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Abstract. In the past, a number of methods were proposed for quan-
titative assessment of vertebral rotation from three-dimensional (3D)
images. However, these methods were based on manual identification
of distinctive anatomical landmarks, required manual determination of
cross-sections from 3D images, and measured only axial vertebral rota-
tion instead of the rotation in 3D. In this paper, we propose an auto-
mated method for quantitative assessment of vertebral rotation in 3D
that is based on finding the planes of vertebral symmetry by matching
image intensity gradients on both sides of each plane. The method was
evaluated on 28 images of normal and pathological vertebrae, obtained
by computed tomography (CT) and magnetic resonance (MR). For each
vertebra, final angle displacements of 200 initial angle displacements, uni-
formly distributed within 30° from manually obtained reference angles,
were obtained. The results show that by the proposed method, vertebral
rotation can be successfully estimated in 3D with an average accuracy
of 1.0° and precision of 0.5°.

1 Introduction

Vertebral rotation is important for the understanding of normal and pathological
spine conditions. In the past, many methods for quantitative assessment of ver-
tebral rotation were developed for two-dimensional (2D) X-ray images, while the
measurements in three dimensions (3D) became possible with the development
of 3D imaging techniques. Earlier methods were based on identifying a number
of distinctive anatomical landmarks on vertebrae in both computed tomogra-
phy (CT) and magnetic resonance (MR) axial cross-sections [1I2J3l4]. Recently,
methods based on image analysis techniques have been proposed for measuring
vertebral rotation in 3D. Rogers et al. proposed a method that measured the
axial vertebral rotation between two axial MR [B] or CT [6] cross-sections by
maximizing the correlation of intensities inside manually defined circular areas.
Oblique CT cross-sections were used by Adam and Askin [7], who determined
the axial vertebral rotation with the line that bisected the manually defined area
around the vertebral body, so that the correlation of thresholded intensities in
the bisected regions was maximal. Kouwenhoven et al. measured vertebral rota-
tion in manually selected axial cross-sections from CT [8] and MR [9] images of
normal spines. The rotation was defined with the line passing through the center
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of the vertebral canal and the center of the anterior half of the vertebral body,
both obtained by an automatic region growing segmentation technique. These
methods required manual initialization of parameters, which may lead to errors
because:

1. Manual identification of distinctive anatomical landmarks is difficult due to
variable vertebral anatomical structure (e.g. pathological cases) and variable
image quality (e.g. low image resolution).

2. Manual determination of oblique (reformatted) cross-sections consists of de-
termining one or two rotation angles and requires a relatively difficult navi-
gation through 3D images.

3. The vertebrae are in general rotated in 3D, i.e. in sagittal, coronal and
axial planes. In case of significant sagittal and/or coronal rotation, errors
are induced in the measurement of axial rotation in 2D cross-sections.

To avoid these problems, we propose an automated method for quantitative
assessment of vertebral rotation in 3D. The method is based on finding the planes
of vertebral symmetry by matching image intensity gradients on both sides of
each plane. The method can be applied to images of normal and pathological
vertebrae, acquired either by CT or MR.

2 Method

2.1 Vertebral Rotation and Anatomical Correspondence in 3D

The rotation of a vertebra in a 3D image can be represented by the angles
of rotation of the coordinate system V of the vertebra around the axes of the
coordinate system I of the 3D image:

W = (Wg, Wy, wy) . (1)

The axes of the image (global) coordinate system I and vertebral (local) coordi-
nate system V can be represented by the Cartesian unit vectors {er,, ery, er.}
and {evz, evy, ev. }, respectively. The angles w,, wy and w, then represent the
rotation of the vertebral coordinate system V around vectors er, (pitch), ery
(roll) and ey, (yaw), respectively.

