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MATHEMATICAL MODEL OF THREE-DIMENSIONAL
DETERMINATION OF THE DEGREE OF SPINE DEFORMATION
IN ADOLESCENT IDIOPATHIC SCOLIOSIS

MATEMATHUYHA MOJEJb TPUBUMIPHOI'O BUSHAYEHHA
CTYHEHSA JE®@OPMAILII XPEBTA ITPU NIJIITKOBOMY
IJIOMATUYHOMY CKOJIIO3I

Pe3tome. Bigomo, mo B YKkpaiHi Ko’kHA YeTBEpPTa AUTHHA Ma€ MOPYIISHHS MOCTaBH. 3a JAHUMHU LIEHTPY TPO-
Mazickkoro 310poB’st MO3 Vkpainu, B 2019 p. y 99467 niteii Oyino BUABICHO MiJTITKOBUH 110MaTHYHUHI CKO-
J1103 Pi3HOTO CTYTICHSI, a 3T1IHO 13 JaHUMH IIEHTPY MeaudHo1 cratuctuku MO3 Ykpainu, nurmie mix gac mpodi-
nakTHYHUX onsiAiB y 2020 p. Oyno BusBiaeHo 92322 MUTHHM 13 MiATITKOBUM iJiONaTUYHUM CKOJII030M IMiKOM
0-17 p., cepen stkux 45553 ckiramamy XJIOMHKH.

