
______________________________________________________________________________________ 

MORPHOLOGIA • 2025 • Том 19 • № 4  

 

6 

Оглядові та проблемні статті 
Reviews and topical articles 
 

 

 

I.V. Chelpanova  

Ye.V. Paltov  

O.V. Smolkova 

A.M. Yashchenko  
 

Danylo Halytsky Lviv National 

Medical University 

Lviv, Ukraine  

 

Надійшла: 28.09.2025 

Прийнята: 28.10.2025 

 

 

DOI: https://doi.org/10.26641/1997-9665.2025.4.6-12 

 

UDC: 611.12:611.013:611.061.1 

METHODOLOGICAL APPROACHES 

TO THE STUDY OF CARDIAC SPATIAL 

TRANSFORMATIONS DURING ONTO-

GENETIC DEVELOPMENT 

 

Chelpanova I.V.  , Paltov Ye.V. , Smolkova O.V. , Yashchenko A.M.  Methodological approaches to 

the study of cardiac spatial transformations during ontogenetic development. 

Danylo Halytsky Lviv National Medical University, Lviv, Ukraine. 

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 μm [13]. This 

is significantly larger than what is possible with ultra-

sound (30 μm) and magnetic resonance imaging (100 

μm). 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 μm), 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 μm and a 

penetration depth of 4-5 mm, was used to analyze 

early mouse embryonic development [21]. A prereq-

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 mRNA 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.  

In a series 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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Челпанова І.В., Пальтов Є.В., Смолькова О.В., Ященко А.М. Методичні підходи до вивчення 

просторових перетворень серця в ході онтогенетичного розвитку. 

РЕФЕРАТ. Морфогенез ембріонального серця є складним і динамічним процесом, механізми якого 

залишаються не повністю з'ясованими. При дослідженні просторових перетворень серця та його камер 

використовують широкий спектр методів: гістологічні, растрову електронну мікроскопію, оптичну раст-

рову мікроскопію, мікрокомп'ютерну томографію та їх комбінації. Кожен з методів має свої переваги та 

недоліки. До теперішнього часу створені численні комп'ютерні моделі серця, засновані на аналізі широко 

відомих ембріональних колекцій. У цих моделях проведено ретельне морфометричне вивчення ембріона-

льних перетворень органу від 11-ї до 23-ї стадії розвитку за Карнегі (до кінця 8-го тижня гестації), проте 

існують лише поодинокі схожі дослідження в ранньому плодовому періоді розвитку – від 9-го до 15-го 

тижня. Слід зазначити, що саме даний період внутрішньоутробного розвитку є надзвичайно важливим з 

точки зору остаточного формування морфологічного профілю багатьох серцевих вад. Крім того, для ран-

нього плодового серця характерний найбільший дефіцит відомостей про кількісні параметри численних 

структур різних відділів серця, що розвиваються. Таким чином, багато деталей морфогенезу серця з'ясо-

вуються тільки зараз, зокрема, через складні геометричні перетворення порожнин камер і структур у складі 

їх стінок. Вони сприяють кращому розумінню архітектури ембріонального серця та дозволяють дати кіль-

кісну оцінку широкому спектру геометричних параметрів камер та структур стінки серця. Вони також є 

новим інструментом для дослідження нормального кардіогенезу та розвитку вроджених патологій серця. 

Це робить актуальним застосування сучасних інструментів тривимірного моделювання серця на основі 

тієї візуальної інформації, що отримана за допомогою класичних методів світлової та електронної мікрос-

копії. 

Ключові слова: серце, онтогенез, морфогенез, просторові перебудови, тривимірне моделювання. 

  