If the origin of V is located at the vertebral body center and V is rotationally
aligned with the vertebra in I, anatomically corresponding (symmetrical) parts
of the vertebra can be observed within volumes of interest (VOIs) along posi-
tive/negative directions of each axis ev;, j = z,y, 2, of V (Fig. k). This means
that the vertebra is symmetrical in left /right (+ey,) directions, and that the ver-
tebral body is symmetrical in anterior/posterior (+ey,) and upward/downward
(tey:) directions. Because the observed correspondences decrease with increas-
ing rotation between V and I, the angles w of vertebral rotation can be obtained
by evaluating these anatomical correspondences of vertebral structures. It is im-
portant to note that the origin of V is located at the vertebral body center and
not at the vertebral anatomical center of rotation, which was reported to be in
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Fig.1. (a) The vertebral coordinate system V and the observed volumes of interest
(VOI; contains the whole vertebra, VOI2 contains only the vertebral body). (b) Exam-
ple of anatomical correspondence in left /right directions (S ), shown for a symmetrical
pair of points pa; and pp; inside VOI;.

the mid-sagittal plane at the anterior wall of the vertebral canal [5] or at the
center of the vertebral canal [8]. However, the rotation angles do not depend
on the location of the origin of V, but on the axes of V, i.e. on the vectors ey,
j = x,y, z, that have to be rotationally aligned with the vertebra in 1.

2.2 Determination of Vertebral Rotation in 3D

The angles w of vertebral rotation can be determined by finding the planes of
vertebral symmetry that define maximal anatomical correspondences. For each
axis eyy, j = 7,9, 2, we propose to measure the correspondences of two halves
of a VOI (VOI4 and VOIg, Fig.[b) by:

S; (VOI) =

N N ;. .
>izt [vail vl f _ {17 V4 Vg <0 @

Zi]\il |v a4l - Zfil lvp| 0; otherwise
where f is the weighting function, and v 4; = Projey;gai and vp; = proje,,gBi
are the projections of the intensity gradient vectors g4; = grad I(pa;) and gp; =
gradI(pp;) in the coordinate system I to the unit vector ey;, j = z,y, 2, of the
coordinate system V at symmetrical pair of points p4; and pp;, respectively.
A total of N pairs of symmetrical points exist inside each VOI. By projecting
the gradient vectors to the axis ey;, j = x,y, z, and by applying the weighting
function f, we retain the gradient components v 4; and vg; that are relevant for
defining the vertebral symmetry in the direction of the axis ey;.

It is expected that the anatomical structures in VOI halves will correspond
maximally when V is rotationally aligned with the vertebra in I. Therefore, the
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Fig. 2. Behavior of the criterion function C'F for different vertebrae, obtained by in-

dependently varying the angles w = (wg,wy,w;) for —30°+-30° from the reference
angles wr
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Fig. 3. Examples of the determination of reference angles wr and the initialization of
VOIs in 3D, shown for different vertebrae

rotation of the coordinate system V, i.e. the angles w of vertebral rotation, can
be found by maximizing the following criterion function:

CF = 8, (VOI,) + 8, (VOL) + S. (VOL,) . (3)

Figure [2] illustrates the behavior of the criterion function C'F’, obtained by in-
dependently varying the angles w;, wy and w, from reference angle values. The
large capture ranges and distinctive maxima of C'F' indicate that the proposed
criterion function is feasible for the estimation of vertebral rotation angles.



