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RESUME

Background. The study of human coronary arteries (HCA) as a fractal system composed 
of arterial bifurcations (AB) has proven promising and effectiveness in the development 
of digital methods for diagnosing and treating vascular pathology. However, at present, 
there is no consensus among researchers regarding the theory of the optimal structure 
of HCA bifurcations and the methodology for calculating the internal diameters of arte-
rial segments (AS) that form these bifurcations under normal conditions.
Objective. To conduct a comparative analysis of morphometric data from real normal 
HCA and contemporary numerical modeling methods for calculating diameters of seg-
ments forming AB.
Methods. A comparative study was carried out on the internal diameters of 2,072 
AS comprising 1,078 AB from 60 corrosion casts of HCA obtained from hearts of both 
sexes, aged 36 to 74 years, without signs of pathology. Morphometric measurements 
were compared with values calculated using established equations, proposed 
by Mette S. Olufsen and G. Finet.
Results. It was found that the internal diameters of AS forming HCA bifurcations, ob-
tained by morphometry of corrosion casts and by calculations using the equations 
of Mette S. Olufsen and G. Finet, differ significantly.
Conclusion. For numerical modeling of realistic HCA geometry as a fractal structure 
composed of heterogeneous AB, the use of the equations proposed Mette S. Olufsen 
and G. Finet would not be appropriate. At present, there is no universally accepted 
theory of the optimal structure of HCA bifurcations, and consequently, no established 
technology for numerical modeling of realistic vascular geometry.
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РЕЗЮМЕ 

Обоснование. Исследование венечных артерий сердца человека (ВАСЧ) 
как фрактальной системы, состоящей их артериальных бифуркаций (АБ), до-
казали свою перспективность и эффективность при разработке цифровых 
методов диагностики и лечения сосудистой патологии. Однако в настоящее 
время среди исследователей нет единого мнения о теории оптимального 
строения АБ ВАСЧ и технологии расчета величин внутренних диаметров ар-
териальных сегментов (АС), составляющих АБ ВАСЧ в норме.
Цель. Провести сравнительный анализ результатов морфометрии реальных 
ВАСЧ в норме и современных методик численного моделирования диаметров 
сегментов, входящих в состав АБ.
Методы. Проведено сравнительное исследование величин внутренних диаме-
тров 2072 АС, составляющих 1078 АБ, 60-ти коррозионных препаратов ВАСЧ 
сердец лиц обоего пола в возрасте от 36 до 74 лет, без признаков патоло-
гии, полученных путем морфометрии и значений данных показателей, рас-
считанных с использованием известных уравнений, предложенных Mette  S. 
Olufsen и G. Finet.
Результаты. Установлено, что величины внутренних диаметров АС, входя-
щих в состав АБ ВАСЧ, полученные путем морфометрии коррозионных препа-
ратов и расчетным путем с использованием уравнений, предложенных  Mette S. 
Olufsen и G. Finet, значимо отличаются.
Заключение. Для численного моделирования реалистичной геометрии 
ВАСЧ, как фрактальной структуры, состоящей из разнородных АБ, будет 
не правильным решением использование уравнений Mette S. Olufsen и G. Finet. 
Сегодня можно говорить об отсутствии общепризнанной теории опти-
мального строения АБ ВАСЧ и, соответственно, технологии численного 
моделирования реалистичной геометрии русла.

Ключевые слова: сердце человека, венечные артерии, фрактальная система, 
бифуркация
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BACKGROUND

Following the paradigm of modern scientific research 
and the requirements of theoretical and clinical medi-
cine, traditional morphology is increasingly undergoing 
digitalization [1]. In today’s world, a simple verbal (qualita-
tive) description of anatomical structures is no longer suf-
ficient; medical theory and practice require a quantitative 
(digital) representation. This trend is directly reflected 
in the study of vascular beds in vital human organs, such 
as the heart, brain, kidneys, etc. The arterial beds of these 
organs can be considered as fractal (self-similar) systems, 
with the structural and functional unit (fractal) being a bi-
furcation. A bifurcation is a section of a vascular bed that 
consists of a parent vessel (D), two daughter (dmax, dmin) 
vessels, and the point where they join. Extensive research 
has been conducted on numerical modeling (a comput-
er-based research method that performs calculations 
based on a specific mathematical model to simulate re-
al-world physical objects or processes) of an arterial bi-
furcation (AB) [2-4]. From a theoretical perspective, this 
approach enables a quantitative description of the struc-
ture and function of the bed as a whole, as well as its in-
dividual components [5-7]. From a clinical perspective, 
the AB is a focus of attention for diagnosticians and inter-
ventional radiologists, as it is the most likely site for vas-
cular damage [8, 9].

