
Introduction

The rotational element of the spinal deformity in ado-
lescent idiopathic scoliosis has been recognised as a
fundamental component of the scoliotic curve for nearly
200 years [2]. The nature of the rotational deformity
remains poorly understood, although there have been
several recent papers studying the three-dimensional
deformity within scoliotic vertebrae and discs [15,16]. It
is widely assumed that transverse rotation observed
along the vertebral body line (‘‘geometric torsion’’ [20])
occurs as a result of rotation of each vertebra relative to
its neighbours. The extent to which transverse rotational
deformity occurs as a result of transverse rotational
deformation (or ‘‘mechanical torsion’’ [20]) within the

vertebrae and discs themselves has not previously been
defined.

The concept of mechanical torsion within discs and
vertebrae has remained poorly defined. In a compre-
hensive review of three-dimensional terminology pub-
lished by the Scoliosis Research Society in 1994,
mechanical torsion was described as ‘‘the relative rota-
tion or vertebral deformations between lines joining
similar landmarks on vertebrae’’, and was further de-
fined as ‘‘vertebral deformation due to the relative axial
rotation of the endplates’’ [20]. The report stressed the
theoretical nature of this property, and that it remains
unknown to what extent it is present within the scoliotic
curve. It is stated in the paper that ‘‘up to now, no one
has defined or used local mechanical torsion’’.
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Abstract This study was designed
to demonstrate and measure
mechanical torsion in patients with
adolescent idiopathic scoliosis using
three-dimensional magnetic reso-
nance (MR) imaging. Ten patients
with adolescent idiopathic scoliosis
were imaged with three-dimensional
MR imaging, and the data post-
processed through multiplanar
reconstruction to produce images
angled through individual endplates.
Transverse rotation was measured at
each endplate and these measure-
ments used to calculate the amount
of vertebral and disc mechanical
torsion present. A test object was
imaged in order to validate the
measurement technique. Mechanical
torsion was demonstrated within the

vertebral bodies and discs of the
imaged subjects, with vertebral
mechanical torsion contributing on
average 45% of the overall trans-
verse plane deformity. It is con-
cluded that deformation occurs in
the transverse plane within the ver-
tebrae and discs of subjects with
idiopathic scoliosis, and a significant
proportion of the rotation present in
the scoliotic spine occurs as a result
of plastic deformation within the
vertebrae themselves. We believe
that this is the first systematic dem-
onstration of mechanical torsion in
idiopathic scoliosis.
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It has been proposed by several researchers that the
complex intrinsic vertebral and disc deformations
occurring in idiopathic scoliosis are defined by the rel-
ative three-dimensional orientation of adjacent end-
plates. Notable among these research groups are Kojima
and Kurokawa [12,13], who first described the concept
of endplate vectors in 1992, and subsequently by Aubin
et al. [6]. Comparison of the relative transverse rotation
of successive endplates provides a possible means for the
measurement of intrinsic rotational deformation, or
mechanical torsion.

A technique for the measurement of the relative
inclination of vertebral endplates in the coronal and
sagittal planes has been described using three-dimen-
sional reconstructions of stereoradiographs [6]. Analysis
of the relative transverse rotation of adjacent endplates,
and therefore mechanical torsion, cannot be achieved
with this technique, because radiographs do not image
vertebral structure in the transverse plane.

We have previously described a technique using
three-dimensional MR imaging and multiplanar recon-
struction for the imaging of idiopathic scoliosis that al-
lows reconstruction of images in the plane of individual
endplates [7], and have defined the intra-observer and
inter-observer variation for this process. MR utilises no
ionising radiation, unlike computed tomography (CT),
and is appropriate for the imaging of the adolescent
spine. The aim of this study is to further validate three-
dimensional MR as a technique for measuring rotation
at individual endplates, and to use it to define the
mechanical torsion present within discs and vertebrae in
a series of patients with adolescent idiopathic scoliosis.
The objectives are to measure the amount of mechanical
torsion present in discs and vertebrae, to determine the
relative proportion that occurs within vertebrae as op-
posed to discs, and to examine the relationship between
these values and other anatomical parameters.

