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Idiopathic  scoliosis  is  a  three-dimensional  (3D)  deformity  of the  spine.  In  clinical  practice,  however,  the
diagnosis  and  treatment  of  scoliosis  consider  only  two dimensions  (2D)  as they  rely solely  on postero-
anterior  (PA)  and  lateral  radiographs.  Thus,  the  projections  of  the  deformity  are  evaluated  in  only  the
coronal  and  sagittal  planes,  whereas  those  in  the  axial  plane  are  disregarded,  precluding  an  accurate
eywords:
coliosis
xial plane
op view
ertebral vector

assessment  of  the  3D  deformity.  A universal  dogma  in engineering  is that  designing  a  3D  object  requires
drawing  projections  of the  object  in  all  three  planes.  Similarly,  when  dealing  with  a  3D  deformity,  knowl-
edge  of the  abnormalities  in  all three  planes  is  crucial,  as  each  plane  is  as important  as  the  other  two
planes.  This  article  reviews  the  chronological  development  of  axial  plane  imaging  and  spinal  deformity
measurement.

©  2018  Published  by  Elsevier  Masson  SAS.
. Introduction

Idiopathic scoliosis is a three-dimensional (3D) deformity of
he spine. However, the diagnosis and treatment of scoliosis cur-
ently rely solely on postero-anterior (PA) and lateral radiographs.
n engineering, designing and creating a 3D object requires draw-
ng projections of the object in all three planes. This approach is
ogma in all fields of engineering including aeronautics, the auto-
obile industry, and civil engineering. The two-dimensional (2D)

iagnosis and treatment of scoliosis due to reliance on PA and lat-
ral radiographs flies in the face of this dogma, as the projections of
he deformity are evaluated in the coronal and sagittal planes but
ot in the axial plane. This 2D management strategy has its roots in
istorical factors but is not acceptable for assessing a 3D deformity.
he abnormalities must be evaluated in all three planes, and each
lane is as important as the other two.

This article reviews the development over time of imaging and
easurement techniques for axial plane abnormalities then dis-

usses the latest orientations and most promising new methods.

That scoliosis involves multiple dimensions was  suggested cen-

uries ago. In the late 18th century, Magny was the first to report that
ertebral rotation was a component of scoliotic deformities (Fig. 1)
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[1]. In 1882, Adams gave an accurate description of vertebral axial
plane rotation in scoliotic deformities based on a study of several
cadaver specimens He also gave detailed descriptions of other axial
plane deformities, such as those affecting the ribs and rib cage, with
formation of a gibbus deformity due to axial vertebral rotation or
lateral vertebral displacement during scoliosis development (Fig. 2)
[2]. These accurate anatomical descriptions led to a consensus that
scoliosis was a 3D deformity in the late 19th century.

In the early 20th century, the advent of radiography provided
the first opportunity for a direct evaluation of scoliotic deformities
in living patients [3]. However, the widespread use of radiographic
images, with a predominant focus on descriptions and measure-
ments in the coronal plane, gradually led most surgeons to neglect
the abnormalities in the other planes. Cobb’s angle, measured in
the coronal plane, is currently the reference standard for assessing
the severity of scoliosis [4].

Despite widespread recognition that scoliosis is a 3D deformity,
evaluation of the characteristics of the sagittal curve were also
introduced only fairly recently, because the most striking com-
ponent of the scoliotic deformity is in the coronal plane. Sagittal
curve abnormalities are challenging to assess, as the normal sagittal
curve variations are also difficult to describe accurately. Conse-
quently, emphasis has been placed recently on characterising the
normal sagittal alignment rather than on evaluating the sagittal

components of scoliotic deformities. Sagittal alignment is fairly
easy to visualise and analyse on lateral radiographs. Normal sagit-
tal alignment and its alterations induced by scoliosis are currently
among the most often studied characteristics of the spine [5,6].

https://doi.org/10.1016/j.otsr.2018.10.021
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http://www.elsevier.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.otsr.2018.10.021&domain=pdf
mailto:tamasilles58@yahoo.com
mailto:tamas.illes@chu-brugmann.be
https://doi.org/10.1016/j.otsr.2018.10.021


352 T.S. Illés et al. / Orthopaedics & Traumatology: Surgery & Research 105 (2019) 351–359

Fig. 1. M. Magny: Report on rakitis, a disease of the spinal column [1]. This is probably the earliest representation of scoliosis projected onto the axial plane.