MerTa — KOMIUIEKCHA OITiHKa BUPa3HOCTI medopMartii xpedTa y cariTanbHil, PpoHTaIBHIN Ta aKCiaTbHUX TUTOIIH-
HaX 3 YpaxyBaHHSIM IIEPBUHHOI CKOJIIOTHYHOI KPUBU3HH Y TIAIIIEHTIB 13 MiAJIITKOBUM 1/110TTAaTHYHAM CKOJIIO30M.
Tak sik cKoJ1103 sIBJIsiE€ 00010 ehopMallito y TPHOX IUIOIIKMHAX, )11 BU3HAYCHHS HOT0 CTYIIEHIO HEOOXITHE KiJlb-
KiCHE BU3HAUEHHS CKOJIIOTHYHOTO ((ppOHTANbHA IUIOIMIKHA), KIPOTHYHOTO (cariTajJbHOr0) Ta pOTaIiifHOTO (aK-
claJIbHOT0) KOMITOHEHTIB Aedopmartii. JloBeneHo, 1110 BizyalbHUI aHalli3 MPOCTOPOBOI OpieHTalliT XpeOLliB MpH
CKOJIIOTUYHIH JedopMarii y miATiTKiB Ha OCHOBI TBOBUMIPHUX PEHTTEHOrpaM 3a3BHUail OMAaHIMBHMA Ta HE Ha-
Jla€ JOCTOBIPHUX JaHUX, OCKIJIBKH PE3yJbTaTH IIACKUX 300pakeHb HE 31aTHI MOKa3aTH CHPaBKHI (pOHTAIIb-
Hi (KopoHapHi) Ta OiuHi (cariTagpHi) JiHIMHI TapaMeTpH aHATOMIYHUX 00’€KTiB (BiAmoBiAHOTO Xpediyst). s
OOYMCIICHHS CTYIICHIO CKOJIIOTHYHOI AedopMaliii xpeOTa 3 ypaxyBaHHIM pOTAL[i{HOTO 3MillIeHHs XpeOLiB Oyna
noOyIoBaHa CHCTEMa KOOPJMHAT iX IEBHUX PENepHUX TOUOK Y JBOX IUIOLUIMHAX: CariTadbHii Ta GpOHTATIbHIN.
Ha BigmiHy Bij IesSKUX OCHTIHUKIB, sIKi JUTS BUMIPIOBaHHS 00epTaHHs XpeOlliB HABKOJIO CBOET BEPTUKAIBLHOI OCi,
BHUKOPHCTOBYBAJIM TIOKa3HUK IIUPUHU Tijla XpeOls B AisHIN 1/2 HOro BUCOTH, HAMH B SIKOCTi 0a30BOi OCHOBH TIpH
BU3HAUECHHI KyTa HAXWIy KOXXHOTO OKpeMOro xpeOiist Oyiia oOpaHa IUIOLIMHA IOBEPXOHb iX 3aMHUKaIbHUX IIACTH-
Hok. Taxwii BHOIp € iHTYITHBHO 3p0O3yMIJIIM Ta 00’ €KTUBHO OOTPYHTOBaHUM, TaK SIK 3aMHUKaJIbHI INIACTHHKH, SIKi €
AKTUBHUMH JUITHKAMH 30H POCTY XPEOIliB Y MITEH ITiATITKOBOTO BiKY, SIKi HAHOLTBIIT 9iTKO Bi3yasIi3ylOThCS Ha PSHT-
TeHOTpaMax y TAITiEHTIB TaHOTO BIKOBOTO TEPIiOMY, TO3BOJILIIOUN 00’ €KTUBHO BH3HAYUTH CEPEAMHY Tijla XpeOris,
10 3HAYHO JTOTIOMArae y mooOyIoBi CXeM PO3paxyHKOBOTO OOYHCIICHHS IMapaMeTpiB JaHOTO aHATOMIYHOTO 00’ €KTY.
BucHoBku. Po3pobinena Ta 3anponoHoBaHa MaTeMaTHYHA MOJIE]Tb BU3HAUCHHS CIIPABKHBOT BETMYNHHI BUKPUB-
JIeHHs1 XpeOTa MpH IiUTITKOBOMY 1IOMAaTHYHOMY CKOJi031 HIISIXOM 3D peKOHCTPYKTHBHOTO MOIETIOBAHHS
PEHTTEHOJIOTIYHUAX TBOBUMIPHUX 300pa)keHb y (POHTANBHINA Ta cariTajabHId MPOEKIIisX, M0 A03BOJIE Bpa-
XOBYBATH KOMIIOHEHTH Jie(pOopMalliro XpeOIliB 10 BCiM IPOCTOPOBUM BEKTOPaM, a caMe: CKOJIIOTUIHOMY, Kido-
TUYHOMY Ta aKciaJbHOMY (poTaliifHOMYy). 3allporioHOBaHa pO3paxyHKOBa MareMaTHYHa MOJAETbh BU3HAYCHHS
CTYIICHS! BUKPHBJICHHS XpeOTa MpH 1110MaTHYHOMY CKOJIi031 y AiTel MOXKIIMBA 10 3aCTOCYBAHHS SIK [IPU MPaBO-
O1uHiii TaK i mpu J1iBOOIUHIHN JOKaNi3aLii MaToorii He3aleXHo Bif i cTyneHs Bupa3sHocTi. Po3pobnena moznennb
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TPUBUMIPHOTO BU3HAYEHHS CTyIeHs Aedopmaltii xpeOTa mpH MiTITKOBOMY iA10IaTHYHOMY CKOJIi031 T03BOJISIE
MIPOTHO3YBATH MEPeOir MaToJorii B 3a1eKHOCTI B JTIoKatizalii cTopoHu ¢popMmyBaHHs naroiorii. Tak, mpu mpa-
BOOIYHOMY CKOJi03i, 32 YMOB MakCUMaJbHUX BennuuH Haxuiny Th2 Busznadaetses 111 cTyninbs 3axBoproBaHHS.
Po3B’s3yBaHHs BiANOBIAHUX JNiHIHHUX PIBHSIHB 3acBiIuye OUIBII AECTPYKTUBHI (BUpa3Hi) MPOSBU HPH JIiBO-
O1uHiH JTOKaITi3allii MaToJorii, B TOMY YHUCIIi XapaKTepPHOIO € OLIbIa YaCcTOTa Ta BUPA3HiCTh pedepHOro ropoa.

Kuaro4oBi cjioBa: miuTiTKOBHI 1110NaTHYHAN CKOJII03, MaTeMaTHYHE MOJISITIOBaHHS, 1e(popMaltisi, BAKPUBJICH-
Hs XxpebTa, KyT Cobb, 3-D 300paxkeHHs1, peHTTeHOTpaMu, 1iarHOCTHKA, JIIKyBaHHS, IPOTHO3YBaHHS Hepeoiry.