Such studies have already demonstrated their po-
tential and efficacy in the development of digital diag-
nostic and therapeutic approaches for vascular patholo-
gy [8, 9]. However, there is currently a lack of consensus 
among researchers on the optimal design of the HCA 
bifurcation model and the corresponding technology 
for calculating the inner diameters of the arterial seg-
ments (AS) that comprise the HCA bifurcations in normal 
conditions. The theoretical data often diverge significant-
ly from the morphometric findings of real-world objects. 
This has guided the direction of this study.

THE AIM OF THE STUDY

To conduct a comparative analysis of the results 
of morphometric data of actual normal HCA and mod-
ern numerical modeling techniques for the diameters 
of the segments included in AB.

METHODS

Study design
A comparative study was conducted on the inter-

nal diameters of the segments constituting the HCA 
bifurcations, which were previously obtained through 
the morphometry of actual anatomical specimens [10] 
and numerical modeling. This study adheres to the eth-
ical standards set forth in 1964 Declaration of Helsin-
ki and its subsequent revisions. Ethical approval was 
granted by the local ethics committee at the Medical 

Institute of A.A. Kadyrov Chechen State University (Proto-
col No. 258/24-77, dated October 16, 2023).

Eligibility criteria
Inclusion criteria: Individuals of both sexes, aged 36–

74 years, who died from non-vascular accidental caus-
es; heart weight 250–350  g in women, and 300–400  g 
in men; and with no external organ damage.

Exclusion criteria: Age <36 years and >74 years; me-
chanical organ damage; history of diseases that may 
cause vascular injury; visually detectable vascular defor-
mities and anomalies; heart weight <250  g and >350  g 
in women, and <300 g and >400 g in men.

The study involved 60 samples of HCA corrosion 
preparations, which were manufactured according 
to a standard method [10]. Following morphometric 
analysis, numerical characteristics of the internal diame-
ters of the AS were obtained: D is the internal diameter 
of the maternal (proximal) AS (mm); dmax is the diameter 
of the larger daughter (distal) AS (mm); dmin is the diameter 
of the smaller daughter AS (mm), which constitute the AB 
of the corrosion preparations of actual HCA.

To obtain the calculated values of dmax and dmin, meth-
ods based on the previously described patterns were 
employed:

1) according to Mette S. Olufsen, et al., 2000 [11]:

2) according to G. Finet, et al., 2008 [12]:

A comparative analysis of the values of the studied 
parameters was conducted, using both morphometric 
measurements and equations (1) and (2). To assess the dis-
tribution of these values, the Kolmogorov – Smirnov test 
was applied, with a significance level of p < 0.05. Non-para-
metric methods of analysis were used (Wilcoxon signed-
rank test). Median values, 95% confidence intervals (us-
ing asymptotic methods), interquartile ranges (25–75%), 
as well as minimum (min) and maximum (max) values 
of the studied parameter were calculated. Statistical anal-
yses were conducted using the R programming language, 
employing the medianCI function provided by the MKin-
fer package: medianCI (x, method = “asymptotic”).

RESULTS

The study included 1,078 AB, consisting of 2,072 AS, 
without signs of pathology. The findings are present-
ed in Tables 1 and 2. It was found that the distributions 
of the studied parameters, including the internal diame-
ters of AS (D – maternal (proximal), dmax – larger daughter 
(distal), and dmin – smaller daughter (distal)), which were 
obtained through morphometric analysis of the HCA 
and using equations (1) and (2), do not follow the nor-
mal distribution pattern (Table 1). This finding was taken 
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into consideration when selecting subsequent methods 
for statistical analysis.

The values of the parameters studied, obtained 
through morphometric analysis and using equations (1) 
and (2), are presented in Table 2.