Fig. 2. Top view showing scoliosis in the axial plane, from Adams [2]. This is a surprisingly accurate representation of axial vertebral rotation (A), of the normal thoracic
structure (B), and of the thoracic deformity that occurs during the development of a gibbus secondary to axial vertebral rotation (C).

Fig. 3. The earliest spinal imaging technique based on informatics technology [8]. Standing postero-anterior and lateral radiographs were used. The posterior edge of the S1
endplate and centre of each vertebral endplate were marked on the postero-anterior view and the posterior edge of each vertebral endplate on the lateral view (blue dots
on  the diagram, A). Rotation of each vertebra was also measured on the postero-anterior view using Perdriolle’s technique. Seven points were used for each vertebra. Based
on  these data, the software directly produced a three-dimensional reconstruction of the spine that visualised the curves in the coronal, sagittal, and axial planes. Each line
represents a vertebra. The length of each line depends on the height of the vertebra and on its inclination on the horizontal plane (B). The software also provided an idealised
display  of the spine in the axial plane (C).
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Fig. 4. The crankshaft phenomenon [10]. Postero-anterior radiographs obtained
before surgery (A) and some time after surgery (C) in the same patient. Top views
before surgery (B) and some time after surgery (D): due to the major rotation (> 90◦)
of  the apical vertebra (T10), the fusion mass (in black) gradually moved forwards
towards the vertebral bodies. Consequently, growth of the vertebral bodies caused
not only additional angulation and rotation of the spine, but also apparent progres-
sive  kyphosis.
T.S. Illés et al. / Orthopaedics & Traumato

easurements in the sagittal plane are included in a widely used
lassification system for scoliosis [7].

Unfortunately, no such attention has been directed at evaluat-
ng abnormalities in the axial plane, despite a study by the senior
uthor of this article (JD) establishing the considerable importance
f axial plane deformities [8]. In this study, a computer-assisted
ethod was used to evaluate the 3D projection of the spinal defor-
ity. A 3D reconstruction of the spine was obtained after marking

he posterior edge of the S1 plateau and the centre of each of the
ther vertebral plateaus on the PA radiograph and the posterior
dge of each vertebra on the lateral radiograph. In addition, Per-
riolle’s method was used to measure vertebral rotation at each

evel. Specially designed software produced a 3D reconstruction
f the spine. A top view, i.e., a view in the axial plane, was  also
btained, and seemed to be the most informative view (Fig. 3). This
ethod was applied to 30 paediatric patients with scoliosis with

he goal of separating progressive and non-progressive cases. Six
rognostic types were defined. This study demonstrated that the
rognosis of scoliosis cannot be predicted based only on PA and

ateral radiographs.
Recognition of the importance of abnormalities in the axial

lane led to the development of a surgical derotation technique.
he introduction of Cotrel-Dubousset instrumentation (CDI) based
n the concept that deformities in all three planes must be cor-
ected was the main consequence of recognition that axial plane
eformities constitute a major component of scoliosis [9].

In addition, the description and evaluation of axial plane abnor-
alities led to the identification of major postoperative changes

uch as the crankshaft phenomenon after posterior fusion [10].
n the crankshaft phenomenon, continued anterior spinal growth
uring the initial period following posterior fusion results in pro-
ressive vertebral rotation in the axial plane (Fig. 4). Understanding
his phenomenon is difficult or perhaps impossible without top
iews [10]. Paradoxical kyphosis due to marked vertebral rota-
ion is common in patients with severe scoliosis and also cannot
e understood without analysing the axial plane [11].

Regrettably, these first conclusions about the importance of
xial plane abnormalities were not well understood. However, the
orldwide acceptance of CDI created a strong demand for evalua-

ions of the projections of scoliotic deformities in all three planes
12]. In 1994, the 3D Terminology of Spinal Deformity Working
roup of the Scoliosis Research Society (SRS) emphasised the need

or a true 3D tool capable of diagnosing and accurately evaluating
coliotic deformities in all three planes [13].

