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(57) Abréegée/Abstract:

A new system and method introducing vertebra vectors for the three-dimensional (3D) visualization and its use for the complete 3D
characterization and numerical analysis of vertebrae In spinal deformities Is covered In this application. A vertebra vector
representing Iits respective vertebra means a simplification of the very complex visual information Iin digital images and 3D
reconstructions provided by the current radiodiagnostic devices, without sacrificing relevant data for the information important to
understand the underlying processes In spinal deformation: 3:) mathematical data on vertebral size, position, orientation and
rotation. A series of vertebra vectors of the thoracic and lumbar spinal region provide the abillity of a V|rtual 3D reconstruction of the
spine, In frontal, sagittal and horizontal plane. Conventional angulation measurement methods to describe and characterize the
spinal column in the frontal and sagittal plane are preserved and readily applicable by methods using vertebra vectors as well.
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A METHOD AND A SYSTEM FOR MULTI-DIMENSIONAL VISUALIZATION OF
THE SPINAL COLUMN BY VERTEBRA VECTORS, SACRUM VECTOR, SACRUM
PLATEAU VECTOR AND PELVIS VECTORS

BACKGROUND
Field

The present invention relates generally to a method and a system for multi-dimensional
visualization of the spinal column, and more specifically to techniques for 3D visualization of
the spinal column comprising vertebral size, position, orientation and rotation and their
utilization for description, characterization and quantitative parametric analysis of spinal
deformities in frontal, sagittal and horizontal plane.

Background

Scoliosis is the most.prevalent three-dimensional (3D) spinal deformity affecting about 1% of
adolescent population. Diagnosis and classification of scoliotic deformities is almost exclusively
based upon frontal and lateral X-ray images. Current classification of adolescent scoliosis has
been proposed to be comprehensive and all-inclusive for every curve types but in addition to
classifying frontal spinal deviations it only considers sagittal spinal alignment, and ignores axial
vertebral rotation [1] that is thought to be an inherent characteristics of scoliotic 3D deformities
presented in horizontal plane. The demand for an accurate evaluation of vertebral rotation in
scoliosis is hardly new. Biplanar X-ray images provide inadequate quantitative or qualitative
information on the anatomical landmarks needed to determine the axial rotation [6,21]. Several
measurement methods have been published [2-5], all based on assessment of the relative
positions of various posterior vertebral elements. Perdriolle torsiometry [3,4] is currently the
most accepted measurement method in clinical practice, but its reproducibility is very limited

and cannot be quantified precisely [6,7].

Horizontal plane deviations of the spine are most accurately assessable by computed
tomography, but routine use of this diagnostic method is limited due to its relatively high cost
and prohibitively high radiation dose [8,9]. Expert opinion is divided on the veracity and
reproducibility of CT scans for such measurements [10,11].

The latest classification proposal introduced the concept of the plane of maximum curvature
(PMC) and visualization of the PMC through the daVinci representation, which is thought to
make the 3D evaluation of scoliosis readily available for routine clinical practice [13].

US5582186 discloses measurement principles and bar plot representation of measured values of
the absolute axial rotation and relative intervertebral rotation of individual vertebrae. They

pertorm the measurement of vertebra rotation based on a formerly published indirect method
determining the center of the body of vertebra and calculating the relative position of this center
point inside the contour lines of the body of vertebra. The method itself is indirect, because the
rotation in the horizontal plane is calculated based on anatomical reference points visible in the
frontal plane where the accuracy of determination and reproducibility is tnadequate, thus
rehability of the presented method is low. In addition to vertebral rotation, other three-
dimensional properties of the vertebrae (e.g. 3D-position, frontal and sagittal rotation) remain
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undetermined; the method is not capable for proper 3D characterization of the vertebral column.

US20070073194 describes a method dedicated exclusively for measuring the axial rotation of
vertebrae. This solution 1s based on the principle described by Pedriolle et al. (also cited in our
PPA reference list). The horizontal symmetry axis of vertebrae is given by a line defined by the
center point of the vertebral body and the end of spinous process. The extent of rotation is
estimated by a relative positional change of the ovoid patterns representing the frontal projection
of vertebral pedicles. Summarized, this method also determines the extent of axial rotation
indirectly. The accuracy and reproducibility has been found to be weak and reliability is
considered to be low. In addition to vertebral rotation, other three-dimensional properties of the
vertebrae (e.g. 3D-position, frontal and sagittal rotation) remain undetermined; the method is not
capable for proper 3D characterization of the vertebral column.

The method known from US20090202122 has been elaborated for determining the centre line of
the vertebral column (which surrounds the spinal chord) in the frontal and mainly in the sagittal
plane. On axial (or sagittal) tomographic images (e.g. computed tomography) the valid center
points for every slice are determined with the help of the posterior vertebral arches and the
frontal and rear endpoints of the vertebral foramen; from the series of centre points derived from
consecutive slices the position and direction can be represented. Some common feature with the
basis of the theory of vertebra vector might be discovered because the origin of the vertebra
vector 1s positioned around the area of the vertebral foramen but is not identical with the centre
point of those. Considering that it only represents a spatial alignment of series of points in form
of a simple line; it 1s only capable of defining a three-dimensional position of series of points. It
contains no information on the body of vertebrae themselves which lie in front of the vertebral
foramen and 1s unable to provide spatial information and measurement data on rotation and size
of those.

US20090226055 describes a method using the fundamental principle of three-dimensional
characterization and classification of vertebral'column by presenting the plane of maximum
curvature, PMC with daVinci representation for scoliotic vertebrae, which is currently being
advocated by Scoliosis Research Society as a superior solution to the problems of 3D
visualization and characterization of the spine. PMC is a derivative plane defined by 3 centroids
of the vertebral bodies determining the scoliotic curve and its horizontal projection is displayed
in a Da Vinci graph to be characterized numerically. The very aim for introduction of this
method was to provide an assessment for the horizontal plane spinal deviations, namely, axial
vertebral rotation. This new method has been available as a new recommendation for two years,
but 1t did not reach a great success with clinicians because it may be too much as an abstraction
and too difticult to be comprehended and a little complicated to be presented based on
stereographic X-ray images. It is an indirect and incomplete method, is bound to the
determination of an invisible, hardly imaginable and complicated 3D plane which falls outside of
the vertebral column. For a truly complete 3D characterization of the spinal column, it requires
additional data of frontal and sagittal plane spine deviations determined by independent methods.
Its relation to the known measurement methods has not been proven yet.

A new low-dose digital radioimaging device based on a Nobel Prize winning X-ray detection
technology creates spatially calibrated, simultaneously captured frontal and lateral X-ray images
in a standing position of the whole body, available and approved for clinical practice
[14,15,16,17]. A special semiautomatic 3D reconstruction software, based on these biplanar
calibrated radiographs generates accurate and realistic surface 3D model of thoracic and lumbar
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vertebrae and the pelvis, complemented with 3D parametric values of frontal and sagittal
spinal curves, vertebral orientation and rotation in all 3 planes and sagittal pelvic parameters
[18,19]. From representations of planar projections of surface 3D reconstructions,
visualization of the spinal geometry in horizontal view has become a routine daily task in

scoliosis surgery.

Nevertheless, precise 3D reconstructions from current radiodiagnostic devices provide a very
complex visual information that contains way too much data to be computed and extracted, in
order to simply characterize and numerically describe spinal deformations, especially in the

horizontal plane.