The data in Table 2 clearly demonstrate that the values 
of the internal diameter of the larger and smaller daugh-
ter (distal) branches of the AB, obtained through morpho-
metric analysis, significantly differ from the values of this 
parameter calculated using equations (1) and (2) (p < 0.05, 
where p represents the significance level for differences 
as determined by the Wilcoxon signed-rank test (here 
and further in the text).

A comparative analysis (Table  2) of the values 
of medians (Me) and 95% confidence intervals [CI 95%] 
of the internal diameters of the daughter (distal) AS (dmax 
and dmin), obtained from corrosion preparations of HCA 
from real anatomical specimens and using equations 
(1) and (2), convincingly demonstrates significant dif-
ferences (p  <  0.05) between the values of the studied 
parameters obtained through morphometric analysis 
and those calculated using these equations. It has been 
established that the measurements (Me [CI 95%], mm) 
of the larger and smaller daughter (distal) AS obtained 
through morphometric analysis (dmax = 0.60 [0.60; 0.70], 
mm and dmin  =  0.40 [0.40; 0.50], mm, respectively) are 
significantly lower (p < 0.001 and p < 0.001, respectively) 
than the corresponding measurements (Me [CI 95%]) ob-
tained using the equation (1) (dmax(Olufsen) = 0.63 [0.63; 0.72], 
mm and dmin(Olufsen) = 0.42 [0.42; 0.48], mm, respectively). 
The significance level for differences in the measurements 
(Me [CI 95%]) of the internal diameter of the larger daugh-
ter (distal) AS, obtained through morphometric analysis 
(dmax = 0.60 [0.60; 0.70] mm) and using the equation (2) 
(dmax(Finet) = 0.60 [0.60; 0.69], mm), is p = 0.033, although 
it can be visually observed that both measurements tend 
to converge. On the other hand, the measurement (Me 

[CI 95%]) of the internal diameter of the smaller daugh-
ter (distal) branch of the AB, obtained through morpho-
metric analysis (dmin  =  0.40 [0.40; 0.50], mm), is notice-
ably and significantly higher (p  <  0.001) than the value 
of the corresponding parameter (dmin(Finet)  =  0.34 [0.34; 
0.38], mm), obtained using equation (2).

It has been established (Table  2) that the interquar-
tile range (IQR) of the internal diameter of the larger 
daughter (distal) AS, obtained through morphomet-
ric analysis (dmax  =  0.80  mm) is significantly higher than 
the values of this parameter calculated using equation (1) 
(dmax(Olufsen) = 0.72 mm) and equation (2) (dmax(Finet) = 0.72 mm). 
Comparison of the interquartile range values of the inter-
nal diameters of the smaller daughter (distal) AS showed 

TABLE 1

RESULTS OF TESTING THE DISTRIBUTION OF THE 
VALUES OF THE STUDIED INDICATORS FOR 
COMPLIANCE WITH THE NORMAL DISTRIBUTION LAW

TABLE 2

VALUES OF THE STUDIED PARAMETERS OBTAINED BY MORPHOMETRY AND USING EQUATIONS (1) AND (2) 
(n = 2072)

Parameter Kolmogorov – Smirnov 
test statistics p

D 0.17 <0.001

dmax 0.18 <0.001

dmin 0.18 <0.001

dmax(Olufsen) 0.17 <0.001

dmin(Olufsen) 0.17 <0.001

dmax(Finet) 0.17 <0.001

dmin(Finet) 0.15 <0.001

Note. D – diameter of maternal (proximal) AS, morphometry; dmax – diame-
ter of larger daughter (distal) AS, morphometry; dmin – diameter of smaller 
daughter (distal) AS, morphometry; dmax(Olufsen) – diameter of larger daughter 
(distal) AS, equation (1); dmin(Olufsen) – diameter of smaller daughter (distal) AS, 
equation (1); dmax(Finet) – diameter of larger daughter (distal) AS, equation (2); 
dmin(Finet) – diameter of smaller daughter (distal) AS, equation (2); p – signifi-
cance level for differences.