Computed tomography (CT) (Fig. 5) and magnetic resonance
maging (MRI) seem to be the most accurate investigations for
ssessing alterations in the axial plane [14–19]. Both CT and MRI
ave been developed as diagnostic tools for scoliosis. However,
here use in everyday practice is limited as both are costly and
T requires exposure to high radiation doses. Another limitation is
hat both methods are used with the patient in the supine position,
hich can significantly change the curves in all three planes [20].
onsequently, 2D imaging by PA and lateral radiographs remains
he main diagnostic investigation in patients with scoliosis. Nev-
rtheless, visualising and evaluating axial plane abnormalities is a
ajor challenge, particularly in everyday clinical practice.

. 2D Measurements

Given the central role of 2D X-ray images in the clinical eval-
ation of scoliosis, several mathematical approaches based on 2D

easurements have been developed to estimate the amount of ver-

ebral rotation in the axial plane. The measurements use anatomical
ertebral landmarks such as the pedicles and spinous processes,
hich are visible on both the PA and lateral views.
Fig. 5. Computed tomography scan showing rotation of several vertebrae in a
patient with scoliosis.

Although radiographs can be obtained in 2D, axial vertebral

rotation was  long evaluated based solely on the relative positions
of the neural arch components on the PA view. Thus, Cobb used
the position of the spinal process relative to the lateral edges
of the vertebra as the criterion for estimating vertebral rotation
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Fig. 6A) [4]. Nash and Moe  improved the quantification of rota-
ion by instead assessing the position of the vertebral pedicles
elative to the vertebral body, also on PA radiographs [22]. The pedi-

les, which normally project onto the lateral part of the vertebral
ody, move toward the centre of the body as rotation increases
Fig. 6B). The method was further improved by Stokes et al., who

Fig. 6. Methods for quantitative evaluation of axial vertebral rotation

ig. 7. Plane of maximum curvature (PMC): top-view display according to the da Vinci 

atient with severe thoracic scoliosis. C. The top view of the apical vertebrae shown on 

MCs  of the upper thoracic curve (blue), main thoracic curve (green), and thoraco-lumba
rojection is a schematic representation of the PMCs and of the severity of the curves at 

hich  the PMCs are replaced by arrows drawn from the centre to the apex of each PMC. Th
he  magnitude of the coronal deformity, and its vertical projection reflects the sagittal co
implified graphic display of each apical vertebra with the spinal process indicating the d
urgery & Research 105 (2019) 351–359

combined the position of the pedicles relative to the centre of the
vertebral body with known vertebral parameters such as the inter-
pedicular distance and the offset of the pedicles from the centre

of the vertebral body (Fig. 6C) [23]. Perdriolle and Vidal developed
a torsionmeter to measure the angle of vertebral rotation directly
from a life-size radiograph (Fig. 6D) [24]. The measurement tool

 [21]. Cobb (A), Nash and Moe  (B), Stokes (C), and Perdriolle (D).

representation [36]. A and B. Lateral (A) and postero-anterior (B) radiographs in a
a circular graph. D. 3D reconstruction of the scoliosis in the same patient. E and F.
r/lumbar curve (orange) in the coronal plane (E) and axial plane (F). G. The da Vinci
the various segments of the spine. H. da Vinci representation of the same curves in
e length of each arrow is proportional to the curve, its horizontal projection reflects
mponent of the deformity. In addition, vertebral body rotation is represented by a
irection and amount of rotation in the axial plane.
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Fig. 8. 2D/3D EOS images in a patient with severe scoliosis. 3D reconstruction on
the postero-anterior (A) and lateral (B) radiograph. 3D top view (C).
T.S. Illés et al. / Orthopaedics & Traumato

ositioned on the radiograph and aligned with the lateral edges of
he vertebral body under study indicates the angle of rotation in 5◦

ncrements based on a line drawn through the centre of the inner
edicle. Although widely used in clinical practice the Perdriolle tor-
ionmeter offers only very limited reproducibility and precision
25]. Several other methods have been developed, but all of them
erive from the principles underlying the four above-described
ethods [22].
Reliability is limited for all the methods used to estimate axial

otation based on PA radiographs, as these images do not pro-
ide sufficiently accurate qualitative and quantitative information
n the anatomical structures needed to assess axial rotation. In
ddition, all the available studies focussed solely on axial rotation,
isregarding lateral vertebral translation, which also contributes to
he axial deformity [22].