Materials and methods

Measurement of vertebral and disc mechanical torsion

Ten patients (eight girls, two boys, age range 12–17
years) with adolescent idiopathic scoliosis and right
thoracic curve were included in the study. Subjects were
selected prospectively and consecutively, following the
receiving of fully informed consent from the subjects and
the subjects’ guardians. Patient demographics are doc-
umented in Table 1.

Each patient was imaged on a 1 Tesla Siemens
Magnetom Impact scanner using a quadrature surface
coil. In each case, the subject was positioned with the
thoracic curve cushioned and with the pelvis in a neu-
trally rotated position. Three-dimensional MR imaging
of the juxta-apical 10 vertebrae of the curve was per-

formed using DESS imaging (TR 30 ms; TE 9/45 ms;
flip angle 40�). L5 was selected as a neutral, non-rotated
vertebra in each case, and was imaged with axial spin
echo T1 imaging (TR 884 ms, TE 15 ms).

Using the multiplanar reconstruction software avail-
able on the linked workstation, sections were selected
through the plane of each individual endplate of the
imaged 10 juxta-apical vertebrae on the sagittal and
coronal data sets (Fig. 1), in order to produce recon-
structed images in the specific three-dimensional plane
of each endplate. In this way, representations of the
transverse vertebral anatomy in the plane of the superior
and inferior endplates were obtained [7]. The upper
endplate images were in practice reconstructed a few
millimetres below the endplate at the point where pos-
terior elements were first visible. The close proximity of

Table 1 Patient demographics

Subject Age (years) Standing Cobb
angle (�)

Curve apex

Girl 14 65 T8
Girl 12 50 T8
Girl 15 70 T7
Girl 17 44 T8
Boy 13 63 T9
Girl 14 47 T10
Girl 14 57 T8
Girl 13 36 T10
Girl 16 53 T7
Boy 15 61 T8

Fig. 1 Coronal image from three-dimensional data set showing
selection of plane through an individual vertebral endplate
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the reconstructed image to the actual plane of the upper
endplate means that there is unlikely to be significant
error introduced into the estimation of upper endplate
rotation. Illustrative examples of superior and inferior
endplate anatomy are shown in Figs. 2a, b. These ima-
ges were then stored for analysis on magneto-optical
disc.

The stored endplate images were subsequently anal-
ysed to measure the degree of transverse rotation in each

case, using the technique described and validated by Ho
et al. [10], as follows. Two datum points were identified:
one at the junction of the laminae at the base of the
spinous process, and the other at the mid-point of the
posterior surface of the vertebral body. Endplate rota-
tion was measured by comparing the line between these
two points with a sagittal line drawn by the computer on
the workstation. The measurement technique is illus-
trated in Fig. 2. The computer-generated sagittal plane
is defined by the direction of the main magnetic field (B0)
of the scanner, and is perpendicular to the scanner table.

The measured endplate transverse rotation was sub-
sequently compared with the rotation of the neutral L5
vertebra in order to correct for any apparent rotation
induced by the position of the subject in the scanner. In
this way, corrected values of transverse rotation at each
endplate were obtained. In each case, 20 readings were
obtained, at the superior and inferior endplates of the
ten imaged vertebrae at the apex of the scoliotic curve.
The measured angles of endplate inclination in the sag-
ittal and coronal planes were also recorded.

The amount of transverse mechanical torsion occur-
ring within the vertebrae was measured by recording the
incremental change in transverse plane rotation occur-
ring between the superior and inferior endplates of each
vertebral body. In a similar way, the amount of
mechanical torsion occurring within the discs was mea-
sured by recording the increment in transverse plane
rotation occurring between the inferior endplate and the
superior endplate of adjacent vertebrae. The total
amount of mechanical torsion occurring within the ten
imaged vertebrae and nine imaged discs in each case was
then measured by simple addition. The percentage of
total transverse mechanical torsion occurring within the
superior nine vertebral bodies as opposed to the nine
imaged discs was subsequently calculated.