Adolescent idiopathic scoliosis (AIS), according
to current concepts, is a systemic disorder of the body,
the main manifestation of which is a three-dimensional
(3D) spinal deformity in the sagittal, frontal, and
horizontal planes, accompanied by lateral deviation of
the spine and vertebral rotation in the frontal plane. The
prevalence of AIS in the pediatric population ranges
from 0.47% to 5.2%, with girls being affected several
times more often than boys. The sex ratio depends on
the magnitude of the Cobb angle: at 10-20° — 1.3:1,
at 20-30° — 5.4:1, and when exceeding 30° — 7.0:1
or more. The term «AIS» was first introduced by
Kleinberg in 1922. Although several types of scoliosis
exist, AIS is the most common, accounting for up to
80% of scoliosis cases and partially depending on the
geographical latitude of the patients’ residence [1, 2].

In Ukraine, approximately every fourth child
has postural disorders. According to the Public Health
Center of the Ministry of Health of Ukraine, in 2019
AIS of varying severity was detected in 99.467
children, and during preventive examinations in
2020 — in 92.322 children aged 0-17 years, of whom
45.553 were boys [3, 4].

The etiology and pathophysiology of AIS
remain not fully elucidated. Morphological studies
of vertebral bodies and intervertebral discs based on
two-dimensional radiographs have shown that discs
have a more wedge-shaped appearance than vertebral
bodies, which corresponds to the Hueter-Volkmann
law (1862-1873) and explains the secondary nature
of vertebral body deformation and the rotational
component of the deformity [5]. Recent studies have
established that the main factors contributing to curve
progression include the sex of the patient, the curve
pattern, and the physiological maturity of the child
[6]. Prognostically, it has been shown that girls with
right-sided thoracic curves exceeding 100° according
to Cobb, who have not yet reached menarche, have
a high risk of progression, whereas in boys the
greatest tendency to progression is observed in right-
sided lumbar curves. Left-sided thoracic curves
generally demonstrate a more benign course due to
a low tendency to progress [7]. Diagnosis of AIS
and determination of its severity are complicated by
the variability of curve localization and the patient’s

age due to discrepancies between the Cobb angle
measured radiographically and clinical assessments,
particularly the Adams test. The accuracy of early
diagnosis depends on evaluating the relationship
between the angle of trunk inclination and the Cobb
angle as acceptable criteria [8]. After Cobb proposed
a method for digital determination of vertebral axial
displacement using coronal radiographs, vertebral
rotation began to be assessed using 2D radiographs,
3D bone modeling, rasterstercography, and CT [9].
The magnitude of 3D spinal deformity in AIS is
individual and depends on the number and length
of curves, the degree of rotation, and the angular
curvature around the axis; therefore, qualitative and
quantitative assessment is possible only when taking
into account parameters in the frontal, sagittal, and
axial planes [5, 10]. The study by Ketenci I. E. et al.
(2018) demonstrated that the minimal rotational angles
were observed at Th,,, with slightly greater angles on
the concave side than on the convex side, and with
the greatest difference at Th.~Th, due to intravertebral
rotation of the apical segment [11, 12]. CT remains one
of the most accurate imaging methods for evaluating
bony structures, and considering 3D deformity, the true
axial plane of each vertebra is defined as the plane of
inclination. For measurements, multiplanar thin slices
(0.6 mm) of the thoracic and lumbar spine are used.
Limitations of such methods include the complexity
of sagittal plane measurements and comparison with
normative values, given that discs contribute more to
3D deformity than bony structures [5].

The main challenge in AIS is predicting the
course of the pathology upon initial presentation [13].
Approximately 10% of patients require conservative
treatment, while 0.1-0.3% require surgical intervention
when the Cobb angle exceeds 40° [1, 14].

The aim of the study is to comprehensively
assess the severity of spinal deformity in the sagittal,
frontal, and axial planes, taking into account the
primary scoliotic curvature in patients with adolescent
idiopathic scoliosis.

Material and methods. In constructing the
mathematical model, morphometric data obtained
through linear measurements on radiographs of 45
patients of both sexes with previously diagnosed grade
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I-1I scoliosis were used. The age of the patients ranged
from 10 to 18 years (mean age 15.2 + 0.45 years),
which, according to the United Nations definition,
corresponds to adolescence [1, 15]. Among the
examined individuals, the left-sided form of scoliosis
was observed in 21 patients, whereas the right-sided
form was found in 24 children. Measurements of
the selected anatomical parameters were performed
simultaneously on two two-dimensional radiographic
projections of the spine — frontal and sagittal. For each
projection, the localization of reference points was
performed at the upper endplate of Th, and the lower
endplate of Th,,. Thus, in all clinical observations, the
measurement distance for assessing deformity severity
was limited to the arc between Th -Th  [9, 10]. All
radiological examinations were performed on the same
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digital X-ray machine with identical (standardized)
projection magnification by the same specialist. To
reduce potential errors and image discrepancies, all
radiographs were obtained in the vertical position
(standing) in two projections: frontal and sagittal,
during morning hours [16].

