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Abstract

The instantaneous axis of rotation (IAR) is a parameter that is desirable to study in evaluating spinal mo-

tion in the normal condition and after arthroplasty. When high-precision optical data are collected during
in vitro experimentation, high-precision IARs can be calculated in two or three dimensions. These IARs
then must be represented on an image of spinal anatomy. Methods for calculating high-precision IARs and
accurately overlaying them on the anatomy are described. The overlay method requires a graph of the IARs
and key virtual landmarks transformed into a fixed local coordinate system of the spinal motion segment
being studied. The anatomical image and graph are merged, and landmarks are synchronized by rotating

the image and resizing the graph.
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Introduction

Currently, there is great enthusiasm in spine surgery for in-
tervertebral disc prostheses as an alternative to fusion, with
an increasing number of devices being introduced to the
market in the past few years. In discussing and evaluating
the designs and efficacy of these devices, researchers and cli-
nicians often refer to the location of the axis of rotation. It is
theoretically desirable that, after insertion of a disc prosthe-
sis, the axis of rotation should be located at the same position
as it would be in the normal spine. By maintaining the correct
location of the axis of rotation, the facet joints would slide
efficiently across each other and loads would be distributed
appropriately at the level replaced and at the adjacent levels.
Conversely, if the disc prosthesis forces an incorrect location
of the axis of rotation, the facet joints may interact patho-
logically, leading to facet hypertrophy, spontaneous fusion or
other unwanted outcomes.

Although it is seemingly a very important parameter
to quantify for full understanding of the spinal motion seg-
ment—second in importance after the range of motion(1)—
some authors have referenced locations of the axis of rotation
summarized for a small number of samples from literature
that is somewhat dated.(2-3) Other researchers have used
2-D radiographs rather than 3-D optical tracking systems to
calculate imprecise planar approximations of the axis of rota-
tion.(4-6) Planar approximations from radiographic projec-
tions lack accuracy because it is unknown whether the two
planar views are exact planar projections or slightly oblique
views. Furthermore, the planar method of approximating the
axis of rotation (method of Reuleaux) does not use to its ad-
vantage the consideration that the points studied are part of
a rigid body and should not be able to move relative to each
other.(7)

In this paper, a method for quantifying the axis of rotation
using known vector techniques and modern high-precision
motion analysis data is presented. The novelty of this method
is the usage of virtual landmarks to map the location of the
axis of rotation onto the spinal anatomy.

Methods

The method presented assumes that three-dimensional rig-
id body data are collected from one of many commercially-
available motion analysis systems. A few of such systems are
Optotrak and Polaris (Northern Digital, Waterloo, Ontario,
Canada), Flock of Birds (Ascension Technology Corporation,
Burlington, VT) and Peak Motus (Peak Vicon, Lake Forest,
CA). It is assumed that 3-D marker position data are collect-
ed from the moving vertebra and the vertebra below it from
at least three markers per vertebra (to define rigid bodies).
The method presented requires alignment of the tracking co-
ordinates to the anatomical coordinate system of the spinal
motion segment being studied, identification and tracking of
key virtual points on the anatomy during movement of the
motion segment and an image representing the anatomy on
which the axis of rotation is to be plotted. After these three
requirements are satisfied, the axis of rotation is easily plot-
ted in two dimensions or (less easily) displayed in three di-
mensions.

Transformation to the Anatomical Coordinate
System

For quantifying the axis of rotation at a particular motion
segment, movement of the upper vertebra of the motion seg-
ment must be quantified relative to movement of the lower
vertebra of that motion segment. That is, all data must be
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transformed such that the lower vertebra appears to be fixed
at every frame and the upper vertebra appears to move rela-
tive to it. This transformation is easily accomplished using
standard rigid body techniques.(8) Essentially, in the neutral
position, the locations of the optical markers on the lower
vertebra are stored, then at every subsequent frame, the cur-
rent positions of the optical markers on the lower vertebra
are transformed to match the stored positions.