Due to the lack of a definitive and reproducible measurement method in horizontal plane and
a need for a simplified yet all-inclusive presentation of the spinal column based on 3D
reconstruction images of current radiodiagnostic methods, a new method and system of
vertebra vectors is introduced that is capable of the complete visualization, characterization
and numerical description of spinal deformities in all 3 planes while preserving conventional

methods for the measurement of frontal and sagittal plane curvature of the spine.
SUMMARY

A first object of the invention is to provide a method and a system for multi-dimensional
visualization of the spinal column, together with the pelvis. A second object of the invention

1s to provide a method for providing a reference point for proper positioning of a three-

dimensional coordinate system used for visualisation of the spinal column, including the

pelvis.

According to an aspect of the present invention, there is provided a method for multi-
dimensional visualization of a spinal column/spinal deformities comprising the steps of
obtaining an image of a spinal column definitely showing each vertebral body in the spinal
column; analyzing each vertebral body and defining mathematical/geometrical characteristic
parameters uniquely characterizing respective vertebrae; preparing vectors comprising an

initial point and a terminal point according to the characteristic parameters, wherein the initial
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point is constituted by a midpoint of a line connecting two pedicular centroids of the vertebral
body and terminal point as an intersection of a ventral surface contour of a vertebral body and
a line originating from the initial point drawn in a horizontal symmetry axis of the vertebral
body while contained in a plane parallel to the plane determined by an upper endplate of the
vertebral body; defining a three-dimensional coordinate system with an axis x formed by an
interacetabular line connecting two acetabular centers of a pelvis in horizontal plane, with an
axis y being the line perpendicular to a frontal plane and the interacetabular line and with an
axis z being perpendicular to a horizontal plane and the axis x at an origin of the coordinate
system; scaling and calibrating the coordinate system based on the length of the
Interacetabular line in the horizontal plane view; determining coordinates of initial point and
terminal point, respectively of each vector in all three planes and placing the prepared vectors
inside of the coordinate system; determining coordinates of the left and i ght pedicular
centroids of each vertebra in the frontal plane: taking an interpedicular line as an
interpedicular vector and choosing the initial point determining the direction of the
interpedicular vector as the pedicular centroid more distant from the axis X; calculating
coordinates of the interpedicular vector; determining a coordinate system for positioning
vertebra vectors by the position of the two acetabular centers of the pelvis; defining a sacrum
vector in the same way as vertebra vectors for thoracic and lumbar spine, by determining a
midpoint of an interpedicular line formed between pedicular centroids of the vertebra as an
initial point for the sacrum vector, drawing a sacrum vector line in a horizontal symmetry axis

of the vertebra while contained in a plane parallel to the plane determined by a sacrum plateau

of the pelvis and determining a terminal point for the sacrum vector as an intersection of the
sacrum vector line and a ventral surface of the sacrum, and calculating sacrum vector
parameters; defining pelvis vectors based on a predetermined sacrum vector; calculating
parameters for the pelvis vectors based on the predetermined sacrum vector; defining a
sacrum plateau vector by determining a midpoint of a spinal canal at a level of the sacrum
plateau as an initial point for the sacrum plateau vector, drawing a sacrum plateau vector line
according to the sacrum plateau line in a sagittal plane and determining a terminal point for
the sacrum plateau vector as a point where the sacrum plateau ends in a sagittal plane

projection, and calculating sacrum plateau vector parameters; defining pelvis vectors based on
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a predetermined sacrum plateau vector; calculating parameters for the pelvis vectors based on
the predetermined sacrum plateau vector; measuring pelvic parameters by said sacrum vector
and pelvis vectors based on said sacrum vector; visualizing the spine in a three-dimensional
manner 1n the thoracic and lumbar region with said vertebra vectors complemented with

sacrum vector and pelvic vectors.

In some embodiments, obtaining an image of a spinal column comprises producing two-

dimensional radiographs of a spinal column.

In some embodiments, producing two-dimensional radiographs of a spinal column comprises

acquiring radiographs of a spinal column of a patient being in a standing posture.

According to another aspect of the present invention, there is provided a system for multi-
dimensional visualization of a spinal column/spinal deformities comprising an image of a
spinal column definitely showing each vertebral body in the spinal column; characteristic
parameters uniquely characterizing respective vertebrae; vectors comprising an initial point
and a terminal point according to the characteristic parameters, wherein the initial point is
constituted by a midpoint of a line connecting two pedicular centroids of the vertebral body
and terminal point as an intersection of a ventral surface contour of a vertebral body and a line
originating from the initial point drawn in a horizontal symmetry axis of the vertebral body
while contained in a plane parallel to the plane determined by an upper endplate of the
vertebral body; a three-dimensional coordinate system with an axis x formed by an

interacetabular line connecting two acetabular centers of a pelvis in horizontal plane, with an
ax1s y being the line perpendicular to a frontal plane and the interacetabular line and with an

axis z being perpendicular to a horizontal plane and the axis x at an origin of the coordinate
system; a calibrated the coordinate system based on the length of the interacetabular line in
the horizontal plane view; coordinates of initial point and terminal point, respectively of each
vector in all three planes and placing the prepared vectors inside of the coordinate system:
coordinates of the left and right pedicular centroids of each vertebra in the frontal plane; an
interpedicular line as an interpedicular vector and choosing the initial point determining the

direction of the interpedicular vector as the pedicular centroid more distant from the axis x:
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coordinates of the interpedicular vector; a coordinate system for positioning vertebra vectors
by the position of the two acetabular centers of the pelvis; a sacrum vector comprising an
initial point and a terminal point, wherein the initial point is constituted by a midpoint of an
interpedicular line formed between pedicular centroids of the vertebra and the terminal point
s constituted by an intersection of a sacrum vector line drawn in a horizontal symmetry axis
of the vertebra while contained in a plane parallel to a plane determined by the sacrum plateau
of the pelvis, and the ventral surface of the sacrum and calculating sacrum vector parameters;
pelvis vectors based on a predetermined sacrum vector; parameters for the pelvis vectors
based on the predetermined sacrum vector; a sacrum plateau vector comprising an initial point
and a terminal point, wherein the initial point is constituted by a midpoint of a spinal canal at
a level ot the sacrum plateau and the terminal point is constituted by a point where the sacrum
plateau ends in a sagittal plane projection and calculating sacrum plateau vector parameters;
pelvis vectors based on a predetermined sacrum plateau vector; parameters for the pelvis
vectors based on the predetermined sacrum plateau vector; pelvic parameters and pelvis
vectors measured based on said sacrum vector; visualization of the spine in a three-
dimensional manner in the thoracic and lumbar region with said vertebra vectors

complemented with sacrum vector and pelvic vectors.
BRIEF DESCRIPTION OF THE DRAWINGS

The teatures, nature, and advantages of some embodiments of the present invention may

become more apparent from the detailed description set forth below when taken in
conjunction with the drawings in which like reference characters identify correspondingly

throughout and wherein:

Figures 1A-C are illustrations of a vertebra vector and vertebral components for the

generation of the vertebra vector in the frontal, sagittal and horizontal plane;

Figures 2A-C are illustrations for the creation of the calibrated coordinate system in the

frontal, sagittal and horizontal plane;