Research results and their discussion.
Fundamentals of methodology and stages of
constructing the mathematical model. In the normal
vertical position of the torso, all vertebrae are
subjected to axial compression, and specific spinal
regions experience additional multidirectional shear
loads depending on their spatial orientation. It has
been proven that posteriorly directed loads reduce the
rotational stability of a segment compared with regions
subjected to anterior shear loading [17] (Fig. 1).
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Fig. 1. Diagram of spinal regions that, in the vertical position, are subjected to posteriorly directed (red arrows) and
anteriorly directed (green arrows) shear loads

Taking this into consideration, along with the
Hueter-Volkmann’s law and the fact that AIS is a three-
dimensional spinal deformity, diagnostic measures
aimed at determining its severity should not rely solely
on radiographic data obtained in the frontal plane.
Pathological changes in other projections must also
be considered, acknowledging that frontal and sagittal
deformities are interrelated, and therefore changes in
the frontal plane induce pathological deformities in the
sagittal plane. At the same time, sagittal spinopelvic
deformities in AIS are directly associated with rotational
vertebral displacement, which collectively determine
the magnitude of the Cobb angle [18]. An important
related aspect is the formation of thoracic cage
deformities in AIS, ranging from underdevelopment
of the thoracic cage to rib prominences or rib humps,
which arise due to the rotational component of the
spinal deformity [6, 17, 19].

Since scoliosis represents a deformity in three
planes, determining its severity requires quantitative

assessment of the scoliotic (frontal plane), kyphotic
(sagittal plane), and rotational (axial plane)
components of deformation [20]. A plane in three-
dimensional Euclidean space is defined using three
non-collinear points. It has been shown that visual
analysis of vertebral spatial orientation in adolescents
with scoliotic deformity based on two-dimensional
radiographs is generally misleading and does not
provide reliable information, as flat radiographic
images cannot accurately depict the true frontal
(coronal) and lateral (sagittal) linear parameters of
anatomical structures (the corresponding vertebra)
[21]. To calculate the degree of scoliotic deformity
considering vertebral rotational displacement,
a coordinate system of specific reference points
was constructed in two planes: sagittal and frontal.
Unlike some researchers who measured vertebral
rotation around the vertical axis using vertebral body
width at half its height, we selected the plane of the
vertebral endplate surfaces as the basic reference for
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determining the inclination angle of each individual
vertebra [9, 22]. This choice is intuitively clear and
objectively justified, as the endplates, which represent
active growth zones in adolescents, are the most
clearly visualized structures on radiographs in patients
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of this age group, allowing for objective identification
of the midpoint of the vertebral body. This greatly
facilitates the construction of computational schemes
for calculating the parameters of this anatomical
structure (Fig. 2).

Fig. 2. Diagram of determining the coordinates of vertebral reference points in the sagittal (A) and frontal (B) planes

The upper boundary of the computational model
of the scoliotic spinal arc was schematically positioned
precisely along the plane of the upper portion of the
Th, endplate (according to standing radiographs in
the sagittal and frontal projections), corresponding
to points P, P,, P,, while the lower boundary of the
arc corresponded precisely to the plane of the lower
endplate, corresponding to points Q , Q,, Q..

For morphometric measurement of vertebral
tilt in the corresponding plane, horizontal lines were
drawn through the center of the upper (Th,) and lower
(Th,,) endplates, at half the width of the vertebral

body. The value h, representing the distance from
the horizontal line to the perpendicularly determined
reference point, constituted the linear magnitude of
the vertebral inclination angle at the upper and lower
limits of the scoliotic arc.

The basis for developing a three-dimensional
method for calculating the degree of scoliotic
deformity was the Cobb scheme. According to
the Cobb scheme, after determining the spatial
localization of the Th, and Th  planes, the angle of
their intersection (o) corresponded to the true 3D
magnitude of the scoliotic spinal deformity (Fig. 3).

Fig. 3. Determination of the angle of intersection between two planes in scoliotic spinal deformity
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If the coordinates of three points on the vertebral
surface are known, and these points are not collinear,
then a unique plane can be constructed.