946 T. Vrtovec, F. Pernus, and B. Likar

3 Experiments and Results

3.1 Data and Experiments

The anatomical structure of an arbitrary vertebra may significantly differ from
the “normal” structure. This usually occurs in spinal diseases (e.g. scoliosis,
hyper-kyphosis/lordosis) due to pathological vertebral growth. Besides, the ro-
tation of an arbitrary vertebra in the 3D image depends on the orientation of
image acquisition planes and on the position of the patient in scanner. To ana-
lyze the performance of the proposed method with respect to different vertebral
shapes, we used 20 vertebrae from images of normal spines (CT: 10, voxel size
0.7x0.7x1.0mm?; MR: 10, voxel size 0.4x0.4x3.0mm?®) and 8 vertebrae from
images of scoliotic spines (CT: 4, voxel size 0.6x0.6x1.0 mm3, strong right tho-
racolumbar curve; MR: 4, voxel size 0.4x0.4x3.0 mm?, mild left lumbar curve).
The scoliotic vertebrae were located around the apex of the deformity (usually
most rotated and different from the normal shape). For each vertebra, reference
rotation angles wr were determined by manually defining the vertebral body
center and by aligning the VOIs with the vertebra in the sagittal, coronal and
axial cross-sections. The size of the VOIs were based on vertebral morphometric
data, so that VOI; and VOI; contained the whole vertebra and the vertebral
body, respectively (Figs. Ik, Bl). Before computing the intensity gradient vectors
(gradI) in 3D, the images were blurred with a Gaussian filter (¢ = 3 mm). For
each vertebra, the origin of the vertebral coordinate system V was initialized in
the manually defined vertebral body center. To study the influence of different
vertebral orientations, we initialized the orientation of the vertebral coordinate
system V'in angles that were for Aw displaced from the obtained reference angles
wg, thus simulating an arbitrary initialization of the orientation of the vertebral
coordinate system V. For each vertebra, 200 initial displacements were applied
that were uniformly distributed within |Aw| = (Aw2 + Awg + Awg)l/Q = 30°,
resulting in a total of 5600 displacements for all vertebrae. For each initial an-
gle displacement, the angles w were found by maximizing the criterion function
(Eq. Bl) with the Powell’s optimization method.

3.2 Results

The results of the experiments are presented in Table [Il A single assessment
of the rotation angles was considered successful if it resulted in an angle dis-
placement less than |Aw| = 2° (i.e. 2.0° for one or 1.1° for each angle) from the
reference angles wgr. The results show that for most vertebrae, the success rate
was equal or close to 100% if the initial angle displacement was below 10° (i.e. 10°
for one or 5.8° for each angle). For successful experiments, the average angle dis-
placement was |Aw| = 0.95° (JAw,| = 0.58° |Aw,| = 0.53° |Aw.| = 0.53°) and
the average standard deviation was |0 aw| = 0.47° (04, = 0.28° 04, = 0.26°,
0Aw. = 0.26°), which represent the accuracy and the precision of the method,
respectively.
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Table 1. Median of 200 final angle displacements and success rates for three initial
displacement ranges

Vertebra Median angle displacement Success rate
image (@) (lAw| < 2°) (%)
(level) Aw, Aw, Aw, |Aw| 0°=10° 10°+20° 20°+30°

TO7 —-1.0 1.1 —0.9 1.7 70 64 46

T08 —-0.7 —0.2 0.1 0.8 100 100 98

T09 —-0.3 —0.3 —1.3 1.5 94 93 80

= T10 —-0.5 —0.1 —1.3 1.5 86 73 71
~ g T11 0.3 0.1 0.0 0.4 100 100 93
O35 Ti2 —0.2 0.2 —04 0.5 100 100 90
c Lo1 05 —1.5 —0.6 1.8 86 88 61
L02 0.9 —0.6 —0.5 1.2 100 97 72

L03 1.2 03 0.5 1.3 98 97 67

L04 0.0 0.0 0.2 0.4 86 85 55

£ To7 —-0.1 —0.8 —1.3 1.5 98 76 54
=5 TOo8 —-1.3 —0.7 —0.4 1.8 84 61 30
O s T09 -05 02 04 0.7 98 100 93
% T10 02 23 0.1 2.4 20 16 13
TO7 0.0 —0.3 0.5 0.6 89 94 54

TO8 -1.8 —-04 04 2.2 52 36 28
T09 —-1.2 —0.2 0.5 1.4 100 81 55

= TI0 0.5 0.9 -0.3 1.2 100 94 80
© g T11 0.2 —0.2 0.0 0.3 98 100 67
=5 Ti12 1.5 0.6 0.2 1.6 100 100 77
= L01 1.0 —0.2 —0.2 1.1 98 97 71
L02 —0.5 —0.8 —0.2 1.0 100 100 83