Apical rotation was measured by noting the maximal
endplate transverse rotation at the apical vertebra. Cobb
angle was measured from the coronal T1 data set anal-
ysed during the multiplanar reconstruction in an anal-
ogous way to measurements obtained from plain
radiographs, using the maximally inclined vertebrae to
define the Cobb angle. The degree of thoracic kyphosis
was assessed from the sagittal T1 data set by measuring
the angle subtended by the superior endplate of the
uppermost visualised vertebra and by the inferior end-
plate of the lowermost imaged vertebra. This is in
accordance with other recent studies of thoracic hy-
pokyphosis in idiopathic scoliosis [18].

The correlation between the total amount of vertebral
and disc mechanical torsion with other curve parameters
(Cobb angle, lordosis, and apical transverse rotation)
was evaluated, as was the correlation between the rela-
tive mechanical torsion within the vertebrae and the
discs with these curve parameters. The correlation
coefficient was calculated using Pearson’s correlation.

Fig. 2 a Reconstructed image in the plane of the superior endplate
of a scoliotic vertebra, demonstrating the data points used for
measurement of transverse plane rotation. b Equivalent recon-
structed image and data points in the plane of the inferior endplate
of a scoliotic vertebra
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In each case, the progressive change in endplate
transverse rotation was analysed using quadratic
regression analysis, and a mean quadratic regression
curve was calculated.

Validation of diagnostic accuracy of measurement
of endplate rotation

A test object was designed and constructed to assess the
diagnostic accuracy of three-dimensional MR imaging
for the measurement of endplate axial rotation with
varying degrees of coronal and sagittal inclination
(Fig. 3). The materials used for the construction were
chosen for their MR compatibility. The test object,
consisting of a single dry mid-thoracic vertebra bathed
in vegetable oil, was mounted within a cylindrical plastic
holder, designed to allow rotation in the transverse plane
and inclination in the coronal and sagittal planes to
predefined three-dimensional angulations.

The test object was scanned on a Siemens Magnetom
Impact 1 Tesla MR scanner with three-dimensional MR
imaging using DESS (TR 30 ms; TE 9/45 ms; flip angle
40�). The test object was scanned with transverse plane
rotations of 0, 5�, 10�, 20�, 30� and 40�, in the absence of
coronal and sagittal plane tilt. The test object was sub-
sequently scanned with transverse plane rotations of 10�,
20� and 30�, with additional 10�, 20� and 30� of sagittal
or coronal tilt, respectively. Finally, the test object was
scanned with 10�, 20�, 30� and 40� transverse plane
rotation, sequentially with 10�, 20�, 30� and 40� of

combined coronal and sagittal tilt. Images were post-
processed using multiplanar reconstruction, and trans-
verse rotation at the superior and inferior endplates
measured as described previously, resulting in a total of
30 measurements. The readings were analysed using
Altman-Bland plots [3]. The mean and the 95% confi-
dence intervals were calculated for diagnostic accuracy.

>Results

Mechanical torsion

There was a typical progression in endplate rotation
towards the apex of each curve, with a subsequent
regression. An illustrative example is shown in Fig. 4.

Quadratic regression curves for five typical patients
are shown in Fig. 5. The r-squared value for the mean
curve was 0.63, with P<0.00005.

The measured values for total mechanical torsion
occurring within the upper nine vertebral bodies and the
nine intervertebral discs for the ten imaged subjects are
shown in Table 2. Nine vertebrae were used to allow
relative values of vertebral and disc torsion to be cal-
culated, given that only nine discs were imaged. The
upper nine vertebrae were arbitrarily chosen for this
purpose. The absolute vertebral mechanical torsion and
absolute mechanical torsion as measured with three-
dimensional MR imaging fitted a normal distribution.
The mean absolute vertebral mechanical torsion (as
opposed to disc or total torsion) over nine levels was
21.6�, with a standard deviation of 5.2�. The mean
absolute disc mechanical torsion (as opposed to verte-
bral or total torsion) over nine levels was 27.0�, with a
standard deviation of 5.4�.