No. Parameter
Values of the parameter

Me CI 95% Interquartile range (IQR)
(25–75%)

Minimum and 
maximum (min; max)

1 D (mm) 0.70 0.70; 0.80 0.80 0.10; 7.50

2 dmax (mm) 0.60 0.60; 0.70 0.80 0.10; 5.10

3 dmin (mm) 0.40 0.40; 0.50 0.40 0.10; 3.50

4 dmax(Olufsen) (mm) 0.63 0.63; 0.72 0.72 0.09; 6.75

5 dmin(Olufsen) (mm) 0.42 0.42; 0.48 0.48 0.06; 4.50

6 dmax(Finet) (mm) 0.60 0.60; 0.69 0.72 0.06; 6.69

7 dmin(Finet) (mm) 0.34 0.34; 0.38 0.33 0.06; 2.64

Note. D – diameter of maternal (proximal) AS, morphometry; dmax – diameter of larger daughter (distal) AS, morphometry; dmin – diameter of smaller 
daughter (distal) AS, morphometry; dmax(Olufsen) – diameter of larger daughter (distal) AS, equation (1); dmin(Olufsen) – diameter of smaller daughter (distal) AS, 
equation (1); dmax(Finet) – diameter of larger daughter (distal) AS, equation (2); dmin(Finet) – diameter of smaller daughter (distal) AS, equation (2); Me, median; 
[CI 95%], 95% confidence interval; IQR – interquartile range (25–75%); min – minimum value of the parameter studied; max – maximum value of the 
parameter studied; n – number of AS studied.
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that the morphometric value (dmin = 0.40 mm) is lower than 
that calculated using equation (1) (dmin(Olufsen) = 0.48 mm), 
but higher than the corresponding IQR value calculated 
using equation (2) (dmin(Finet) = 0.33 mm).

The minimum values (Table 2) of the internal diameters 
of the larger daughter (distal) AS dmax(Olufsen) (min = 0.09 mm) 
and dmax(Finet) (min  =  0.06  mm), obtained by calculations, 
are significantly lower than the dmax  (min  =  0.10  mm) 
parameter obtained through morphometric analysis. 
On the other hand, the maximum value of the internal di-
ameter of the larger daughter (distal) branch AB, obtained 
through morphometric analysis dmax  (max  =  5.10  mm), 
is significantly lower than dmax(Olufsen)  (max  =  6.75 mm) 
and dmax(Finet) (max  =  6.69  mm). The opposite pattern 
is observed with respect to the minimum diameter 
of the smaller daughter (distal) branch AB. The minimum 
value of dmin  (min  =  0.10  mm), obtained through mor-
phometric analysis, is significantly greater than those 
calculated using equation (1) dmin(Olufsen)  (min  =  0.06  mm) 
and equation  (2) dmin(Finet) (min  =  0.06  mm). With regard 
to the maximum value of the smaller daughter (dis-
tal) branch of AB, it is not entirely clear. The maximum 
value of the smaller daughter (distal) branch of AB 
dmin (max = 3.50 mm) is less than dmin(Olufsen) (max = 4.50 mm) 
and greater than dmin(Finet) (max = 2.64 mm).

DISCUSSION

Mette  S.  Olufsen et  al., 2000 [11] determined 
the values of the internal diameters of AS that comprise 
the HCA bifurcations: the internal diameter of the proximal 
AS – D, the internal diameter of the larger distal AS – dmax, 
the internal diameter of the smaller distal AS – dmin, based 
on the power law: 

This law is based on the principles outlined in the works 
of C.D. Murray, M. Zamir, and H.B.M. Uylings [13, 14], which 
are based on the concept of “minimum energy” in the ar-
terial system. The equation is valid for laminar flow, where 
ξ  =  3.0 [15], and for turbulent flow, where ξ  =  2.33 [16]. 
In the study by [17], it was found that for the HCA bifur-
cations, the characteristic value of ξ  =  2.76. According 
to data from a systematic review conducted by Taylor et al., 
the optimal index for the relationship between blood flow 
and vessel diameter in coronary arteries is 2.39 [18]. In com-

bination with equations for calculating the area ratio (η) 