LO3 -0.1 01 0.1 0.3 100 99 57

L04 —-0.2 —0.1 0.5 0.6 100 82 65

L2 Lol 0.2 0.5 —0.1 1.0 94 60 29
£ 5 Lo2 0.1 —0.6 —0.5 0.8 100 73 52
=3 Lo3 01 -04 1.3 1.5 100 82 36
% L04 —0.2 —0.7 —0.1 1.2 98 93 59

Figuredshows the scatter diagrams of the initial and final angle displacements
for vertebrae that performed best and worst inside each group of normal CT, sco-
liotic CT, normal MR and scoliotic MR vertebrae (shown in bold in Tab.[]). It
can be observed that the final displacements tend to converge to a value that is
not equal to 0°, which means that the final angles were not equal to the reference
angles. These constant displacements represent systematic errors, and when they
were above 2° the experiments were not considered successful. However, these sys-
tematic errors may originate in the reference angles wg, which were determined
manually and may therefore not represent the “true” vertebral rotation. For ex-
ample, although poor success rates are reported for the T10 scoliotic CT vertebra
(Tab. ), the scatter diagram (Fig. ) shows that the angles always converged to
approximately the same angle displacements with the median of 2.4° This sys-
tematic error was mostly caused by the angle w,,, which resulted in approximately
—11°, while the reference angle was —9° (Aw, = 2.3°. After examining this case
in detail, we concluded that the reference angle w, could not be reliably defined
manually due to the strong scoliotic nature of the vertebral anatomical structure,
i.e. relatively strong shear of the vertebral body.
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Fig. 4. Scatter diagrams of 200 initial and final angle displacements, shown for different
vertebrae

4 Discussion and Conclusion

We proposed an automated method for quantitative assessment of vertebral ro-
tation in 3D. The relation between the image and vertebral coordinate systems
was obtained by matching image intensity gradients that, when the vertebral
coordinate system is aligned with the vertebra, define the symmetry of the ver-
tebral anatomical structure. The method proved to be applicable to normal and
pathological vertebrae, obtained from CT or MR images.

The results of axial vertebral rotation (i.e. angle w,) are comparable to other
methods that were based on image analysis techniques. Measurement errors of
0.2° were reported for the method of Rogers et al. [Bl6]. Adam and Askin [7]
claimed their method to be relatively insensitive to image thresholding, how-
ever, they reported that different intensity thresholds caused a 2.8° difference
in rotation. Kouwenhoven et al. [89] reported the standard deviation of their
method to be around 1°. By applying the proposed method, we achieved around
0.5° accuracy and 0.3° precision for the axial vertebral rotation. For the measure-
ments of vertebral rotation in 3D, the accuracy and precision of the proposed
method were around 1.0° and 0.5° respectively.

The manual determination of reference rotation angles, required to assess the
accuracy of any method, is usually based on the orientation of vertebral body
and spinous process, shape of vertebral canal and other vertebral anatomical
features. However, such features do not always represent a good anchor, as the
anatomical structures are not always perfectly symmetrical and oriented in the
same direction across the whole vertebra, resulting in different reference an-
gles for different reference features. The reference angles have to be therefore
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considered with caution, as they may not represent the “true” rotation of the
vertebra. The proposed method, on the other hand, estimates the vertebral ro-
tation by finding the maximal possible symmetry of the entire vertebra. To
conclude, the benefits of the method are at least the following:

1. The vertebral rotation can be defined with high accuracy and precision in
3D, i.e. all three angles of rotation w,, w, and w, around the three coordinate
system axes are obtained. Errors due to projection of the vertebra onto a 2D
plane are therefore eliminated.

2. The method may be used to determine the “true” (“gold standard”) verte-
bral rotation, as the symmetry of the entire vertebral anatomical structure
may represent an objective reference feature.

The symmetry of the vertebral anatomical structure may also be used to de-
termine the reference center of rotation of the vertebral coordinate system. We
are currently developing a method for robust determination of vertebral body
centers in CT and MR images, which may allow an accurate determination of
vertebral rotation and position in 3D.
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