In addition to “fixing” the lower vertebra of the motion
segment, the data should be transformed such that they are
not in the coordinate system of the cameras or another ar-
bitrary coordinate system, but instead are in the coordinate
system of the upper vertebra of the motion segment of in-
terest established while that vertebra is in its upright neu-
tral posture. A method for achieving the desired coordinate
system transformation was previously published.(9) Briefly,
this method requires that the researcher identify four virtual
landmarks on the anatomy of the vertebra of interest relative
to the physical optical markers. A digitizing probe, which can
be custom built or purchased as an accessory to some optical
systems, is the most convenient instrument for achieving this
goal. The digitizing probe has optical markers embedded in it
in a known configuration for which the tracking system knows
the precise position of the probe’s tip. After identifying the
landmarks, the left and right lateral points are used to estab-
lish the lateral (x) axis and the anterior and posterior points
are used to establish the orientations of the rostrocaudal (y)
and anteroposterior (z) axes about the lateral axis. Once the
transformation is achieved for the vertebra in its neutral pos-
ture, the transformation (not the marker locations) is stored
and applied to every frame of data during movement. Each
frame then represents movement of the upper vertebra of the
motion segment away from its neutral position relative to the
vertebra below it in a coordinate system where the xy plane
is the true coronal plane, the xz plane is the true transverse
plane and the yz plane is the true sagittal plane.

Identification of Key Virtual Points

To accurately map the axis of rotation onto the anatomy, it
is necessary to identify meaningful anatomical landmarks
that will subsequently be easily visualized on the image of the
spine. The four landmarks that are identified for the purpose
of aligning the anatomical coordinate system of the motion
segment to be studied can also serve this purpose. Additional
points may be needed for unambiguous positioning of the
image. It is often advantageous to use metallic landmarks
if a radiograph is to be used as the image for overlay since
the borders of metallic objects are clearer than those of bony
landmarks on the X-ray film. For example, metal pins may be
inserted in bone above and below the level studied, or articu-
lations on the metal fixtures in which specimens are plotted
may serve as landmarks. Identification of more virtual points
improves the accuracy of the technique. If the landmarks
used for mapping are attached to the vertebra that will be

Table 1. Formulae for coordinates where the
helical axis crosses the plane of interest

Formulae

y,=s,-s,0,/n)
z,=s,-s,(n,/n)
X, =S - sy(nx/ny)
Z,=S,- sy(nz/ny)
X, =s,-s,(n/n,)
¥, =8,-s,(n/n)

Plane of intersection
Midsagittal (x=0)

Transverse (y=0)

Coronal (z=0)

moving or to adjacent rigid bodies (eg, the plotting fixtures
at distal ends of the specimen), then it is necessary that these
landmarks be identified while all joints of the spine are in the
same posture as the image to be used for mapping.

Image of the Anatomy

For mapping of the axis of rotation on to the anatomy, an
accurate representation is necessary. For two-dimensional
representations, a photograph, radiograph or drawing of the
spine in the plane of interest is needed. Of these three op-
tions, a radiograph is preferred because it is anatomically
accurate, quickly obtained and clearly shows the positional
relationships between vertebral body, facets and disc. For
three-dimensional representations, a computer-assisted
drawing (CAD) model, computed tomographic reconstruc-
tion or other three-dimensional representation of the motion
segment is needed.

Computation of the Instantaneous Axis

Given two frames of data with the 3-D coordinates of three
or more landmarks, an accurate vector method has been
described that provides the position, angle about and
translation along the finite helical axis of motion required to
achieve the motion.(7, 10) Some software has been posted
to the Internet containing the algorithms referenced (for
example, see http://www.isbweb.org). It has been observed
that smoothing of the data using a moving average (+ 10
points) improves the consistency of the calculated helical
axes (unpublished). Ignoring the angle of rotation about the
helical axis and translation along the helical axis, the finite
helical axis of motion is the same as the three-dimensional
instantaneous axis of rotation between the two frames of
data. By calculating where this axis intersects the plane of
interest, a two-dimensional instantaneous center of rotation
can be determined. Usually, the plane of interest would be
the midsagittal plane during flexion or extension, a coronal
plane (eg, coronal slice through the anteroposterior center of
the intervertebral disc) for lateral bending and a transverse
plane (eg, transverse slice through the rostrocaudal center of
the disc) for axial rotation. The coordinate locations where
the three-dimensional axis intersects the plane of interest are
calculated from the unit vector describing the orientation of
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Figure 1A.