. 2.5D measurements

To improve the accuracy of axial rotation measurements, sev-
ral methods have been developed using stereoradiography, lateral
blique and PA radiographs, or radiographs in two orthogonal
lanes [26,27]. In general, the principles and implementation of
hese methods are as suggested by the senior author of this
rticle (JD). Axial rotation is measured after 3D vertebral recon-
truction based on identification of the same anatomical vertebral
andmarks on the PA and lateral views. To obtain good pre-
ision and reproducibility of 3D reconstructions, the vertebral
andmarks must be accurately defined on orthogonal PA and lat-
ral views. Careful attention to patient position is essential to
nsure that the two views are at a 90◦ angle relative to each
ther.

Spinal 3D reconstructions provide the most accurate vertebral
otation measurements [28]. Nevertheless, many other methods
or estimating axial vertebral rotation have been developed using
arious geometrical formulas or software tools and modern digital
maging systems [29–33].

. Quasi-3D measurements–Plane of Maximum Curvature
PMC)

In 1994, the 3D Terminology of Spinal Deformity Working
roup of the SRS recognised the need for a true 3D method

or diagnosing scoliosis but also acknowledged that 3D imag-
ng is a major challenge. Our approach seeks to take this
uman limitation under consideration by extensively using spinal
rojections onto accessory planes. The values thus obtained
re quasi-3D rather than truly 3D measurements yet strike

 reasonable compromise between mathematical doctrine on
he one hand and conceptual and practical constraints on the
ther [13].

The plane of maximum curvature (PMC) was introduced based
n the above-reported data to characterise spinal deformities in
ll three dimensions [34]. The PMC  is defined as the plane passing
hrough the centres of the two end vertebrae and of the apical verte-
ra. By definition, the PMC  is similar to the preferred plane used by
tagnara et al. for radiologically assessing severe scoliotic curves
35]. The PMC, although fairly easy to identify, does not indicate
he true anatomical coronal, sagittal, or axial plane. Consequently,
he clinical impact and relevance of the PMC  are difficult to define
Fig. 7) [37].

Despite the huge efforts and dogged work supplied by renowned
pine surgeons, we believe that the PMC  is an abstraction that

ttempts to delimit the 3D deformity without using sophisticated
ools, although these can provide the true axial projection of the
coliosis. New techniques are continually suggested but their appli-
ation to everyday clinical practice is difficult. The horizontal view
offered by the da Vinci representation has failed to facilitate the
comprehension or the use of these techniques [38].

As stated by Stokes and the 3D Terminology of Spinal Deformity
Working Group of the SRS, PMC  visualisation provides, not a true
3D image, but only a quasi-3D image [13]. When studies of true 3D
projections are feasible, mandating the use of non-real accessory

planes (the PMC) is open to criticism.
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. 3D EOS imaging

An application of the 2D/3D stereoradiography EOS imaging
echnique (EOS Imaging, Paris, France) initiated by the senior
uthor of this article (JD) has radically changed our ability to obtain
D images of scoliosis [39]. EOS is a low-dose X-ray imaging method
ased on the gaseous particle detector technology that earned G
harpak the Nobel Prize in physics in 1992 [40,41]. EOS imaging has
een developed for use in orthopaedics. The 2D/3D EOS machine
imultaneously captures digital images of the standing patient in
wo perpendicular planes after digitisation of a whole-body scan
42]. The PA and lateral radiographs created by the EOS system
re life-sized and free of distortion. They are used by dedicated
oftware (sterEOS) to obtain an accurate 3D reconstruction of the
urface of the vertebrae and spine (Fig. 8) [43,44]. Once the 3D
econstruction has been obtained, the projection of the spine in
he three planes, including the axial plane, can be visualised.