(                               ) and asymmetry ratio (γ) (                     ), 

arteries (dmax and dmin) relative to the diameter of the par-

ent (proximal) artery (D)
where α and β are constants that characterize 

the asymmetry of the AB, n is the generation number 
(the division level of a newly formed set of AS), and n = 0 
corresponds to an AS that is at the beginning of a chan-
nel. In each generation, up to 2n vessels can exist. Within 
generation n, there can only be n + 1 AS of different sizes. 
This corresponds to k possible choices for the scale factor 
α, and n – k choices for the scale factor β, where 0 ≤ k ≤ n. 
The HCA continues to branch until any AS has a diame-

ter that is less than some specified minimum value (dmin). 
The asymmetry of the AB (γ) was determined using the fol-
lowing equation [19]:

where η is the area coefficient and γ is the asymmetry 
coefficient. Using the values of η = 1.16 and γ = 0.41 as well 
as ξ = 2.76 [14], the values of α and β can be determined:

G. Finet et al., 2008 [12] derived the equation through 
a study on the fractal geometry of the HCA bifurcations. 
The researchers measured the diameter of the parent 
AS (D) as well as the two daughter AS (dmax and dmin), 
that comprise 173 AB in the HCA radiographs of 59 pa-
tients without cardiovascular pathology. They found that 

the ratio                                                 remains constant at 0.678 

regardless of the observation scale. This finding confirms 
the fractal nature of the HCA bifurcations.

However, the results of this study suggest that it is not 
possible to obtain, through calculation using equations (1) 
and (2), values of the studied parameters that correspond 
to real morphometric data. This may indicate that the “min-
imum cost” principle [13, 14] is not suitable for numerical 
modeling of the structure of real HCA as fractal systems, 
at least for the section of the HCA studied in this research, 
which is the epicardial and transmural AS from the origin 
of the coronary artery to the level of the hemomicrocircu-
latory bed (up to 0.1 mm).

The majority of scientific studies on the HCA bifur-
cations are based on a fundamental biological principle 
described in 1926 by Murray’s law (C.D. Murray), which re-
lates the form and function of these branched networks 
[13]. This law is founded on the principle of minimizing 
the work required to generate and maintain blood flow, 
as well as the energy needed to overcome viscous resis-
tance [20]. This principle applies to both the epicardi-
al and transmural systems of the HCA, which are com-
posed of structural and functional units known as AB. 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,9𝐷𝐷;⁡𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,6𝐷𝐷 (1) 

 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)⁡ =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹); (2) 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 
 

  

 

𝐷𝐷𝜉𝜉 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝜉𝜉 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

𝜉𝜉  (

)   

 

𝜂𝜂 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
2 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

2

𝐷𝐷2  

 

 

 𝛾𝛾 = (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

)
2
 

 

 

𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 = 𝛼𝛼𝐷𝐷; 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛽𝛽𝛽𝛽;𝐷𝐷𝑘𝑘,𝑛𝑛 = 𝛼𝛼𝑘𝑘𝛽𝛽𝑛𝑛−𝑘𝑘𝐷𝐷 (5) 

 

𝜂𝜂 = 1 + 𝛾𝛾

(1 + 𝛾𝛾
𝜉𝜉
2)

𝜉𝜉
2
 

(6) 

 

𝛼𝛼 = (1 + 𝛾𝛾
𝜉𝜉
2)

−1𝜉𝜉
= 0,9⁡&⁡𝛽𝛽 = 𝛼𝛼√𝛾𝛾 = 0,6 (

) 
 

 

𝑅𝑅 = 𝐷𝐷 𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
⁄  

(3)
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,9𝐷𝐷;⁡𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,6𝐷𝐷 (1) 

 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)⁡ =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹); (2) 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 
 

  

 

𝐷𝐷𝜉𝜉 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝜉𝜉 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

𝜉𝜉  (

)   

 

𝜂𝜂 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
2 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

2

𝐷𝐷2  

 

 

 𝛾𝛾 = (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

)
2
 

 

 

𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 = 𝛼𝛼𝐷𝐷; 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛽𝛽𝛽𝛽;𝐷𝐷𝑘𝑘,𝑛𝑛 = 𝛼𝛼𝑘𝑘𝛽𝛽𝑛𝑛−𝑘𝑘𝐷𝐷 (5) 

 

𝜂𝜂 = 1 + 𝛾𝛾

(1 + 𝛾𝛾
𝜉𝜉
2)

𝜉𝜉
2
 

(6) 

 

𝛼𝛼 = (1 + 𝛾𝛾
𝜉𝜉
2)

−1𝜉𝜉
= 0,9⁡&⁡𝛽𝛽 = 𝛼𝛼√𝛾𝛾 = 0,6 (

) 
 

