac cavity
and great vessels of the developing human embryo
using serial histological sections demonstrated their
consistent spatial changes. Embryonic structures
were analyzed using three-dimensional images. How-
ever, information on the cavity structures and their
volumetric and morphological changes during car-
diac development remained incomplete.

The successful development of methods for
early prenatal diagnosis of heart defects and the de-
velopment of cutting-edge micro-MRI and micro-
computed tomography technologies now enable reli-
able three-dimensional visualization of the develop-
ing human heart, beginning as early as the 14th week
of gestation [38]. These methods are inapplicable to
early fetal and embryonic hearts measuring less than
8 mm. In recent years, spatial modeling methods
based on a different principle—computer processing
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of histological sections followed by three-dimen-
sional reconstruction of the structures—have become
dominant in embryonic heart reconstruction [3].
Numerous computer models of the heart have
been created, based on the analysis of well-known
embryonic collections from Carnegie, Walmsley,
Boyd, Kyoto, and others [3, 35, 36, 39]. These models
have provided a thorough morphometric study of em-
bryonic organ transformations from Carnegie stages
11 to 23 (until the end of the 8th week of gestation).
However, only a few similar studies exist in the early
fetal period—from the 9th to the 13th week [33, 38,
39]. It should be noted that this period of intrauterine
development is extremely important in terms of the
final formation of the morphological profile of many
cardiac defects. Furthermore, the early fetal heart is
characterized by the greatest lack of information on
the quantitative parameters of the numerous develop-
ing structures of various cardiac chambers [3, 39, 40].

Conclusion

Many details of cardiac morphogenesis are only
now being elucidated, in part due to the complex ge-
ometric transformations of the chamber cavities and
structures within their walls. These changes contrib-
ute to a better understanding of the architecture of the
embryonic heart and allow for a quantitative assess-
ment of a wide range of geometric parameters of the
chambers and structures within the heart wall. They
also offer a new tool for studying normal cardiogene-
sis and the development of congenital heart defects.
This makes it crucial to use modern tools for spatial
modeling of the developing heart based on visual in-
formation obtained using classical light and electron
microscopy.
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Yeananosa L.B., [IaansToB €.B., CMoabkoBa O.B., SImenko A.M. MeTogu4Hi migxoau 10 BUBYEHHSI
NPOCTOPOBHX NMePEeTBOPEHDb CEPIS B X0/1i OHTOT€HETHYHOT0 PO3BUTKY.

PE®EPAT. Mopdorene3 eMOpioHAILHOTO CepLsl € CKJIAJIHUM 1 JJUHAMIYHUM HPOLIECOM, MEXaHi3MH SIKOTO
3aJIMIIAIOThCS HE IMOBHICTIO 3'scoBaHMMU. [Ipy mOCIiKEHHI MPOCTOPOBUX IEPETBOPEHB CEpls Ta HOro Kamep
BUKOPHCTOBYIOTh IIMPOKHUH CHEKTP METOIB: TICTOJIOTIUHI, paCTPOBY €JIEKTPOHHY MIKPOCKOIII0, ONTUYHY pacT-
POBY MIKPOCKOIIiI0, MIKDOKOMIT'IOTEpHY ToMorpadito Ta ix komOiHanii. KoxxeH 3 MeToiB Mae cBoi mepeBaru ta
HeJ0JTiKH. J{o TenepinHboro yacy CTBOpEHI YMCIEHHI KOMIT'IOTEPHI MOJIENi Ceplisl, 3aCHOBaHI Ha aHai31 IHPOKO
BiJOMHUX eMOpIOHAIEHUX KOJICKIIH. Y IUX MOJEIAX MPOBEACHO peTelbHe MOPPOMETpUIHE BUBUCHHS eMOpioHa-
JHHHUX TEPETBOPEHB oprany Bix 11-i mo 23-1 cranii po3suTKy 3a KapHeri (1o KiHIM 8-T0 THXKHSA TecTallii), mpoTe
ICHYIOTB JTUIIIE TIOOJUHOKI CXOI ITOCTIKEHHS B paHHBOMY ILIOJIOBOMY TEpiofli pO3BUTKY — Binm 9-ro 1m0 15-ro
TiokHA. CITijl 3a3HaYMTH, 10 caMe JaHUH Mepiosl BHYTPILIHEOYTPOOHOTO PO3BHUTKY € HAA3BUYAHO BaXKIIMBHUM 3
TOYKH 30py OCTaTOYHOTO (hopMyBaHHS MOpdooTidHOTO TIpodisto 6araTbox cepreBux Baa. Kpim Toro, mis pan-
HBOT'O IUIOJIOBOTO CEPLS XapaKTepHUIH HaWOIIbIIMK Ae(IlUT BiJOMOCTEH MPO KiNBKICHI apaMeTpy YUCICHHUX
CTPYKTYp PI3HHX BIAIUIIB ceplis, 10 PO3BUBAIOThCA. TakuM 4nHOM, OaraTo aeraineid MopdoreHesy cepus 3'sco-
BYIOTBCS TUIBKH 3apa3, 30KpeMa, 4epe3 CKIIaiHi TeOMETPHYHI IepeTBOPEHHS OPOKHUH KaMep 1 CTPYKTYP Y CKIIai
X cTiHOK. BOHM CIpHSAIOTH KpaloMy pO3yMiHHIO apXiTEKTypH eMOPIOHAJIBHOTO Ceplis Ta JO3BOJISIOTh IATH KiJlb-
KICHY OLIIHKY IIMPOKOMY CIIEKTPY T€OMETPHYHHX IapaMeTpiB Kamep Ta CTPYKTYp CTiHKH cepls. BoHu Takox €
HOBHM IHCTPYMEHTOM JJIsl JOCIII/PKEHHSI HOPMAaTbHOTO Kap/IioreHe3y Ta PO3BUTKY BPODKEHUX MATOJIOTIH Cepls.
Lle poOUTH aKkTyaJbHUM 3aCTOCYBAaHHS CYYaCHHUX iHCTPYMEHTIB TPUBHMIPHOTO MOJEIIOBAaHHS CEpLsi HA OCHOBI
Ti€l Bi3yanbHOI iH(opMaIlii, 10 OTpUMaHa 3a JOIMOMOTOI0 KIIACHIYHUX METO/IIB CBITIIOBOI Ta ENIEKTPOHHOT MiKpOC-
KOTTii.

Kuarouosi ciioBa: cepiie, oHTOreHe3, MophoreHes, mpocTopoBi nepedya0BH, TPUBUMIPHE MOJICTIOBAHHSL.
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