3c
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Figures 3A-C are illustrations for the calculation of vertebra vector parameters in the frontal,

sagittal and horizontal plane;

Figures 4A-B are illustrations for the calculation of interpedicular vector parameters in the

frontal plane, for a right convex and a left convex spinal curve;

Figures SA-C show visualizations of vertebra vectors of the thoracic and lumbar spinal region

for a scoliotic spine in the frontal, sagittal and horizontal plane;

Figures 6A-B show visualizations of conventional curve measurements based on vertebra

vectors 1n the frontal and sagittal plane;

Table 1 shows complete 3D coordinates and calculated parameters of vertebra vectors 1 of the

thoracic and lumbar region of a representative scoliotic case presented in Figures SA-5C;

3d



10

15

20

25

30

35

40

CA 02788445 2012-07-27
WO 2011/092531 PCT/HU2011/000013

Table 2A shows frontal plane coordinates and calculated parameters of interpedicular and
vertebra vectors of the thoracic and lumbar region of a representative scoliotic case presented in
Figures SA-5C and illustrated in Figures 6A-6B;

Table 2B shows conventional spinal measurement parameter values in the frontal and sagittal
plane based on Table 2A.

Figures 7A-C are illustrations of the sacrum vector and pelvic components for the generation of
the sacrum vector in the frontal, sagittal and horizontal plane;

Figures 8 A-C are illustrations of the pelvis vectors and pelvic components for the generation of
the pelvis vectors in the frontal, sagittal and horizontal plane;

Figures 9A-B are illustrations for the calculation of sacrum vector and pelvis vector parameters
in the frontal , sagittal and horizontal plane;

Figures 10A-B are illustrations for the measurement and calculation of conventional pelvic
parameters based on the sacrum vector and pelvis vectors in the sagittal and frontal plane;

Figures 11A-C are illustrations of the sacrum plateau vector and pelvic components for the
generation of the sacrum plateau vector in the frontal, sagittal and horizontal plane;

Figures 12A-C are 1illustrations of the pelvis vectors and pelvic components for the generation of
the pelvis vectors based on the sacrum plateau vector in the frontal, sagittal and horizontal plane;

Figures 13A-C show visualizations of vertebra vectors of the thoracic and lumbar spinal region

with sacrum and pelvis vectors of a patient with a scoliotic spine in the frontal, sagittal and
horizontal plane; |

DETAILED DESCRIPTION

Vertebra vector definition

A vertebra vector 1s a simplified representation of the real vertebra of the spine, based on known
vertebral landmarks. A vertebra vector 1 see Figures 1A-1C, comprises an initial point 7 "A" and
a terminal point 10 "B", with initial point A as the midpoint of a line 6 connecting two pedicular
centroids 4 and 5 of a vertebra, and terminal point B as the intersection of the ventral surface
contour 11 of a vertebral body and a line 9 originating from point A drawn in the horizontal
symmetry axis 8 of the vertebra while contained in a plane parallel to the plane determined by
the upper endplate of the vertebral body. Definition of a single vertebra vector 1 is illustrated in
the trontal, sagittal and horizontal plane view in Figures 1A, 1B and 1C, respectively.

A calibrated coordinate system for determination of vertebra vector coordinates

In order to mathematically characterize a vertebra vector 1, determination of coordinate values of
the vector 1 is necessary. Therefore, vertebra vectors 1 are placed in a coordinate system that is
suitably calibrated as will be disclosed in more detail below. The basic principles and
terminology described by Stokes [12] are utilized to create this coordinate system. An axis x of
the coordinate system is the interacetabular line connecting the two acetabular centers 12 and 13
of the pelvis in horizontal plane, see Figures 2A-2C. An axis y is the line perpendicular to the
frontal plane and the interacetabular line, with an origin 14 at its midpoint. An axis z is
perpendicular to the horizontal plane and the axis x at the origin 14.

4
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Calibration of the coordinate system is based on the length of the interacetabular line in the
horizontal plane view. The calibration scale is identical for the axes x, y and z. To create a

suitable scale, a value ot 100 1s assigned to the distance between the origin 14 and either of the
acetabular centers 12 and 13; thus, the total interacetabular distance is dividen in 200 units. The

calibrated coordinate system in the frontal, sagittal and horizontal plane is illustrated in Figures
2A, 2B and 2C, respectively.

Calculation of vertebra vector parameters

Following the creation of the coordinate system and placement of vertebra vector 1 inside,
coordinates of each vector point are determined in all three planes by using basic geometric and
vector algebraic methods, as illustrated in Figures 3A-3C.

Coordinates 15, 16 of initial point A and coordinates 17, 18 of terminal point B of vector 1 in the
frontal plane are A(Ax;A;) and B(By;B,). Coordinates 15, 16, 17, 18 of vector AB are therefore

AB(Bx-Ax;B;-A;). The lateral translation (also called lateral ejection [23,241) of the vertebra
vector 1 from the axis z is determined by the direct value of coordinate 17 By, while the projected
length 20 of vector 1 in the frontal plane is calculated as

Aapr = \/(Az — }32)5 ‘T‘ (Ax ‘“" Bx)z

and vector angle 19 ar relative to the axis z is calculated by using the function

AB
tanaF=XB—z.

Coordinates 21, 16 of initial point A and coordinates 22, 18 of terminal point B of vector 1 in the
sagittal plane are A(Ay;A;) and B(B,;B,). Coordinates 21, 16, 22, 18 of vector 1 are therefore
AB(By-A,;B;-A;). The projected length 24 of vector 1 in the sagittal plane is calculated as

dpps = ,’(Az - B;)% + (Ay — By)z

and vector angle 23 ag relative to the axis y 1s calculated by using the function
AB, |

tan Og = .
AB,

Coordmates 15, 21 of initial point A and coordinates 17, 22 of terminal point B of vector 1 in the

horizontal plane are A(Ax;Ay) and B(By;By). Coordinates of vector 1 are therefore AB(By-A;By-

Ay). The lateral translation (also called lateral ejection [23,24]) from the axis y is again equal to

the value of coordinate 17 By while the projected length 26 of vector 1 in the horizontal plane is

calculated as

dABH — \/EAy - By)z + (Ax o Bx)2

and vector angle 235 ay relative to the axis y is calculated by using the function

ftan Ay — 'é'g'{ .
AB,
Thus, combined values for each vertebra vector 1 containing its 3D parameters in the frontal,
sagittal and horizontal plane are to be presented as vector point coordinates A(Ax;A,;A,) and
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B(B«:By;B;), 3D vector coordinates AB(X;Y;Z) and vector angles af , ds, and ay, respectively,
seec Table 1 for vertebra vector 3D parameters of vertebrae Ti-Lv).

Calculation of interpedicular line coordinates and its angle relative to the axis x

Coordinates 28, 29 of the left pedicular centroid 4 and coordinates 30, 31 of the right pedicular
centroid 5 of each vertebra in the frontal plane are determined as PCL(PCLy; PCL,) and
PCR(PCRy; PCR,), see Figures 4A and 4B. The line 6 connecting PCL and PCR is interpedicular
line IPpc. In a scoliotic spine segment, most vertebrae of the frontal curves are tilted or rotated in
the frontal plane, therefore the interpedicular line IPpc 1s not perpendicular to the axis z. Based
on direction of the tilting, one of the pedicular centroids 4 and 5, i.e., PCR or PCL, 1s always
found more distant from the axis x than the other. In order to calculate the angle of IPpc relative
to the axis x, interpedicular line IPpc is taken as a vector, called interpedicular vector IPR, and
the initial point determining the direction of the vector is chosen as the pedicular centroid more
distant from the axis x.