 

𝑅𝑅 = 𝐷𝐷 𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
⁄  

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,9𝐷𝐷;⁡𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,6𝐷𝐷 (1) 

 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)⁡ =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹); (2) 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 
 

  

 

𝐷𝐷𝜉𝜉 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝜉𝜉 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

𝜉𝜉  (

)   

 

𝜂𝜂 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
2 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

2

𝐷𝐷2  

 

 

 𝛾𝛾 = (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

)
2
 

 

 

𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 = 𝛼𝛼𝐷𝐷; 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛽𝛽𝛽𝛽;𝐷𝐷𝑘𝑘,𝑛𝑛 = 𝛼𝛼𝑘𝑘𝛽𝛽𝑛𝑛−𝑘𝑘𝐷𝐷 (5) 

 

𝜂𝜂 = 1 + 𝛾𝛾

(1 + 𝛾𝛾
𝜉𝜉
2)

𝜉𝜉
2
 

(6) 

 

𝛼𝛼 = (1 + 𝛾𝛾
𝜉𝜉
2)

−1𝜉𝜉
= 0,9⁡&⁡𝛽𝛽 = 𝛼𝛼√𝛾𝛾 = 0,6 (

) 
 

 

𝑅𝑅 = 𝐷𝐷 𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
⁄  

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,9𝐷𝐷;⁡𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,6𝐷𝐷 (1) 

 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)⁡ =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹); (2) 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 
 

  

 

𝐷𝐷𝜉𝜉 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝜉𝜉 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

𝜉𝜉  (

)   

 

𝜂𝜂 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
2 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

2

𝐷𝐷2  

 

 

 𝛾𝛾 = (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

)
2
 

 

 

𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 = 𝛼𝛼𝐷𝐷; 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛽𝛽𝛽𝛽;𝐷𝐷𝑘𝑘,𝑛𝑛 = 𝛼𝛼𝑘𝑘𝛽𝛽𝑛𝑛−𝑘𝑘𝐷𝐷 (5) 

 

𝜂𝜂 = 1 + 𝛾𝛾

(1 + 𝛾𝛾
𝜉𝜉
2)

𝜉𝜉
2
 

(6) 

 

𝛼𝛼 = (1 + 𝛾𝛾
𝜉𝜉
2)

−1𝜉𝜉
= 0,9⁡&⁡𝛽𝛽 = 𝛼𝛼√𝛾𝛾 = 0,6 (

) 
 

 

𝑅𝑅 = 𝐷𝐷 𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
⁄  

(4)

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,9𝐷𝐷;⁡𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,6𝐷𝐷 (1) 

 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)⁡ =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹); (2) 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 
 

  

 

𝐷𝐷𝜉𝜉 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝜉𝜉 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

𝜉𝜉  (

)   

 

𝜂𝜂 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
2 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

2

𝐷𝐷2  

 

 

 𝛾𝛾 = (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

)
2
 

 

 

𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 = 𝛼𝛼𝐷𝐷; 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛽𝛽𝛽𝛽;𝐷𝐷𝑘𝑘,𝑛𝑛 = 𝛼𝛼𝑘𝑘𝛽𝛽𝑛𝑛−𝑘𝑘𝐷𝐷 (5) 

 

𝜂𝜂 = 1 + 𝛾𝛾

(1 + 𝛾𝛾
𝜉𝜉
2)

𝜉𝜉
2
 

(6) 

 

𝛼𝛼 = (1 + 𝛾𝛾
𝜉𝜉
2)

−1𝜉𝜉
= 0,9⁡&⁡𝛽𝛽 = 𝛼𝛼√𝛾𝛾 = 0,6 (

) 
 

 

𝑅𝑅 = 𝐷𝐷 𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
⁄  

(5)

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,9𝐷𝐷;⁡𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,6𝐷𝐷 (1) 

 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)⁡ =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹); (2) 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 
 

  

 

𝐷𝐷𝜉𝜉 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝜉𝜉 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

𝜉𝜉  (

)   

 

𝜂𝜂 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
2 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

2

𝐷𝐷2  

 

 

 𝛾𝛾 = (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

)
2
 

 

 

𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 = 𝛼𝛼𝐷𝐷; 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛽𝛽𝛽𝛽;𝐷𝐷𝑘𝑘,𝑛𝑛 = 𝛼𝛼𝑘𝑘𝛽𝛽𝑛𝑛−𝑘𝑘𝐷𝐷 (5) 

 

𝜂𝜂 = 1 + 𝛾𝛾

(1 + 𝛾𝛾
𝜉𝜉
2)

𝜉𝜉
2
 

(6) 

 

𝛼𝛼 = (1 + 𝛾𝛾
𝜉𝜉
2)

−1𝜉𝜉
= 0,9⁡&⁡𝛽𝛽 = 𝛼𝛼√𝛾𝛾 = 0,6 (

) 
 

 

𝑅𝑅 = 𝐷𝐷 𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
⁄  

(6)

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,9𝐷𝐷;⁡𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) = 0,6𝐷𝐷 (1) 

 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)⁡ =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹); (2) 

 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) =
𝐷𝐷

0,678 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) 
 

  

 

𝐷𝐷𝜉𝜉 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝜉𝜉 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

𝜉𝜉  (

)   

 

𝜂𝜂 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
2 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

2

𝐷𝐷2  

 

 

 𝛾𝛾 = (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

)
2
 

 

 

𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 = 𝛼𝛼𝐷𝐷; 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛽𝛽𝛽𝛽;𝐷𝐷𝑘𝑘,𝑛𝑛 = 𝛼𝛼𝑘𝑘𝛽𝛽𝑛𝑛−𝑘𝑘𝐷𝐷 (5) 

 

𝜂𝜂 = 1 + 𝛾𝛾

(1 + 𝛾𝛾
𝜉𝜉
2)

𝜉𝜉
2
 

(6) 

 

𝛼𝛼 = (1 + 𝛾𝛾
𝜉𝜉
2)

−1𝜉𝜉
= 0,9⁡&⁡𝛽𝛽 = 𝛼𝛼√𝛾𝛾 = 0,6 (

) 
 

 

𝑅𝑅 = 𝐷𝐷 𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
⁄  



105105

ACTA BIOMEDICA SCIENTIFICA, 2025, Vol. 10, N 5

Cardiology

It is believed that the primary function of AB is blood 
transportation [21, 22]. However, this statement, which 
appears to be true for the proximal segments of the HCA, 
contrasts with the perfusing vessels of the distal seg-
ments, where a rapid increase in cross-sectional area (i.e., 
the increase in the total diameter of the vessels), contrib-
utes to a slower blood flow and less efficient substrate 
exchange [23, 24]. There is also compelling evidence 
that AB, in addition to transporting blood, also serve 
as the distribution and support system for an organ, acting 
as its soft skeleton. It should be noted that, in most stud-
ies, morphometric characteristics of AB focus on the ratio 
of internal diameters of the AS, rather than their lengths. 
However, it would be incorrect to assess hemodynamics 
and other functions of AB without considering the lengths 
of AS. In addition, the obtained results may be attributed 
to the fact that, as demonstrated by modern morphologi-
cal studies, the AB population in all areas of the HCA (both 
distal and proximal sections), is heterogeneous. Previous 
studies have identified four types of AB: 1 – complete 
asymmetry, D ≠ dmax ≠ dmin; 2 – lateral asymmetry, D = dmax 
and dmax ≠ dmin; 3 – one-sided symmetry – D ≠ dmax ≠ dmin 
and dmax  =  dmin; 4  – complete symmetry, D  =  dmax  =dmin 
in the composition of the HCA [25]. This, to some extent, 
explains the significant differences between the values 
of the studied parameters calculated and those obtained 
through morphometric analysis.

For discussion purposes. In the absence of a widely ac-
cepted theory on the structure and function of the HCA, 
the use of machine learning models appears to be a valid 
approach for numerical modeling the realistic geometry 
of the HCA. These models can be based on both classical 
regression techniques and neural network architectures, 
which are trained on morphometric measurement data. 
The channel geometry can be modeled as a fractal or pseu-
do-fractal system composed of structurally diverse AB.

CONCLUSION

Considering the above, it can be stated that 
at present, there is no unified, universally accepted 
theory on the optimal design of the HCA bifurcations 
and the methodology for numerically modeling the re-
alistic geometry of the HCA.
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