The relative mechanical torsion occurring within the
vertebral bodies and within the discs is documented in
Table 2. The relative vertebral mechanical torsion as

Fig. 3 Test object used for the validation of the process for
measurement of endplate transverse rotation

Fig. 4 Graph showing progression in endplate rotation from most
superior endplate (1) to most inferior (20) in a typical patient
(patient 9). Continuous line vertebral mechanical torsion; broken
line disc mechanical torsion
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measured with three-dimensional MR imaging fitted a
normal distribution. The mean relative vertebral
mechanical torsion over nine levels was 44.9%, with a
standard deviation of 7.6%.

No significant relationship existed between absolute
and relative vertebral mechanical torsion, between
absolute vertebral mechanical torsion and Cobb angle,
between absolute or relative vertebral mechanical tor-
sion and kyphosis, or between relative vertebral
mechanical torsion and apical rotation.

The Pearson correlation coefficient for the relation of
relative vertebral mechanical torsion and Cobb angle
was –0.552, with a significance of P=0.098.

The Pearson correlation coefficient for the relation of
total absolute vertebral mechanical torsion and apical
rotation was 0.600, with a significance of P=0.067.

Technique validation

The mean of the difference between the actual and the
measured endplate rotation from measurements of the

test object was 0.767� (0.300, 1.234). The 95% confi-
dence intervals were ±2.46�.

Discussion

This study has shown that deformation occurs in the
transverse plane within the vertebrae of subjects with
idiopathic scoliosis. The identification of vertebral and
disc mechanical torsion confirms Arkin’s suggestion of
nearly 60 years ago that a significant proportion of the
rotational deformity occurs as a result of plastic defor-
mation within the vertebrae themselves [4].

Mechanical torsion is demonstrated in all the curves
imaged in this study, implying the process that is causing
the torsional deformation is universal and common to
all scoliotic curves. Quadratic regression analysis of the
curve profiles of endplate transverse rotation confirms
the consistent nature of this pattern. Intravertebral tor-
sion was maximal within the peri-apical segments, with
relatively little torsion occurring within the apical ver-
tebrae and discs.

Mechanical torsion is demonstrated in relatively mild
degrees of deformity. Indeed, the greatest proportion of
mechanical torsion occurring within the vertebral bodies
was observed in the least severe scoliotic curve, as de-
fined by the Cobb angle. An inverse relationship is
demonstrated between the relative vertebral mechanical
torsion and the severity of the scoliotic curve. This
observation suggests that more severe curves (as sug-
gested by higher degrees of coronal plane deformity) are
associated with relatively greater amounts of mechanical
torsion occurring within the discs than within the ver-
tebrae. This may reflect decreasing ability of bone to
undergo plastic deformation with increasing age relative
to the discs.

These observations lend support to the theory that
torsion is a fundamental part of the early pathome-
chanical process. In order for mechanical torsion to
arise, there must be a consistent, long-term deforming
force present that results in a rotational torque being
applied to the growing vertebral body, and it would

Fig. 5 Quadratic regression curves showing sequential endplate
rotation for five selected patients, including a mean plot

Table 2 Total mechanical
torsion occurring within
vertebrae and intervertebral
discs, and percentage of overall
mechanical torsion occurring
within the vertebral bodies
(‘‘relative vertebral torsion’’)

Subject No. Vertebral mechanical
torsion (�)

Disc mechanical
torsion (�)

Total mechanical
torsion (�)

Relative vertebral
torsion (%)

1 18 29 47 38
2 19 33 52 36
3 25 39 64 39
4 16 23 39 41
5 23 24 47 49
6 15 12 27 55
7 29 38 67 43
8 25 17 42 59
9 17 24 41 41
10 29 31 60 48
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seem likely that this force is fundamental to the patho-
genesis of the scoliotic curve.

