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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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PE3IOME

O6ocHoeaHue. ViccnedosaHue 8eHeyHbix apmepul cepoya 4denogeka (BACHY)
Kak opakmaneHoU cucmemsl, cocmosawels ux apmepuasnsHelx bugypkayud (Ab), do-
Kasasnu ceor nepcnekmusHoOCMb U 3hghekKmusHOCMb npu paspabomke Uugdposbix
Memo008 0udzHOCMUKU U fiedeHus cocyoucmoti namosnozuu. OOHako 8 Hacmosujee
epems cpeou uccredogamersieli Hem eOUHO020 MHEHUS O Meopuu ONMUMAsabHO20
cmpoeHusa Ab BACY u mexHonozuu paciema eesiuquH 8HympeHHuUx ouamempos ap-
mepuanbHeix ceemeHmos (AC), cocmasnsaouwjux Ab BACY 8 Hopme.

Lens. [pogecmu cpagHumernbHbIl aHaau3 pesyabmamos MopghomMmempuu pedsibHblx
BACY 8 Hopme U cospeMeHHbIX MEMOOUK YUC/IEHHO20 MOOesIUpo8aHUA duamempos
ceemeHmos, 8xo0auux 8 cocmas Ab.

MemoOdel. [posedeHO cpasHUMEIbHOE UCC/Ie008aHUE 8e/TUYUH 8HYMpPeHHUX ouame-
mpos 2072 AC, cocmasnarouwux 1078 Ab, 60-mu koppo3uoHHbix npenapamos BACY
cepdey nuy oboezo nona 8 8ospdacme om 36 0o 74 nem, 6e3 NpU3HAKO8 NAMOJIO-
2UU, NOJTy4YeHHbIX hymem MopgomMempuu U 3Ha4eHUl OaHHbIX nokasamereu, pac-
CYUMAHHbIX C UCNOJ/Ib308AHUEM U38eCMHbIX ypasHeHul, npednoxeHHbix Mette S.
Olufsen u G. Finet.

Pe3ynemamel. Ycma+HogieHo, Ymo 8e/1u4UHbl 8HympeHHUx ouamempos AC, 8xo0s-
wux 8 cocmas Ab BACY, nostyyeHHble nymem Mopghomempuu KOppO3UOHHbIX npend-
pamos u pacyemHsimM nymem ¢ UCNOJ1b308aHUEM ypasHeHUU, npedsioxeHHbIx Mette S.
Olufsen u G. Finet, 3Ha4umo omau4yaromcs.

3aknwydeHue. []ns 4ucieHHo20 MOOEIUPOBAHUSA peanucmuyHol zeomempuu
BACY, kak ¢ppakmaneHol cmpykmypel, cocmoawel u3 pazHopoOHbix Ab, 6ydem
He NpasuJsbHLIM peleHUeM ucnosie3osaHue ypasHeHul Mette S. Olufsen u G. Finet.
Ce200HA MOXHO 2080pUmb 06 omcymcmauu obwenpusHaHHoU meopuu onmu-
manbHo2o0 cmpoeHusa Ab BACY u, coomeemcmeeHHO, mexHo102UuU YUC/IEHHO20
Mo0Oenupos8aHua peasucmuyHol zeoMempuu pycna.

Knioueeaowle cnoea: cepoue Yesiogexd, 8eHeuHble apmepuu, (hpakmassbHas cucmema,
bugypkayus

Ana yntnposaHusa: 3eHnH O.K, Kadapos 3.C., Muntnagnc U. CpaBHUTENbHbIA aHanms
pe3ynbraToB MOPGOMETPUY BHYTPEHHUX ANAMETPOB CErMEHTOB, COCTaBnAWMX 6udyp-
KaLWIo KOPPO3MOHHbIX MpenapaToB peasibHbiX BEHEUYHbIX apTepuii cepaua Yenoseka
N COBpPEMEHHbIX METOAVK MX pacueToB. Acta biomedica scientifica. 2025; 10(5): 100-106.
doi: 10.29413/ABS.2025-10.5.11
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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, 91.