Figure 1A-C. Combination of graphical axis of rotation and land-
marks with image of the anatomy. 1A. Graph is created (in this
case using Microsoft Excel) with numerical indices but arbitrary
sizing and an X-ray image of the anatomy on which the graph is to
be overlaid is imported into the graphing software. Plotted on the
graph are the locations of the axis of rotation in ~1° intervals dur-
ing flexion (6 nodes plotted), locations of the anterior, posterior,
left and right landmarks on Cs5 and C6, and the locations of the an-
terior and posterior ends of the bolts on the top and bottom fixtures
(connected by dashed lines). 1B. After importing, the X-ray image
is rotated and the graph is resized horizontally and vertically until
the landmarks overlay the corresponding points on the image. The
aspect ratio of the image is unaltered. 1C. After overlay is complete,
the area of interest is magnified, showing clearly the location of the
C5-C6 axis of rotation in the posterior half of the vertebral body
slightly below the disc space.

the helical axis, n, and the vector from the origin to the closest
point on the helical axis, s (Table 1).

One caveat for effective calculation of the axis of rotation
from this method is that the finite helical axis should only be
calculated from frames of data with adequate angular separa-
tion. Typically, a filter increments frames, checking the angu-
lar separation (eg, Euler angle, Tilt-twist angle (11), or “heli-
cal angle” / “attitude vector” (12), until it exceeds a minimum
user-specified amount such as 0.5°.(13)

Another caveat is that axes of rotation that are not close
to being perpendicular to the plane of 2-D representation
should be excluded. Such behavior occurs if there is signifi-
cant angular coupling of the joint. If these nonperpendicular
axes of rotation are included in analysis, they can lead to con-
fusion since they may intersect the plane of interest at one
location but then intersect a nearby parallel plane (like an
adjacent computed tomography slice with a similar anatomic
representation) at a significantly different location. A reason-

Figure 1B.

Figure 1C.

able cutoff for filtering data is to exclude axes greater than
300 from perpendicular to the plane of interest. If much of
the data set falls outside this angle, it may not be appropriate
to represent the axis of rotation in 2-D and a 3-D represen-
tation should be used instead. The off-perpendicular angle
is simply the arccosine of the component of the helical axis
unit vector n that is expected to be nearly perpendicular to
the plane. For example, to calculate the angle, 0, between the
x-axis and the axis of rotation during flexion-extension, the
formula is: 6 = cos™(n,)

Combination of Components

Necessary components for plotting the axis of rotation are
the neutral position of landmarks, the coordinates of the axis
of rotation and an image on which to plot the axis. The neu-
tral position of the landmarks should be in the same coor-
dinate system as the coordinates of the axis of rotation. The
image can be in an arbitrary coordinate system and scale, but
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there should be no distortion of the image (aspect ratio main-
tained).

In 2-D, these components can be combined using graph-
ing software such as Microsoft Excel. Axis of rotation and
landmark coordinates are plotted and then the image of the
spine is inserted into the graphing software (Figure 1A).
Then, the graph is resized and the image or graph is rotated
until the landmarks overlay their corresponding positions
on the anatomical representation (Figure 1B). After over-
lay is achieved, the region of interest can be magnified and
landmark data discarded (Figure 1C). 3-D representation
follows a similar algorithm, but software must allow resiz-
ing of the 3-D volume of landmarks and axes of rotation and
rotation of the 3-D image or data in all three coordinate axes
to allow appropriate overlay.

Conclusions

Although axes of rotation are often described in the litera-
ture, there is little information on how they are calculated
and displayed during spinal motion. This paper provides one
possible algorithm for performing this task. This technique
has been used successfully in many in vitro studies of spinal
kinematics.(14-20) It should be understood that the accuracy
of overlaying axes of rotation onto the correct anatomical
position can vary depending on the number of virtual land-
marks that are taken as data points and the ability to discern
these points accurately on the anatomical image.

References

1. Crawford NR. Biomechanics of lumbar arthroplasty. Neuro-
surg Clin N Am. 2005;16(4):595-602.

2. Huang RC, Girardi FP, Cammisa FP, Jr., Wright TM. The im-
plications of constraint in lumbar total disc replacement. J
Spinal Disord Tech. 2003;16(4):412-417.

3. Qiu TX, Teo EC, Lee KK, Ng HW, Yang K. Validation of
T10-T11 finite element model and determination of instan-
taneous axes of rotations in three anatomical planes. Spine.
2003;28(24):2694-2699.