As a consequence, when PCR 1s more distant from the axis x than PCL, interpedicular line IPpc
is assigned to a direction right-to-left and is called interpedicular vector IPR. Likewise, when
PCL 1s more distant from the axis x than PCR, interpedicular line IPpc is assigned to a direction
left-to-right and 1s called interpedicular vector IPL.

Coordinates of interpedicular vector IPR are IPR(PCRx-PCL,;PCR,-PCL,) and angle 32 QPR
relative to the axis x is calculated by using the function

__IPR,
tan aIpR — IPRx.

Coordinates of interpedicular vector IPL are IPL(PCR,-PCL;PCR,-PCL,), and angle 34 opL.
relative to the axis x 1s calculated by using the function

IPL,
IPL,

tan Aipr, —

Calculation of angles 32, 34 apgr and agpy, is illustrated in Figures 4A and 4B, respectively.

Three-dimensional visualization of the scoliotic spine in the thoracic and lumbar region with
vertebra vectors

Visualization of the scoliotic spine showing a major right convex thoracolumbar curve (Lenke
type 1A [1]) is illustrated in Figures SA-5C. Vertebra vectors T,-Lv of the thoracic and lumbar
region are shown mn Figure SA in the frontal plane, in Figure 5B in the sagittal plane, and Figure

5C 1n the horizontal plane. For easier differentiation of vertebrae from one another, especially in
the horizontal plane, a color-coded key shown in Legend of Figure SA-B-C is used.

Measurement of spinal curve angles according to the conventional Cobb's method in the frontal
and sagittal plane

The use of vertebra vectors allows for conventional spinal curve measurements in the frontal and
sagittal plane as described by Cobb [25]. |

Frontal plane Cobb’s angle values are determined according to the conventional method. The
only difference compared to the original method is that instead of measurement of angulation

between lines determined by the upper endplate of the upper end-vertebra and the lower endplate
of the lower end-vertebra of the curve, angulation between the interpedicular line of the same
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two vertebrae 1s calculated, by a summation of values for the interpedicular vector angle (opr or
apL) of the same two vertebrae of the curve is made.

Sagittal plane curvature angle values are also determined almost identical to the conventional
method. The only difference compared to the original method is that instead of angulation
measurement between lines determined by the upper and lower endplate of the vertebral body of
Th4 and Th;, for kyphosis and of L; and Ly for lordosis, a summation of vector angle as of the
same two pairs of vertebrae is carried out.

Complete three-dimensional characterization of the spine in the thoracic and lumbar region with
parameters based on vertebra vectors

Demonstration of 3D parametric values of vertebra vectors of the thoracic and lumbar region of
the scoliotic spine tllustrated in Figures SA-5C are shown in Table 1. Parametric values of

A(AAy;Az), B(Bx;By;B,), AB(X;Y;Z), and vector angles ay, ar, and ag are shown for each
vertebra as determined and calculated according to the methods described above.

Conventional spinal parameteric values in the frontal plane as the Cobb's angle of the right
convex thoracolumbar curve, and in the sagittal plane as thoracic kyphosis and lumbar lordosis,
could be also measured based on parameters of vertebra vectors and the corresponding
interpedicular lines, as detailed above and shown in Tables 2A and 2B.

Sacrum vector definition

The coordinate system used for positioning the vertebra vectors is determined by the position of
the two acetabular centers of the pelvis. The x axis of the coordinate system is the axis defined
by the acetabular centers. The midpoint of the distance between the two acetabular centers is the
origo of the coordinate system, from which point axes y and z are originated. In normal case the
origo falls exactly to the mediolateral axis of the body, serving as a truly symmetrical, central
starting point for the coordinate system. But this is not always true, especially not if the pelvis is
deformed or there is a length-discrepancy between the two lower limbs. To determine a possible
pelvic deformation and to further enhance the coordinate system outlined above for vertebra
vectors, we introduce the terms of sacrum vector and pelvis vectors according to the following.

The sacrum vector 1 is determined by exactly the same principles as vertebra vectors for the
thoracic and lumbar spine, as described above in Fig. 7A-C. For the sacrum vector 1° only the
first sacral vertebra 3" (vertebra S1) of the pelvis 2'is used, therefore sacrum vector is identical to
the vertebra vector S1. Initial point Ag; (57) is the midpoint of the interpedicular line formed
between the pedicular centroids 4 of vertebra S1. Sacrum vector line 6° i1s drawn in the
horizontal symmetry axis of the vertebra S1 while contained in a plane parallel to the plane
determined by the sacrum plateau 7" of the pelvis. Terminal point Bs; (9") of sacrum vector is the
intersection of the sacrum vector line 6 and the ventral surface of the sacrum.

Calculation of sacrum vector parameters

For defining the coordinates of the sacrum vector, it is placed inside the same 3D coordinate
system that 1s used for the vertebra vectors. Principles for making this coordinate system are

exactly identical to the vertebra vectors.

Coordinates of each vector point are determined in all three planes by using basic geometric and
vector algebraic methods, as illustrated in Figures 9A-C.

Coordinates 30°, 34" of initial point S14 and coordinates 327, 35" of terminal point S1p of vector
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1" 1n the frontal plane are Asi(AxAz) and Bg(B4;B,). Coordinates 30°,34°,32°,35" of vector ABs;
are therefore ABs; (Bx-Ax;B;-A;). The lateral translation (also called lateral ejection [23,24]) of
the vertebra vector 1° from the axis z i1s determined by the direct value of coordinate 32" Slgy,
while the projected length 36" of vector 1 1n the frontal plane is calculated as

dg1p = vV (Az — Bz)'2 .g (Ax - Bx)2

and horizontal vector angle 37" relative to the axis z is calculated by using the function

ABg1x

tan S].aF —

B S1z

Coordinates 31°, 34" of initial point S14 and coordinates 337, 35 of terminal point S1g of vector
1" 1n the sagittal plane are Asi(Ay;Az) and Bsi(By;B;). Coordinates 31°,34°,33°,35" of vector 1°
are therefore ABs1(By-Ay;B2-A;). The projected length 36" of vector 1° in the sagittal plane is

calculated as
2
dg1s = J(Az — B,)? + (Ay o By)

and sagittal vector angle 37 relative to the axis y is calculated by using the function

ABg1z

tanSlog =

Coordinates 30°, 31" of initial point S1, and coordinates 32°, 33" of terminal point S13 of vector
1" m the horizontal plane are S15o(Ax;Ay) and S1g(Bx;By). Coordinates of vector 1° are therefore

A Bsi1(Bx-Ax;By-Ay). The lateral translation (also called lateral ejection [23,24]) from the axis y
1s again equal to the value of coordinate 32" S1gx while the projected length 36" of vector 1" in
the horizontal plane is calculated as

dSlH — J(Ay — By)z + (Ax T Bx)z

and horizontal vector angle 37" relative to the axis y is calculated by using the function

{1331x

tan S].aH = - .
Siy

Thus, combined values for each vertebra vector 1° containing its 3D parameters in the frontal,
sagittal and horizontal plane are to be presented as vector point coordinates Ag1(Ax;Ay;Az) and
Bsi(Bx;By;B2), 3D vector coordinates ABg;(X;Y;Z) and vector angles Slar, Slas, and Slag,
respectively.