We obtain the equation of a plane passing through
the points P (xlﬂyl’zl); ]32(x2,y2,22 s B (x3,y3,z3)- The

plane passes through point P, and has the following
equation:

A(x—x1)+B(y—y1)+C(z—zl)=O,
where A, B, C are the coordinates of the normal vector.

The plane under investigation passes through
point P_; therefore, the following equality must hold:

A(xz—xl)+B(y2—y1)+C(zz —zl)=0.

Point P, also lies on the plane, and its coordinates
satisfy the equation:

A(x3 —xl)+B(y3 —yl)+C(z3 —Zl)=0.
These three equations contain three unknown
parameters — the coordinates of the normal vector of
the required plane. These equations are linear with
respect to the unknowns A, B, C. Thus, we obtain
a system of linear algebraic equations:
A(x—xl)+B(y—y1)+C(z—zl)=0
A(x, —xl)+B(y2 —yl)+C(z2 —z])z
A(x3 —x1)+B(y3 —yl)+C(z —zl)

Solving this system of linear algebraic equations
yields the equation of the plane passing through the
three points on the vertebral surface.

For example, in right-sided scoliosis, the coordinates
of the points on the upper surface of the Th, vertebra
are:  P(4,25,0,-3); B,(—4,25;0;3); P, (0;3,25;0) -
The plane equation defined by these three points is as
follows: =12x+17z=0. (1)

For the lower surface of the Thll vertebra, the
coordinates of the three points are:

0,(6,75,0;3); 0,(-6,75;0;-3); 0, (0;4,75;0)

The plane equation defined by these three points
is as follows: 4x—-9z=0. (2)

To calculate the angle between the two planes
(Fig. 4), which are defined by the following equations:
Ax+By+Cz=0;
Ax+B,y+C,z=0.

use formula:

|4,4,+ BB, + C,C,| J'

oL = arccos
JA + B +C A2 + B2+ C:

Qufz)=—1,25

Fig. 4. 3D modelling of the scheme for determining angle o depending on the spatial localisation of the reference points
Th2 and Thil
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For right-sided scoliosis, according to equations
(1) and (2), the intersection angle between the two
planes was calculated. The same approach was used
to analyse the plane-intersection angles for kyphosis,
as well as for right-sided and left-sided scoliosis.

The next stage of our study was the development
of a predictive model for the degree of scoliotic
deformity depending on the inclination of the Th,
and Th, vertebrae in the frontal and sagittal planes,
i.e. taking into account the rotational displacement of
the respective vertebra. Separate calculations were
performed for right-sided and left-sided deformities.

The predictive model of scoliotic deformity was
constructed by developing separate linear equations
describing the dependence of the position of reference

OpuczinanvHi 00cnidiceHHs

points on the value of h, which represented the
true rotational displacement of Th, and Th,, in the
corresponding plane for right- and left-sided scoliosis.

For this purpose, a separate table was compiled,
summarising the minimum and maximum reference
values of h for the main reference points of Th, and
Th, , taking into account the direction of deviation
(indicated by «+» or «—») from the horizontal line
drawn through the centre of the respective endplate
(upper or lower) of each vertebra (Table 1).

The predictive assessment of the magnitude of
spinal deformity correlated with the classification
criteria of the current scoliosis severity grading and
with SOSORT recommendations based on the Cobb
angle (Table 2) [8].

Table 1

Reference values of h for left-sided and right-sided scoliosis in the frontal and sagittal projections

h value (mm
Vertebral level Measurement - value (mum) Direction of h measurement
point Min Max
Pathology and projection Right-sided scoliosis.
of examination Frontal radiographic projection.
Th, P, 0 3 Upward from the horizontal line
Th,, Q, 0 -3 Downward from the horizontal line
Pathology and projection Left-sided scoliosis.
of examination Frontal radiographic projection.
Th, P, 0 3 Upward from the horizontal line
Th,, Q, 0 -7 Downward from the horizontal line
Pathology and projection Right-sided / left-sided scoliosis.
of examination Sagittal radiographic projection.
Th, P, 1 4 Upward from the horizontal line
Th,, Q, -3 -5 Downward from the horizontal line
Table 2

Distribution of scoliosis severity according to classification criteria based on Cobb angle

Degree of classified
pathological manifestations

Spinal curvature magnitude
according to Cobb angle

Normal 0°
Scoliotic posture 1-3°
Scoliosis I st. 4-10°
Scoliosis IT st. 11-30°
Scoliosis IIT st. 31-60°

Scoliosis IV st.