Whatever the origin of the torsional force in scoliosis
[8,17,19,24], the elastic deformations that occur will be
subsequently followed by plastic deformations within
the vertebrae, in keeping with basic bone remodelling
laws [11,23,25]. There is substantial clinical and experi-
mental evidence to indicate that increased pressure
parallel to the direction of epiphyseal or apophyseal
growth will inhibit growth [5,8,9,21], and that decreased
pressure will accelerate growth (the Hueter–Volkmann
law). It may be that torsional deformation occurs in
scoliotic vertebrae as a result of the oblique deflection of
growth caused by torsional forces applied to the
apophyseal plate. When extrapolated to the production
of vertebral mechanical torsion, it is likely that an initial
oblique deflection of the growth plate induced by ap-
plied torsional forces will result in a vicious cycle, in
which superadded gravitational forces are increasingly
applied in an oblique fashion to the growth plate,
thereby exacerbating the tendency of the vertebral body
to undergo plastic torsional deformation.

The measurement technique is demonstrated to be
robust in the evaluation of the rotated test object when
varying amounts of coronal and sagittal inclination were
superadded. The addition of coronal and sagittal incli-
nation to transverse rotation in other workers’ studies
has demonstrated that significant errors are introduced
into rotation measurements when using two-dimen-
sional cross-sectional measurement techniques [1,14],
and this has been partly explained by the loss of clarity
of anatomical landmarks with increasing degrees of
coronal and sagittal tilt. In contrast, it has been dem-
onstrated in this experiment that multiplanar recon-
struction allows the production of accurate
representations of the vertebrae in the plane of the
superior and inferior endplates, validating the use of this
process for the analysis of relative endplate transverse
rotation.

Comment should be made regarding the validity of
using measurements of the coronal, sagittal and rota-
tional components of the scoliotic deformity obtained in
the supine position as opposed to the standing position.
It is well established that the measured Cobb angle is
reduced when radiographed in the supine rather than the

standing position [18,22]. The reduction in apparent
coronal and sagittal deformity in the supine position is
considered to be a systematic factor, and is likely to
affect each patient to an equivalent degree. In terms of
vertebral rotation, a study by Ho et al. demonstrated no
statistical difference between measurements of rotation
obtained from plain films taken in the supine and
standing positions [10]. Despite this, it seems likely that
the degree of transverse plane rotation will reduce when
measured in the supine position, in a similar fashion to
the relaxation observed in the coronal and sagittal plane
deformities, and it may be that the relative amount of
disc mechanical torsion was underestimated in this study
because of this factor. It is noted, therefore, that the
observations made in the course of this study reflect the
scoliotic deformity when observed in the supine posi-
tion. It would seem reasonable to extrapolate such
observations to the anatomy of the scoliotic spine in the
standing position. It should also be noted that the
number of patients included in this study is relatively
small, and that confirmation of these findings is required
in a larger observational study.

In conclusion, we have demonstrated that deforma-
tion occurs in the transverse plane within the vertebrae
and discs of subjects with idiopathic scoliosis, and that
this is a universal process. This observation has been
possible because of the application of a three-dimen-
sional cross-sectional imaging technique to the investi-
gation of the scoliotic curve. The demonstration that
vertebral mechanical torsion contributes on average
45% of the overall rotational deformity indicates that a
significant proportion of the rotation present in the
scoliotic spine occurs as a result of plastic deformation
within the vertebrae themselves. The identification of
vertebral and disc mechanical torsion has important
implications with respect to the understanding of the
fundamental pathomechanical processes involved in the
evolution of the scoliotic deformity. It may be that the
existence of vertebral and disc mechanical torsion pre-
sents a fundamental barrier to the degree of derotation
that can be achieved with current spinal instrumenta-
tion.

Acknowledgement This study was supported by the British Scoli-
osis Research Foundation.