Definition of pelvis vectors based on sacrum vector S1

The pelvis is also represented by a pair of vectors for both sides, left vector PL-S1 and right

vector PR-S1, and are used for obtaining data about position, orientation, symmetry, asymmetry,
deformation, rotation and torsion of the pelvis.

The pelvis vectors are based on and originate of the sacrum vector described above. They are
placed inside the same coordinate system used for the vertebra vectors and they are illustrated in

Fig.8A-C.

Initial point A’s of vector PL-S1 and vector PR-S1 is identically located at the midpoint 16" of
sacrum vector 1°. Pelvis vector lines are connected with the left acetabular center 12° for vector
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PL-S1 (17°) and the right acetabular center 13" for vector PR-S1 (18°), respectively. Thus,
terminal pomnt B's of pelvis vectors PL-S1 and PR-S1 (19" and 20°) are identical to the left and

right acetabular centers.
Calculation of parameters for pelvis vectors based on sacrum vector S1
Figures 9A-C display elements of pelvis vectors that are used for vector parameter calculations.

Coordinates 38,42 of initial point PL-S14 and coordinates 40°,43" of terminal point PL-S15 of
vector 17" in the frontal plane are App.s1(Ax;Az) and By s1(Bx;B;). Coordinates 38°,42°,40°,43"
of vector ABp; . are therefore ABprL-s1(Bx-Ax;B;,-A;). The projected length 44" of vector 17 in
the frontal plane is calculated as

dPL-.S‘lF = \/-EAZ - Bz)z + (Ax - Bx)z
and horizontal vector angle 45" relative to the axis z is calculated by using the function

ABpj _
tan PL — Slop = —2=221%
ABp}—517

Coordinates 46°,50° of initial point PR-S1, and coordinates 48°,51° of terminal point PR-S1g of
vector 18" in the frontal plane are Apr-si(Ax:A;) and Bpr.s1(Bx;B,). Coordinates 46°,50°,48°,51°

of vector ABpr.s1 are therefore ABpr.si(Bx-Ax;B2-A7). The projected length 52" of vector 18" in
the frontal plane is calculated as
dpr-sir = (A, - B,)? + (Ag - By)?

and horizontal vector angle 53" relative to the axis z is calculated by using the function

ABpp_
tan PR — Slap = —2=231%
ABpRr-S1z

Coordinates 39°, 43" of initial point PL-S14 and coordinates 417, 50 of terminal point PL-S1g of
vector 17" in the sagiftal plane are Apy.s1(Ay;A;) and Bpp 51(By;B;). Coordinates 39°,43°,41°,50°
of vector 17" are therefore ABpp-51(By-Ay;B.-A;). The projected length 44" of vector 17" in the
sagittal plane is calculated as

, 2
dpr-s15 = (Az — B,)? + (Ay _ By)

and sagittal vector angle 45 relative to the axis y is calculated by using the function

ABpj_
tan PL — .S‘la —Juinnt -1 _ I
ABpi_s1y

Coordinates 47", 51° of initial point PR-S14 and coordinates 49°, 50" of terminal point PR-S1g of
vector 18" In the sagittal plane are Apr.s1(Ay;Az) and Bpgri-s1(By;B;). Coordinates 47°,517,49°,50°
of vector 18 are therefore ABpr.si(By-Ay:B-A7). The projected length 52 of vector 18 in the
sagittal plane is calculated as

{ | 2
dpr-s1s = J(Az — Bz)* + (AY B BY)

and sagittal vector angle 53" relative to the axis y is calculated by using the function

ABpp_
tan PR — S1lag = —£&=31%
ABPR-Sly
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Coordinates 307, 31" of initial point PL-S1, and coordinates 32°, 33" of terminal point PL-S13 of
vector 17" in the horizontal plane are PL-S1,4(Ax;A,) and PL-S1g(By;B,). Coordinates

30°,31°,32°,33" of vector 17" are therefore ABpy s;(Bx-Ax;By-Ay). The projected length 44" of
vector 17" in the horizontal plane is calculated as

2
dpr-s10 = J(Ay — By)" + (Ax — By)?

and horizontal vector angle 45" relative to the axis y is calculated by using the function

ABpj-
tan PL — Sloy = —222%
ABPL _S1y

Thus, combined values for each vertebra vector 17" containing its 3D parameters in the frontal,

sagittal and horizontal plane are to be presented as vector point coordinates Apr-s1(Ax;Ay;A;) and
BprL-s1(Bx;By;B.), 3D vector coordinates ABpr.51(X;Y;Z) and vector angles PL-S1ar , PL-Slas,
and PL-S1ay, respectively.

Coordinates 46, 47" of initial point PR-S1,4 and coordinates 48°, 49" of terminal point PR-S1g of
vector 18 in the horizontal plane are PR-S1,(Ax;Ay) and PR-SIB(BX, y). Coordinates

46,47 ,48 ,49 of vector 18 are therefore ABpr.s1(Bx-Ax;By-Ay). The projected length 52° of
vector 18" in the horizontal plane is calculated as

2
dPR-—SlH — 1/(Ay o By) + (Ax o Bx‘)z

and horizontal vector angle 53" relative to the axis y is calculated by using the function

ABpp_
tanPR-—-.S'laH== i Slx.
ABPR—Sly

Thus, combined values for each vertebra vector 18" containing its 3D parameters in the frontal,
sagittal and horizontal plane are to be presented as vector point coordinates Apr_s1(Ax;Ay;A;) and

Brr-s1(Bx;By;B2), 3D vector coordinates ABpr-s1(X;Y;Z) and vector angles PR-S1ar, PR-Slas,
and PR-S1ay, respectively.

Sacrum plateau vector definition

Current methods for characterization of pelvic position and orientation, especially in the sagittal
plane based on lateral radiographs, are based on the determination of the contour line
corresponding to the sacrum plateau, which is the most proximal part of the pelvis, representing
the upper endplate of vertebra S1. With respect to compatibility with current concepts and
measurement methods we also provide the concept and system in this application an alternative
for the sacrum vector, vector S1, described above. This is done with the introduction of sacrum
plateau vector, vector SP, and 1llustrated in Fig.11A-C.

Initial point Agp (227) for vector SP (21°) is the midpoint of the spinal canal (29°) at the level of
the sacrum plateau 7°, as shown in Fig.11B and Fig.11C, respectively. Vector SP line is drawn
according to the sacrum plateau line 8" in sagittal plane. Terminal point Bsp (23") is the point
where the sacrum plateau ends in sagittal plane projection.

Calculation of sacrum plateau vector parameters
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All principles for the calculation of vector SP parameters are identical with aforementioned
methods for calculating vector parameters for vector S1. Except for labels of items used mside,

the identical nature for these calculations warrants no further descriptions and illustrations here.
Definition of pelvis vectors based on sacrum plateau vector SP

Stmilarly to the sacrum vector-based pelvis vectors, the pelvis may also be represented by a
similar pair of vectors for both sides, left vector PL-SP and right vector PR-SP, and to be used
for obtaining data about position, orientation, symmetry, asymmetry, deformation, rotation and
torsion of the pelvis. This kind of method may be more closely related to procedures available in
the art and therefore more acceptable for those familiar with the art itself. We provide this as an
alternative solution to the same problem and no preference is put on either method. Both could
be used for obtaining valid data for the same purposes, namely, generating data about position,
orientation, symmetry, asymmetry, deformation, rotation and torsion of the pelvis.