In addition to the 3D reconstruction, 3D parameters are gener-
ted automatically by the vertebrae, pelvis, and spine. As is the case
ith conventional biomechanics, the sterEOS software determines

he 3D angular positions of the vertebrae by computing the three
ngles using a sequence of rotations of mobile axes (cardanic or

ryant angles) [45]. Although this is a precise mathematical defini-
ion, the clinical meaning and relevance of the rotation values thus
btained are doubtful, as there is no international consensus about
he vertebral coordinate systems or the order of the rotations

ig. 9. Determination of the vertebral vector and coordinate system [45]. A, B, and C. Su
C)  planes with the position of the vertebral vector (magenta arrow). D, E, and F. Corona
oints  for the vertebral landmarks. G. Coordinate system in the axial plane with a verteb

etermined using basic vectorial algebra. The coordinates of

( →
AB

)
are (Ax; Ay) for the s

s  follows:
→
AB (Bx − Ax : By − Ay).  The projected length (d) of

→
AB in the axial plane is as

ectorial angle-relative to the Y axis) is computed using the tangent function: tga = (Bx−A
(By−A
urgery & Research 105 (2019) 351–359

in the sequence. When using the axis displacement method, the
computed value of the three angles depends on the order of the
rotations. If the coordinate system is altered, the order of the
rotations does not necessarily represent the same anatomical
order. Consequently, the rotation values will differ and will not
be comparable [45]. Another mistake often made by orthopaedic
surgeons when using 3D Bryant angles for clinical purposes is
designation of these angles as the coronal, sagittal, and axial angles,
thus confusing the 3D Bryant angles with the angles projected on
the three anatomical planes of reference. This semantic drift is mis-
leading, because the 3D Tait-Bryan angle corresponds to the three
angles projected onto a single plane. In clinical practice, only the
angles projected onto the anatomical planes of reference, eg., cor-
responding to the angles visible on the PA and lateral radiographs,
have clinical significance and are used by orthopaedic surgeons.

6. Vertebral vectors

The PA vertebral vector is a novel visualisation concept that was
introduced to overcome the above-described problems; simplify
3D projection display in the coronal, sagittal, and axial planes; and

allow mathematical characterisation of projected curves (Fig. 9)
[46]. Generally speaking, a vector is a mathematical entity charac-
terised by its starting and end points, its length, and its direction
in space. A vector is usually represented by a line segment with an

rface 3D reconstructions of the vertebrae in the coronal (A), sagittal (B), and axial
l (D), sagittal (E), and axial (F) views of the vertebral contours; coloured reference
ra (in contour mode) and its vector. The coordinates of each vectorial point can be

tarting point A and (Bx; By) for the end point B. Consequently, the coordinates are

 follows: (@d)↓ �AB�  → =
√(

(A↓y − B↓y)↑2 + (A↓x − B↓x)↑2
)

Axial rotation (the

x)
y) .



T.S. Illés et al. / Orthopaedics & Traumatology: Surgery & Research 105 (2019) 351–359 357

Fig. 10. 2D/3D EOS and the use of vertebral vectors to visualise severe scoliosis. A. 3D reconstruction on a postero-anterior radiograph. B. The vertebrae have been replaced
by  their vertebral vectors. With vertebral vector visualisation in the coronal plane, only the small arrows representing the terminal parts of the vectors are visible for the
vertebrae that have no axial rotation (T7 and T8). With increasing vertebral rotation, the projection of the vectors becomes more visible, until the arrows seem to represent the
full  length of the vectors, indicating nearly 90◦ of rotation (L1 and L2). Decompensation of the upper part of the body can also be determined from the distance between T1 and
the  Z axis. The magnitude of the coronal curve is directly proportional to the X axis coordinates of the vertebral vector. C and D. Lateral radiograph with 3D reconstruction (C)
and  visualisation using vertebral vectors (D). In the sagittal plane, most of the vectors are visible along their full length, clearly delineating the sagittal spinal curves. As axial
rotation increases, the projected vector lengths decrease continuously; when rotation reaches 90◦ , only the arrowheads are visible (L1 and L2). E and F. 3D reconstruction in
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he  axial plane (E) and visualisation of the vertebral vector (F). In the axial plane, ver
o  the Y axis shows the projected axial vertebral rotations. The X axis coordinates 

ranslation [42].