61° and above

Among the cohort of patients included in this
study, the maximum Cobb angle was 26°, which,
according to the classification criteria, corresponded
to grade II pathology. Based on the obtained reference
values of h for right-sided and left-sided scoliosis and

the classification distribution of pathology according
to the Cobb angle, corresponding linear dependency
graphs for the Th, and Th  vertebrae were
constructed and transformed into linear equations
(Figs. 5, 6, 7, 8).
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a=f(P1;P2) at Q1;Q2=const right sided scoliosis
o, degree

y= 11,806k + 24,955

—a—02=-15 —e—0QZ2=30 | mem=-- Posture
Ist. o me——— st —  me—— i st
......... Linear [Q2=-1,5):------- Linear [0z=-30)
Fig. 5. Linear graph of the dependence of Th2 vertebral tilt angle on the value of h in right-sided scoliosis

o=f(P1,P2) at Q1,Q2=const right sided scoliosis

v = 11,806k + 24,955

y=11882x + 13,359

Position of point Py, P, mm

—a—02=-15 ——02=30 | === Pasture
lst. —  mm—— nmst. — —e———- I st
......... Linear [Q2 ==-1,5) +ermnnene Linear (02 =-3,0)

Fig. 6. Linear graph of the dependence of Thll vertebral tilt angle on the value of h in right-sided scoliosis

o=f{Q1;Q2) at P1;P2=const left sided scoliosis
o, degree

Y=661B2x+37,636 g

40
7 e RN o e OIS AP, g
20
10
P e Tttt ettt ettt e e Tt
o 1 2 3 4 5 & 7
Position of point Pi; P:, mm
—e—02= 15 —e—02=30 @ === Posture
st = =eaa—- st 0 ememe—. m st
......... Linear [O2= 1,5):--.... Linear (2= 30)

Fig. 7. Linear graph of the dependence of Th2 vertebral tilt angle on the value of h in left-sided scoliosis
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o=f(P1,P2) at Q1,Q2=const left sided scoliosis

o. decree
a0
&0 y=11,757x + 46,968 ==
70
Bl m— —— — — — — — — _maa—® e iy . U e = -’;-_ i ——
50 s e
N g
40 e
30 'r__,.__,-g-:';"_'""_' ___________ y=11682x+28586 _ _ | )
20
10
0
0 05 1 1.5 2 2.5 3
Position of point Py P>, mm
+—02= 15 Q2= 30 Posture
- A lst. =000 memm-. st
Linear [Q2= 1,5) Linear [02= 3,0

Fig. 8. Linear graph of the dependence of Thll vertebral tilt angle on the value of h in left-sided scoliosis

Solving the linear equations, we obtained the
following predictive values for the course of the
pathology. For right-sided scoliosis, the impact of
the displacement (tilt) of the Th, vertebra exceeds
the corresponding displacement of Th, by a factor of
1.47. Moreover, at the maximum Th, tilt, grade III
scoliosis is determined. Regarding left-sided scoliosis,
according to the obtained data, the influence on Th,
displacement is 1.78 times greater than that on Th, .
In addition, the results of solving the linear equations
convincingly indicate that left-sided scoliosis shows
a stronger tendency for progression. The data
obtained during the development and calculation
of the mathematical model also explain the causal
relationship for the higher frequency and greater
prominence of the rib hump in left-sided scoliosis.
The predominance of Th, displacement in left-sided
scoliosis, in our view, prognostically indicates a higher
latent potential vulnerability of the left-sided spinal
deformity, which must be considered at all stages of
treatment and patient follow-up.