The pelvis vector SP’s are based on and originate of the sacrum plateau vector described above.
They are placed inside the same coordinate system used for the vertebra vectors and they are
1llustrated in Fig.12A-C.

Initial point A's of vector PL-SP and vector PR-SP is identically located at the midpoint 24" of
sacrum plateau vector 21°. Pelvis vector SP lines are connected with the left acetabular center
12" for vector PL-SP (257) and the right acetabular center 13" for vector PR-S1 (26°),
respectively. Thus, terminal point B's of pelvis vectors PL-SP and PR-SP (27" and 28°) are
identical to the left and right acetabular centers 12" and 13°.

Calculation of parameters for pelvis vectors based on sacrum plateau vector SP

All principles for the calculation of vector PL-SP and PR-SP parameters are identical with
aforementioned methods for calculating vector parameters for vectors PL-S1 and PR-S1,
respectively. Except for labels of items used inside, the identical nature for these calculations
warrants no further descriptions and illustrations here.

Measurement of pelvic parameters by sacrum vector S1 and pelvis vectors based on sacrum
vector S1

Position and orientation of pelvis is currently characterized by sagittal and frontal plane pelvic

parameters as described by publications earlier [26,27]. Sagittal balance, hence, full balance of
the upper body is influenced by these parameters, therefore, knowledge and measurement of

these parameters are very important for a total, especially a three-dimensional, evaluation of the
spinal column. Sagittal pelvic parameters are: pelvic tilt (or pelvic version), sacral slope and
pelvic incidence. The former two are dependent upon body position, hence, called positional
pelvic parameters, while the latter one, pelvic incidence, is an anatomically constant,
morphologic parameter, its value being shown to be independent of positional changes.

Pelvic version is defined by (1) the line through the midpoint of the sacral plate and midpoint of
the femoral heads axis, and (2) a vertical line. Sacral slope is defined as the angle between the
sacral plate and a horizontal line. Pelvic incidence is defined as the angle between the line

perpendicular to the sacral plate at its midpoint and the line connecting this point to the axis of
the femoral heads. It is an anatomical parameter, unique to each individual, independent of the

spatial orientation of the pelvis. Pelvic incidence is also to be noted as the algebraic sum of sacral
slope and pelvic tilt.
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Lateral pelvic obliquity, or by a shorter form, pelvic obliquity, is a frontal plane term
characterizing a tilted pelvic position due to any underlying cause, i.e., pelvic deformation,

discrepancy in lower limb length.

Measurement of these important pelvic parameters based on the sacrum vector S1 and its related
pelvis vectors PL-S1 and PR-S1 are illustrated in Fig. 10A-B.

Sacral slope 55 (SS) is measured based on calculating vector S1 coordinates Ag;(Ay;Az) and
Bsi1(By;B,) as shown above. Coordinates of vector S1 are therefore ABgi(By-Ay;B-A7). Sacral
slope is equal to the angle between vector S1 and axis y in the sagittal plane, therefore it 1s
calculated by the function

ABg1z

tanSS ABss,
In normal individuals with symmetrical pelvis the pelvis vectors PL-S1 and PL-S1 are aligned
together and projected on each other in sagittal plane. Pelvic version 56" (PV) is measured based
on calculating vector either vector PL-S1 or PR-S1coordinates. We demonstrate here
calculations by using vector PL-S1 coordinates, Apy si1(Ay;Az) and Bpy s1(By;B.) as shown above.
Coordinates of vector PL-S1 are therefore ABpr-s1(By-Ay;B.-A;). Pelvic version 1s equal to the
angle between vector PL-S1 and axis z in the sagittal plane, therefore PV is calculated by the
function

ABpy .51
tan PV = X
ABpj-51z7

Pelvic incidence 54° (PI) is equal to the algebraic sum of the value of PV and SS, hence
PI =PV + SS.

Pelvic obliquity 57" (PO) is not present in normal cases. To determine whether pelvic obliquity 1s
present, one would evaluate the equation

tan PL —Slas = tan PR —Slag or

ABpj_ 512 — ABPR—Slz

ABp;-s1y ABpp-siy

When the equation returns false, there 1s a pelvic asymmetry present that results in lateral pelvic
obliquity. PO could then be calculated by following simple trigonometry rules.

Three-dimensional visualization of the scoliotic spine in the thoracic and lumbar region with
vertebra vectors complemented with sacrum vector and pelvic vectors

Visualization of the scoliotic spine showing a double major curve (Lenke type 6CN [1]) 1s
illustrated in Figures 13A-C. Vertebra vectors T;-Ly of the thoracic and lumbar region with
sacrum vector S1 and corresponding pelvis vectors PL-S1 and PR-S1, respectively, are shown in
Figure 13A in the frontal plane, in Figure 13B in the sagittal plane, and Figure 13C in the
horizontal plane. For easier differentiation of vertebrae from one another, especially in the
horizontal plane, a color-coded key shown in Legend of Figure 13A-B-C is used.
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Some novelties and benetits of the new system and method of vertebra vectors and visualization,
characterization and numerical description of spinal deformities based on vertebra vectors are the

following:

- This 1s the first method for the concurrent visualization, characterization and parametric
evaluation of all important characteristics of scoliotic vertebrae in a spinal deformation: vertebral
size, position, orientation and spatial rotation are all described by vertebra vector parameters

- Of special interest are the ability to view the vertebrae of the thoracic and lumbar region from
above in the horizontal plane: no routine clinical device or method has been available to carry
this out for scoliotic patients.

- Conventional angulation measurement methods to describe and characterize the spinal column
in the frontal and sagittal plane are preserved and readily applicable by vertebra vectors as well.

- A simplified and easy-to-understand interpretation of digital images and 3D reconstructions
provided by any of the current radiodiagnostic devices is promoted by vertebra vectors.

- Vertebra vectors provide a simplification of the very complex visual information in digital
images and 3D reconstructions provided by current radiodiagnostic devices, without sacrificing
any of the information important to understand underlying processes in spinal deformation: 3D

-data on vertebral size, position, orientation and rotation.

- The magnitude of the vector is determined by the vertebral body size, accurately modelling the
size changes of vertebrae from the upper thoracic to the lumbar region.

- Positioning of the vertebra vector inside the vertebral body neutralizes the variance in axial
rotation due to vertebral body torsion since the relative vertical distance of the vector from the

upper endplate is constant for each vertebra [20], therefore, a vertebra vector defined in this way
is least prone to be affected by scoliotic vertebral shape changes.

- Coordinates of vertebra vectors can be determined in a coordinate system based on the
interacetabular axis (x), the sagittal median axis () and the axis (z) perpendicular to the
intersection of the axes x and y, providing a mathematical description of the position, orientation

and rotation of each vertebra vector.