4. Cunningham BW, Gordon JD, Dmitriev AE, Hu N, McAfee PC.
Biomechanical evaluation of total disc replacement arthroplas-
ty: an in vitro human cadaveric model. Spine. 2003;28(208S):
S110-117.

5. Demetropoulos CK, Sliva CD, Fisher T, Farthing J, Abjornson
C, Sengupta D, et al. Biomechanical evaluation of the cervical
spine instantaneous axes of rotation following single level disc
replacement. Proceedings of the Cervical Spine Research Soci-

ety 33rd Annual Meeting; 2005 Dec 1-3; San Diego, CA, USA;
p. 65-66.

6. Haher TR, Bergman M, O’Brien M, Felmly WT, Choueka J,
Welin D, et al. The effect of the three columns of the spine
on the instantaneous axis of rotation in flexion and extension.
Spine. 1991;16(8 Suppl):S312-318.

7. Woltring HJ, Huiskes R, de Lange A, Veldpaus FE. Finite cen-
troid and helical axis estimation from noisy landmark mea-
surements in the study of human joint kinematics. J Biomech.
1095;18(5):379-389.

8. Veldpaus FE, Woltring HJ, Dortmans LJ. A least-squares al-
gorithm for the equiform transformation from spatial marker
co-ordinates. J Biomech. 1988;21(1):45-54.

9. Crawford NR, Dickman CA. Construction of local vertebral
coordinate systems using a digitizing probe. Technical note.
Spine. 1997;22(5):559-563.

10. Spoor CW, Veldpaus FE. Rigid body motion calculated from
spatial coordinates of markers. J Biomech. 1980;13(4):391-
393.

11. Crawford NR, Yamaguchi GT, Dickman CA. A new technique
for determining 3-D joint angles: the tilt/twist method. Clin
Biomech (Bristol, Avon). 1999;14(3):153-165.

12. Woltring HJ. 3-D attitude representation of human joints: a
standardization proposal. J Biomech. 1994;27(12):1399-1414.

13. Crawford NR, Duggal N, Chamberlain RH, Park SC, Sonntag
VKH, Dickman CA. Unilateral cervical facet dislocation: in-
jury mechanism and biomechanical consequences. Spine.
2002;27(17):1858-1864.

14. Broc GG, Crawford NR, Sonntag VKH, Dickman CA. Bio-
mechanical effects of transthoracic microdiscectomy. Spine.
1997;22(6):605-612.

15. Cagli S, Chamberlain RH, Sonntag VKH, Crawford NR. The
biomechanical effects of cervical multilevel oblique corpec-
tomy. Spine. 2004;29(13):1420-1427.

16. Chen TY, Crawford NR, Sonntag VK, Dickman CA. Biome-
chanical effects of progressive anterior cervical decompres-
sion. Spine. 2001;26(1):6-14.

17. Crawford NR, Hurlbert RJ, Choi WG, Dickman CA. Differen-
tial biomechanical effects of injury and wiring at C1-C2. Spine.
1999;24(18):1894-1902.

18. Dickman CA, Crawford NR, Brantley AGU, Sonntag VK. Bio-
mechanical effects of transoral odontoidectomy. Neurosur-
gery. 1995;36(6):1146-1152; discussion 1152-1143.

19. Dickman CA, Crawford NR, Paramore CG. Biomechani-
cal characteristics of Ci-2 cable fixations. J Neurosurg.
1996;85(2):316-322.

20. Naderi S, Crawford NR, Song GS, Sonntag VKH, Dickman CA.
Biomechanical comparison of C1-C2 posterior fixations. Ca-
ble, graft, and screw combinations. Spine. 1998;23(18):1946-
1956.

Editor’'s Comments

The quantitative mention of the IAR in clinical or experi-
mental studies is inconsistent and based on a variety of
techniques. The technique, in fact, as Dr. Crawford points
out, is often not presented or referenced. Crawford has pre-
sented a viable relatively simple alternative. He points out
its limitations and provides an assessment of the literature

regarding this arena. Accuracy is limited regardless of tech-
nique employed. Dr Crawford has eloquently and correctly
portrayed what is known in this arena and has provided a
reasonable strategy for the determination of the IAR. For
this he is to be congratulated.

Edward C. Benzel
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