References

1. Aaro S, Dahlborn M (1981) Estimation
of vertebral rotation and the spinal and
rib cage deformity in scoliosis by com-
puter tomography. Spine 6:460–467

2. Adams W (1865) Lectures on the
pathology and treatment of lateral and
other forms of curvature of the spine.
Churchill, London

3. Altman DG, Bland JM (1983) Mea-
surement in medicine: the analysis of
method comparison studies. Statistician
32:307–317

128



4. Arkin AM (1949) The mechanism of the
structural changes in scoliosis. J Bone
Joint Surg 31-A:519–528

5. Arkin AM, Katz JF (1956) The effects
of pressure on epiphyseal growth.
J Bone Joint Surg 38-A:1056–1076

6. Aubin CE, Dansereau J, Petit Y, Parent
F, DeGuise JA, Labelle H (1998) Three-
dimensional measurement of wedged
scoliotic vertebrae and intervertebral
disks. Eur Spine J 7:59–65

7. Birchall D, Hughes DG, Hindle J,
Robinson L, Williamson JB (1997)
Measurement of vertebral rotation in
adolescent idiopathic scoliosis using
three-dimensional MRI. Spine 22:2403–
7

8. Dickson RA, Lawton JO, Archer IA,
Butt WP (1984) The pathogenesis of
idiopathic scoliosis: biplanar asymme-
try. J Bone Joint Surg 66B:8–15

9. Haas SL (1939) Experimental produc-
tion of scoliosis. J Bone Joint Surg
21:963–968

10. Ho EK, Upadhyay SS, Chan FL, Leong
JC (1993) New methods of measuring
vertebral rotation from computed
tomographic scans. Spine 18:1173–1177

11. Hueter C (1862) Anatomische studien
an der extremitaetengelenken neuge-
borener und erwachsener. Virchows
Arch Pathol Anat Physiol 24:572–599

12. Kojima T, Kurokawa T (1992)
Rotation vector: a new method for
representation of three-dimensional
deformity in scoliosis. Spine
17:1296–1303

13. Kojima T, Kurokawa T (1992) Quanti-
tation of three-dimensional deformity of
idiopathic scoliosis. Spine 17:S22–29

14. Krismer M, Sterzinger W, Haid C,
Frischhut B, Bauer R (1996) Axial
rotation measurements of scoliotic ver-
tebrae by means of computed tomog-
raphy scans. Spine 21:576–581

15. Liljenqvist UR, Allkemper T, Hacken-
berg L, Link TM, Steinbeck J, Halm
HF (2002) Analysis of vertebral mor-
phology in idiopathic scoliosis with use
of magnetic resonance imaging and
multiplanar reconstruction. J Bone
Joint Surg 84A:359–368

16. Parent S, Labelle H, Skalli W, Latimer
B, deGuise J (2002) Morphometric
analysis of anatomic scoliotic speci-
mens. Spine 27:2305–2311

17. Roaf R (1966) The basic anatomy of
scoliosis. J Bone Joint Surg 48-B:786–
792

18. Schmitz A, Jaeger UE, Koenig R,
Wagner UA, Giesecke J, Schmitt O
(2001) A new MRI technique for
imaging scoliosis in the sagittal plane.
Eur Spine J 10:114–117

19. Somerville EW (1952) Rotational lor-
dosis: the development of the single
curve. J Bone Joint Surg 34-B:421–427

20. Stokes IA (1994) Three-dimensional
terminology of spinal deformity: a re-
port presented to the Scoliosis Research
Society by the Scoliosis Research Soci-
ety Working Group on 3-D terminology
of spinal deformity. Spine 19:236–248

21. Stokes IA, Spence H, Aronsson DD,
Kilmer N (1996) Mechanical modula-
tion of vertebral body growth. Spine
21:1162–1167

22. Torell G, Nachemson A, Haderspek-
Grib K, Schultz A (1985) Standing and
supine Cobb measures in girls with idi-
opathic scoliosis. Spine 10:425–427

23. Volkmann R (1862) Chirurgische er-
fahrungen uber knochenverbiegungen
und knochenwachsthum. Virchows
Arch Pathol Anat Physiol 24:512–540

24. Willner S (1981) Spinal pantograph—a
non-invasive technique for describing
kyphosis and lordosis in the thoraco-
lumbar spine. Acta Orthop Scand
52:525–529

25. Wolff J (1986) The law of bone
remodelling. Springer, London.

129


	Sec1
	Sec2
	Sec3
	Tab1
	Fig1
	Fig2
	Sec4
	Sec5
	Sec6
	Fig3
	Fig4
	Sec7
	Sec8
	Fig5
	Tab2
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25