- Since the axis y of the coordinate system used by this method corresponds to the sagittal

median axis of the body and a vertebra vector corresponds to the vertebral axis in the horizontal
plane, vector angle ay relative to the axis y is identical to the vertebral axial rotation in the

horizontal plane.

- Vertebral axial rotation can therefore be determined directly through the use of vertebra
vectors, without involving any of the known auxiliary or 3D reconstruction-based methods [5-11,

20-22].

- In light of the individual variations in the metrics of the spino-pelvic skeletal system, it is very
important to have a calibrated scale for this coordinate system that allows the direct
interindividual comparison of values and can form a basis for classification.

- The calibration method used with vertebra vectors employs an individually specific, relative
calibration scale.

- Applicable on spatially calibrated stereoradiography images or 3D reconstructions of current
radiodiagnostic devices, after registration of landmarks required to determine a vertebra vector.
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Future applications and benefits based on or arising from the use of the new system and method
of vertebra vectors and visualization, characterization and numerical description of spinal
deformities employing vertebra vectors are the following:

- Vertebra vector provide visual and numerical information in all three planes, based on
mathematical formulae ready to be used in built-in software algorithms.

- May be used directly or indirectly by any of the current radiodiagnostic devices and their
clinical diagnostic systems.

- Vertebra vectors may be useful in the analysis of the pathomechanism of spinal deformities.

- Vertebra vectors may significantly affect or fundamentally change the basic understanding of
processes in the surgical treatment.

- Could be the basis for and may influence therapeutic strategies for surgical correction in 3D.

- May be useful in the evaluation of surgical correction in 3D.

- Could be the basis for 3D modelling of procedures during surgical correction.
- Might serve as the basis for the creation of a truly 3D classification of scoliosis.

- Could be useful in mathematical or biomechanical applications, with theoretical or practical
purposes, for 3D characterization and 3D modelling of the spinal column.

- Could serve as a basic groundwork for quantitative evaluation and modelling of biomechanical
loads and forces of the spinal column in 3D.

*¥**- The sacrum and pelvis vectors complement and complete the system introduced by vertebra
vectors, allowing a more accurate full characterization in 3D.

- With sacrum and pelvis vectors, currently used pelvic parameters are easily calculated together
with vertebra vector-based calculations for the spinal geometry.

- The coordinate system implemented for vertebra vectors is based on an individual scale which
makes it possible to present individually valid data while providing a basis for inter-individual
comparisons.

- The coordinate system is further enhanced and its use is further augmented by the introduction
of sacrum and pelvis vectors, by providing a built-in possibility of accommodating pelvic tilting,
asymmetry or deformations, due to any causes, all that could present problems with the validity
of coordinate data inside the coordinate system; evaluation of pelvic symmetry could result in the
appropriate modification of the coordinate value for each vertebra, providing a truly and
individually valid dataset. '

- Furthermore, the combination of the pelvis-based augmention of the coordinate system and

extension of the system distally to the ground, element of the lower limbs are also easily
characterized inside the same Cartesian system

- The extension of the coordinate system may open the possibility to present and characterize
lower limb components as vectors themselves, again, in an individually valid 3D parameters.

- The extension of the coordinate system may open even further possibilities to present and
characterize the skull, cervical spine region, shoulders, rib cage etc. with individually valid 3D
parameters.
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- By implementing body surface sensors or markers, the system may be useful in live, online
evaluation of 3D pelvic parameters in software navigation systems.

- With its complementation with pelvis vectors and extension of the individual 3D reference
coordinate system, evaluation of results of corrective procedures — conservative and surgical
alike — could be carried out by the implementation of body surface markers or sensors and
linking with 3D-aware systems for biomechanical measurements.

- The system and concept may be used for existing or newly developed software navigation
systems for lower limb endoprothesis surgery, providing an individually valid 3D reference
system intraoperatively.
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List of reference signs

1 — vertebra vector AB

2 - right pedicle of the vertebra

3 - left pedicle of the vertebra

4 - rigth pedicular centroid (PCR)

5 - left pedicular centroid (PCL)

6 - interpedicular line (IPp¢)

7 - initial point A of the vertebra vector

8 - symmetry axis of the upper endplate of the vertebral body
9 - line parallel to the symmetry axis of the upper endplate of the vertebral body
10 - terminal point B of the vertebra vector

11 - ventral contour line of the vertebral body

12 - right acetabular center of the pelvis

13 - left acetabular center of the pelvis

14 - origo of the coordinate system

15 - coordinate point Ay

16 - coordinate point A,

17 - coordinate point By

18 - coordinate point B,

19 - frontal plane vector angle o

20 - projected vector size in the frontal plane, dagr

21 - coordinate point A,

22 - coordmate point B,

23 - sagittal plane vector angle ag

24 - projected vector size in the sagittal plane, dags

25 - horizontal plane vector angle ay

26 - projected vector size in the horizontal plane, dagu

27 - interpedicular line with right-to-left direction, interpedicular vector IPR
28 - coordinate point PCR,

29 - coordinate point PCR,

30 - coordinate point PCL,

31 - coordinate point PCL,

32 - frontal plane interpedicular apgr angle relative to axis x
33 - interpedicular line with left-to-right direction, interpedicular vector IPL
34 - frontal plane interpedicular a;p;, angle relative to axis x
1" — vertebra vector S1, sacrum vector, vector S1

2" — pelvis

3" — first sacral vertebra, vertebra S1

4" — left and right pedicular centroids of vertebra S1

5" — interpedicular midpoint, initial point Ag; of sacrum vector
6" — vector line of sacrum vector

7" — upper endplate of vertebra S1, sacrum plateau

8" — sacrum plateau line, parallel with sacrum vector line

9" — terminal point Bs; of sacrum vector

10" — left acetabulum
11" — right acetabulum
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12" — left acetabular centroid

13" — right acetabular centroid

14" — interacetabular line

15" — interacetabular midpoint, origo of the coordinate system for vertebra vectors
16° — midpoint of vector S1, inttial point A of pelvis vector left and right, point Aprpr
17" — vector S1-based pelvis vector left, vector PL-S1

18" — vector S1-based pelvis vector right, vector PR-S1

19" — terminal point Bp; g1 of vector PL-S1, left acetabular centroid
20" — terminal point Bpr-s; of vector PR-S1, right acetabular centroid
21" — sacrum plateau vector, vector SP

22" — initial point Asp of vector SP

23" — terminal point Bgp of vector SP

24" — midpoint of vector SP, initial point A of pelvis vector left and right, point Aprpr
25" — vector SP-based pelvis vector left, vector PL-SP

26" — vector SP-based pelvis vector right, vector PR-SP

27" —terminal point Bp.sp of vector PL-SP, left acetabular centroid
28" — terminal point Bpr.sp of vector PR-SP, right acetabular centroid
29" — spinal canal at sacrum plateau level

30" — vector S1 mitial point A coordinate X, S1 4

31" — vector S1 initial point A coordinate Y, S14,

32" — vector S1 terminal point B coordinate X, S1g,

33" — vector S1 terminal point B coordinate Y, Slpy

34" — vector S1 initial point A coordinate Z, S14,

35 —vector S1 terminal point B coordinate Z, Slg;

36" — vector S1 length, dg;