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
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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 ofdmax and dmm, meth-
ods based on the previously described patterns were
employed:

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

dmax(Olufsen) =0,9D; dmin(Olufsen) =0,6D (1)

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

D D
dmax(Finet) = m - dmin(Finet); dmin(Finet) = m - dmax(Finet) (2)

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 medianCl function provided by the MKin-
fer package: medianCl (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



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 [Cl 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 [Cl 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 [Cl 95%]) ob-
tained using the equation (1) (dmax(omfsen) =0.63[0.63;0.72],
mm and dmin(omfsem = 0.42 [0.42; 0.48], mm, respectively).
The significance level for differences in the measurements
(Me [C195%]) of the internal diameter of the larger daugh-
ter (distal) AS, obtained through morphometric analysis
(d =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

max

[Cl 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 (d__ = 0.80 mm) is significantly higher than
the values of this parameter calculated using equation (1)
(dmax(omfsen) =0.72mm) and equation (2) (dmax(ﬁnen =0.72mm).
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

Kolmogorov — Smirnov

Parameter test statistics p

D 0.17 <0.001
d_. 0.18 <0.001
d. 0.18 <0.001
9 axcotuteen 0.17 <0.001
- 0.17 <0.001

max(Finet) 0.17 <0.001
d 0.15 <0.001

min(Finet)

Note. D - diameter of maternal (proximal) AS, morphometry; d__ - diame-
ter of larger daughter (distal) AS, morphometry; d . - diameter of smaller
daughter (distal) AS, morphometry; d__ ., .., — diameter of larger daughter
(distal) AS, equation (1); d . o\ en = diameter of smaller daughter (distal) AS,
equation (1); dmax(me) - diameter of larger daughter (distal) AS, equation (2);

mineiney — diameter of smaller daughter (distal) AS, equation (2); p - signifi-
cance ievel for differences.

TABLE 2
VALUES OF THE STUDIED PARAMETERS OBTAINED BY MORPHOMETRY AND USING EQUATIONS (1) AND (2)
(n=2072)
Values of the parameter
No. Parameter Mo C195% Interqu?zr;ile7 ;?’z)ge (IQR) . ):\Illr:‘nl:::tzml:tli -

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

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

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

4 d ousen (MM) 0.63 0.63;0.72 0.72 0.09; 6.75

5 d i ousen (MM) 042 0.42;0.48 048 0.06; 4.50

6 d_ e (MM 0.60 0.60; 0.69 0.72 0.06; 6.69

7 d (mm) 0.34 0.34;0.38 0.33 0.06; 2.64

min(Finet)

Note. D - diameter of maternal (proximal) AS, morphometry; d
daughter (distal) AS, morphometry; d
equation (1); dmaxmne
[CI 95%], 95% confidence interval; IQR -
parameter studied; n — number of AS studied.

max(Olufsen)

- diameter of larger daughter (d|sta|) AS, morphometry; d
- diameter of Iarger daughter (distal) AS, equation (1
- diameter of larger daughter (distal) AS, equation (2); d

min(Finet)

interquartile range (25-75%); min — minimum value of the parameter studied; max - maximum value of the

diameter of smaller
inoluseny — diameter of smanlrer daughter (distal) AS,

— diameter ofsman] aughter (distal) AS, equation (2); Me, median;
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that the morphometric value (dmin =0.40 mm) is lower than
that calculated using equation (1) (dmin(omfsen) = 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(omfsen) (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(Oqusen) (max = 6.75 mm)
and d__ .. (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(omfsen) (min = 0.06 mm)
and equation (2) dmm(Fmet) (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
dmA (max=3.50 mm) s less than dmin(omfsem (max=4.50 mm)

anlgl greater thand (max = 2.64 mm).

min(Finet)

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:

Df = dfnax + dfnin (3)

Thislawis 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
€ = 3.0 [15], and for turbulent flow, where & = 2.33 [16].
In the study by [17], it was found that for the HCA bifur-
cations, the characteristic value of § = 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 (n)

Ly + d2,; . )2
= W ) and asymmetry ratio (y) (y = (d’"—”') ),

dmax

(n

dmax

= CID,' dmin = ﬁD; Dk.n = akﬁn_kD (4)

arteries (d § and dmm) relative to the diameter of the par-

ent (proximal) artery (D)

where a and [ 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 2" 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
a, and n - k choices for the scale factor 3, where 0 < k<n.
The HCA continues to branch until any AS has a diame-

1
n=i (5)

(1+4)

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

N

[

a=<1+y%)_?=0,9&ﬁ=aﬁ=0,6 (6)

where n is the area coefficient and y is the asymmetry
coefficient. Using the values of N =1.16 and y = 0.41 as well
as & =2.76 [14], the values of a and 3 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

theratio R = D/d " remains constant at 0.678

max dmin
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.
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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=d__ =d_ ;2 -lateral asymmetry,D=d__
andd__=#d ;3 -one-sided symmetry-D=d__

and dmaxz dmin; 4 - complete symmetry, D = dmax: i
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.

X

zd
min

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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