rrowhead to indicate its direction. The starting point of a vertebral
ector (A) is the midpoint of the line connecting the two pedicular
entroids and the end point (B) is located on the anterior surface
f the vertebral body. By definition, the vertebral vector represents
he PA axis of the vertebra and is parallel to the upper vertebral end-
late. Thus, the length of the vector is proportional to the size of the

ertebral body. By definition, the vertebral vector
( →

AB
)

replaces

he real vertebra while preserving crucial information about its size,
osition, and 3D orientation [47].

The vertebral vectors representing the entire spine can be dis-
layed within an individually calibrated system of coordinates that
rovides simple and well-established mathematical methods for
uantitatively evaluating the 3D geometry of the spine (Fig. 9G). In
his system of coordinates, the X axis is a line connecting the centres

f the right and left acetabular cavities. The Y axis is perpendicular
o the X axis in the coronal plane, travels through the midpoint of
he inter-acetabular line, and is located within the median sagit-
al plane of the body. Finally, the Z axis travels through the same
l rotation does not affect the projected length of the vectors. Thus, the angle related
red in the axial plane are directly proportional to the amount of lateral vertebral

point and is perpendicular to the X and Y axes. The scale of the
coordinate system depends on each individual, as it is based on the
actual distance between the two  acetabular centroids. Dividing the
distance between the two  acetabular centroids into 200 equal seg-
ments produces a specific scale that allows comparisons, as there
are always 100 units between the origin of the coordinate system
and the acetabular centroid on either side. The units thus obtained
serve as the basic units for each of the three axes in the coordinate
system. Within this system and in each of the three planes, the pro-

jected coordinates of the
→
AB vector starting point (Ax; y; z;) and end

point (Bx; y; z;) can be determined.
The different coordinates in the three planes have different

meanings (Fig. 10A-D). In the axial plane, the x coordinates rep-
resent the distance from the Y axis, the y coordinates represent
the distance from the X axis, and the direction of the vector repre-

sents the projected axial rotation of the vertebra. The value of the
projected vertebral rotation can be computed based on the x and
y coordinates of the vertebral vector starting and end points, by
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sing the trigonometric tangent function. Inter-vertebral rotation
an also be computed, as the difference in axial rotation between
he two adjacent vertebrae. In addition to vertebral rotation, lateral
ertebral translation and sagittal curve projections can be assessed
sing this coordinate system (Fig. 10E-F) [48].

Vertebral vector display has considerably simplified the simul-
aneous representation of spinal deformities in all three planes.
ertebral vectors have already been proven relevant in the coro-
al and sagittal planes for both the normal and the scoliotic spine
49,50].

. Conclusion

Vertebral vectors improve axial plane visualisation and axial
otation measurement. In clinical practice, vertebral vectors are a
seful adjunct to current reference standard procedures for mea-
uring the coronal and sagittal curves. Although the vertebral vector
ethod uses projected images, surgeons have been using projec-

ions since the introduction of radiography and therefore have
xtensive experience with this technique. The use of projected
mages is unavoidable, although an extensive and accurate 3D dis-
lay can also be achieved. An excellent analogy is with architectural
esign: even when highly accurate 3D visualisation is obtained,
uildings are constructed based on their projections in the three
lanes. A building cannot be constructed solely on the basis of a 3D
omputer-generated image. The same is true of scoliosis: the pro-
ections in the three planes must be available. Images in two planes
re not sufficient, since scoliosis is a 3D deformity.

The PA vertebral vector method allows surgeons to evaluate the
hird dimension of the scoliotic deformity without having to apply
ther virtual planes. This simple user-friendly graphic visualisation
ethod considerably facilitates comprehension of the 3D nature of

coliosis and helps to monitor the effects of non-operative [51] and
urgical [52] treatments. The information provided is sufficient to
llow a visual evaluation and to supply significant clinical infor-
ation in all three anatomical planes. In addition, the vertebral

ector visualisation approach is a reasonable compromise between
athematical doctrine and practical implementation.
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