37 — vector S1 angle a, Sla

38" — vector PL-S1 initial point A coordinate X, PL-S1 a4

39" — vector PL-S1 initial point A coordinate Y, PL-S14,

40" — vector PL-S1 terminal point B coordinate X, PL-S1zy

41" — vector PL-S1 terminal point B coordinate Y, PL-S1p,

42" — vector PL-S1 1nitial point A coordinate Z, PL-S14,

43" — vector PL-S1 terminal point B coordinate Z, PL-S15,

44" — vector PL-S1 length, dpL-31

45" — vector PL-S1 angle a, PL-S1a

46" — vector PR-S1 initial point A coordinate X, PR-S144

47" — vector PR-S1 initial point A coordinate Y, PR-S14,

48 — vector PR-S1 terminal point B coordinate X, PR-S15x

49" — vector PR-S1 terminal point B coordinate Y, PR-S1p,

50" — vector PR-S1 initial point A coordinate Z, PR-S14,

51" — vector PR-S1 terminal point B coordinate Z, PR-S1g,

52" — vector PR-S1 length, dpg.s;

53" — vector PR-S1 angle o, PR-S1a

54" — pelvic incidence, Pl

55" — sacral slope, SS

56 — pelvic tilt, pelvic version, PV

57 — lateral pelvic obliquity, PO
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CLAIMS:

1. A method for multi-dimensional visualization of a spinal column/spinal

deformities comprising the steps of

- obtaining an image of a spinal column definitely showing each vertebral body

in the spinal column;

- analyzing each vertebral body and defining mathematical/geometrical

characteristic parameters uniquely characterizing respective vertebrae;

- preparing vectors comprising an initial point and a terminal point according
to the characteristic parameters, wherein the initial point is constituted by a midpoint of a line
connecting two pedicular centroids of the vertebral body and terminal point as an intersection
of a ventral surface contour of a vertebral body and a line originating from the initial point
drawn 1n a horizontal symmetry axis of the vertebral body while contained in a plane parallel

to the plane determined by an upper endplate of the vertebral body:

- detining a three-dimensional coordinate system with an axis x formed by an
Interacetabular line connecting two acetabular centers of a pelvis in horizontal plane, with an

ax1s y being the line perpendicular to a frontal plane and the interacetabular line and with an
ax1s z being perpendicular to a horizontal plane and the axis x at an origin of the coordinate

System;

- scaling and calibrating the coordinate system based on the length of the

interacetabular line in the horizontal plane view;

- determining coordinates of initial point and terminal point, respectively of

each vector 1n all three planes and placing the prepared vectors inside of the coordinate

system;

- determining coordinates of the left and right pedicular centroids of each

vertebra 1n the frontal plane;
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- taking an interpedicular line as an interpedicular vector and choosing the

Initial point determining the direction of the interpedicular vector as the pedicular centroid

more distant from the axis x;
- calculating coordinates of the interpedicular vector:

- determining a coordinate system for positioning vertebra vectors by the

position of the two acetabular centers of the pelvis:

- defining a sacrum vector in the same way as vertebra vectors for thoracic and
lumbar spine, by determining a midpoint of an interpedicular line formed between pedicular
centroids of the vertebra as an initial point for the sacrum vec‘tor, drawing a sacrum vector line
in a horizontal symmetry axis of the vertebra while contained in a plane parallel to the plane
determined by a sacrum plateau of the pelvis and determining a terminal point for the sacrum

vector as an intersection of the sacrum vector line and a ventral surface of the sacrum, and

calculating sacrum vector parameters;
- detining pelvis vectors based on a predetermined sacrum vector:

- calculating parameters for the pelvis vectors based on the predetermined

sacrum vector;

- defining a sacrum plateau vector by determining a midpoint of a spinal canal

at a level of the sacrum plateau as an initial point for the sacrum plateau vector, drawing a
sacrum plateau vector line according to the sacrum plateau line in a sagittal plane and
determining a terminal point for the sacrum plateau vector as a point where the sacrum plateau

ends 1n a sagittal plane projection, and calculating sacrum plateau vector parameters:;

- defining pelvis vectors based on a predetermined sacrum plateau vector;

- calculating parameters for the pelvis vectors based on the predetermined

sacrum plateau vector;
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- measuring pelvic parameters by said sacrum vector and pelvis vectors based

on said sacrum vector;

- visualizing the spine in a three-dimensional manner in the thoracic and
lumbar region with said vertebra vectors complemented with sacrum vector and pelvic

vectors.

2. The method of claim 1 wherein obtaining an image of a spinal column

comprises producing two-dimensional radiographs of a spinal column.

3. T'he method of claim 2 wherein producing two-dimensional radiographs of a
spinal column comprises acquiring radiographs of a spinal column of a patient being in a

standing posture.

4. A system tor multi-dimensional visualization of a spinal column/spinal

deformities comprising

- an 1mage of a spinal column definitely showing each vertebral body in the

spinal column;
- characteristic parameters uniquely characterizing respective vertebrae;

- vectors comprising an initial point and a terminal point according to the
characteristic parameters, wherein the initial point is constituted by a midpoint of a line
connecting two pedicular centroids of the vertebral body and terminal point as an intersection
of a ventral surface contour of a vertebral body and a line originating from the initial point
drawn 1n a horizontal symmetry axis of the vertebral body while contained in a plane parallel

to the plane determined by an upper endplate of the vertebral body;

- a three-dimensional coordinate system with an axis x formed by an
interacetabular line connecting two acetabular centers of a pelvis in horizontal plane, with an

ax1s y being the line perpendicular to a frontal plane and the interacetabular line and with an
axis z being perpendicular to a horizontal plane and the axis x at an origin of the coordinate

system;
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- a calibrated the coordinate system based on the length of the interacetabular

line 1n the horizontal plane view;

- coordinates of initial point and terminal point, respectively of each vector in

all three planes and placing the prepared vectors inside of the coordinate system;

- coordinates of the left and right pedicular centroids of each vertebra in the

frontal plane;

- an interpedicular line as an interpedicular vector and choosing the initial point
determining the direction of the interpedicular vector as the pedicular centroid more distant

from the axis x;
- coordinates of the interpedicular vector;

- a coordinate system for positioning vertebra vectors by the position of the two

acetabular centers of the pelvis;

- @ sacrum vector comprising an 1nitial point and a terminal point, wherein the
initial point is constituted by a midpoint of an interpedicular line formed between pedicular
centroids of the vertebra and the terminal point is constituted by an intersection of a sacrum
vector line drawn in a horizontal symmetry axis of the vertebra while contained in a plane
parallel to a plane determined by the sacrum plateau of the pelvis, and the ventral surface of

the sacrum and calculating sacrum vector parameters;
- pelvis vectors based on a predetermined sacrum vector:
- parameters for the pelvis vectors based on the predetermined sacrum vector:

- a sacrum plateau vector comprising an initial point and a terminal point,
wherein the initial point is constituted by a midpoint of a spinal canal at a level of the sacrum
plateau and the terminal point is constituted by a point where the sacrum plateau ends in a

sagittal plane projection and calculating sacrum plateau vector parameters;
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- pelvis vectors based on a predetermined sacrum plateau vector;

- parameters for the pelvis vectors based on the predetermined sacrum plateau

vector:

- pelvic parameters and pelvis vectors measured based on said sacrum vector;

- visualization of the spine in a three-dimensional manner in the thoracic and

lumbar region with said vertebra vectors complemented with sacrum vector and pelvic

VeCtors.
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