Conclusions. 1. A mathematical model has been
developed and proposed for determining the true
magnitude of spinal curvature in adolescent idiopathic
scoliosis through 3D reconstruction of 2D radiographic
images in the frontal and sagittal projections. This allows
the consideration of vertebral deformity components
along all spatial vectors: scoliotic, kyphotic, and axial
(rotational). The proposed computational mathematical
model for determining the degree of spinal curvature
in children with idiopathic scoliosis can be applied for

both right- and left-sided pathology, regardless of its
severity. 2. The creation and solution of linear equations
describing the mutual dependence of Th, and Th | tilt
angles in right- and left-sided adolescent idiopathic
scoliosis shows that, for right-sided pathology, the
displacement of Th, is 1.47 times greater than Th, ,
while for left-sided pathology, Th, displacement relative
to Th,, increases by 1.78 times, i.e., by 17.42%. 3. The
developed 3D model for determining the degree of
spinal deformity in adolescent idiopathic scoliosis
allows prediction of the pathology course depending
on the side of the deformity. In right-sided scoliosis,
with maximum Th, tilt, grade III disease is determined.
Solving the corresponding linear equations indicates
more destructive (pronounced) manifestations in left-
sided pathology, including higher frequency and greater
prominence of the rib hump.

Prospects for further research. Further studies
should focus on validating the proposed mathematical
3D model in larger clinical cohorts with different types
and severities of idiopathic scoliosis, as well as on
comparing its accuracy with modern three-dimensional
imaging techniques. Integration of the model with
digital radiographic systems and software for
automated calculation of spinal deformity parameters
appears promising, as it may enhance the objectivity of
diagnosis and dynamic follow-up. Particular attention
should be paid to using the obtained 3D parameters
to predict scoliosis progression and to substantiate
individualized approaches to conservative and surgical
treatment in children and adolescents.
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MATHEMATICAL MODEL OF THREE-DIMENSIONAL DETERMINATION OF THE DEGREE
OF SPINE DEFORMATION IN ADOLESCENT IDIOPATHIC SCOLIOSIS

Abstract. It is known that in Ukraine every fourth child has postural disorders. According to the Public
Health Center of the Ministry of Health of Ukraine, in 2019, 99.467 children were diagnosed with adolescent
idiopathic scoliosis of varying severity, and according to the Medical Statistics Center of the Ministry of
Health of Ukraine, only during preventive examinations in 2020, 92.322 children aged 0-17 were found to
have adolescent idiopathic scoliosis, of whom 45.553 were boys.

Objective — to comprehensively assess the severity of spinal deformity in the sagittal, frontal, and axial planes,
taking into account the primary scoliotic curvature in patients with adolescent idiopathic scoliosis.

Since scoliosis is a deformity in three planes, its grading requires quantitative assessment of the scoliotic
(frontal plane), kyphotic (sagittal plane), and rotational (axial plane) components. It has been proven that visual
analysis of vertebral spatial orientation in adolescents with scoliotic deformity based on two-dimensional
radiographs is usually misleading and does not provide reliable data, as flat images cannot accurately depict
the true frontal (coronal) and lateral (sagittal) linear parameters of anatomical structures (the corresponding
vertebra). To calculate the degree of scoliotic spinal deformity considering vertebral rotational displacement,
a coordinate system of their specific reference points was constructed in two planes: sagittal and frontal.
Unlike some researchers who measured vertebral rotation around the vertical axis using the width of the
vertebral body at half its height, we selected the plane of the surfaces of the vertebral end plates as the basic
reference for determining the tilt angle of each individual vertebra. This choice is intuitively clear and objectively
justified, since the end plates are active growth zones in adolescents, are clearly visualized on radiographs in
this age group, and allow accurate identification of the midpoint of the vertebral body, significantly aiding in
constructing computational schemes for assessing the parameters of this anatomical structure.

Conclusions. A mathematical model has been developed and proposed to determine the true magnitude of
spinal curvature in adolescent idiopathic scoliosis by means of 3D reconstructive modeling of two-dimensional
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radiographic images in frontal and sagittal projections. This enables consideration of all components of vertebral
deformity across spatial vectors: scoliotic, kyphotic, and axial (rotational). The proposed computational
mathematical model for determining the degree of spinal curvature in idiopathic scoliosis in children can be
applied for both right-sided and left-sided pathology regardless of its severity. The developed three-dimensional
model for assessing the degree of spinal deformity in adolescent idiopathic scoliosis makes it possible to
predict the course of the pathology depending on the side of curvature formation. For example, in right-sided
scoliosis, grade III is determined when Th2 tilt reaches maximal values. Solving the corresponding linear
equations indicates more destructive (pronounced) manifestations in left-sided pathology, including a higher
frequency and greater severity of the rib hump.

Key words: adolescent idiopathic scoliosis, mathematical modeling, deformation, curvature of the spine,
Cobb angle, 3-D images, radiographs, diagnosis, treatment, prognosis.
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