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Measuring the Axial Rotation of Lumbar
Vertebrae in Vivo with MR Imaging

Victor M. Haughton, Baxter Rogers, M. Elizabeth Meyerand, and Daniel K. Resnick

BACKGROUND AND PURPOSE: Flexion-extension radiography is neither sensitive nor
specific in the diagnosis of degenerative spinal instability, a presumed cause of back pain and
an indication for spinal fusion. We tested the hypothesis that with MR imaging and a device to
rotate the torso, axial rotations of lumbar vertebrae can be measured with sufficient accuracy
and that significantly different rotations can be detected between lumbar segments with
degenerated disks and those with normal disks.

METHODS: We studied five volunteers without back pain (group 1), five patients who
underwent MR imaging because of back pain but were not considered candidates for fusion
(group 2), and five patients in whom diskography identified one or more disks with concordant
pain (group 3). Each participant was placed on a specially built table that provided separate
supports for the torso and for the hips and legs. Series of sagittal images were acquired with a
T2-weighted fast spin-echo sequence, with the torso rotated clockwise and then counterclock-
wise. The amount of rotation was calculated from axial images with use of an automated
program.

RESULTS: In the five volunteers, rotations of the lumbar motion segments varied between
-1.8° and 5.7°, with an average of 0.8°. The abnormal disks in five patients in group 2 rotated
from —0.9° to 5.6°, with an average of 3.2°. In group 3, the disks in which concordant pain was
elicited rotated from 0.8° to 4.4°, with an average of 2.2°. Difference in rotation between

abnormal and normal disks was statistically significant.
CONCLUSION: Measurements of rotations of lumbar vertebrae with MR imaging may have
value for determining levels that move abnormally in axial rotation.

Flexion-extension radiography has been used to de-
tect abnormal motions of the spine in patients with
suspected degenerative spinal instability, a presumed
cause of back pain and an indication for spinal fusion.
Radiography of the spine in patients performing a
flexion and extension maneuver is neither sensitive
nor specific in the diagnosis of degenerative spinal
instability (1-4).

The role of the intervertebral disk in degenerative
spinal instability has been clarified by means of bio-
mechanical cadaver studies (5-9). The normal lumbar
intervertebral disk resists rotation in the axial plane
because of the strong obliquely oriented fibers in the
anulus fibrosus. With rupture of these fibers second-
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ary to a radial tear of the anulus fibrosus, the resis-
tance to a rotation in the axial plane is diminished
markedly (10, 11). In biomechanical studies, a radial
tear reduces the stiffness of the disk to axial rotatory
forces by a factor of 2 or more, whereas it affects the
stiffness to flexion or extension marginally. There-
fore, in theory, abnormal mobility and decreased stiff-
ness of the lumbar spine are detected more effectively
by studying the motions of vertebrae subjected to an
axial rotatory torque than to a flexion or extension
torque.

Several investigators have attempted to measure
axial rotations of the lumbar vertebrae. Invasive ra-
diographic techniques have been developed for mea-
suring axial rotation (12). An open design MR mag-
net has been used to noninvasively measure rotation
of lumbar vertebrae in patients (P. K. Hol, M.D., Oslo
Norway, personal communication, 2001). Johansen et
al (13) used CT to measure the rotation of vertebrae
in patients who were placed in positions of rotation by
means of cushions. The long-term goal of this study is
to develop methods to detect lumbar spinal instability
based on measures of rotation of the lumbar verte-
brae. The purpose of this preliminary study was to
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Fic 1. Table insert that provides clockwise and counterclockwise rotation at the lumbar spine. The insert is placed on the MR gantry.
The patient is positioned on the insert with head and thorax on the longer segment and hips on the shorter segment. The segments are
on rollers that permit them to rotate 8° in a clockwise and a counterclockwise direction, with the axis of rotation centered at a point 10
cm above the segment, so that the spine is at the isocenter of rotation.

Fic 2. A-G, Images illustrate the
application of the pixel shift program
to measure rotation. The first step is
to choose a vertebral level from each
of the image sets with the thorax ro-
tated clockwise (A) and counter-
clockwise (B). Note the vertical refer-
ence line to the left of each image.
The next step is to choose the pivot
point and region of interest for the
pixel shift analysis (crosshairs and
circular cursor in A and B). All voxels

outside the cursor are excluded from analysis of motion (C and D). Alignment of the one image with the other before pixel shifting is
illustrated by a subtraction image (E), which reveals a mismatch. When the one image is rotated with respect to the other to maximize
the correlation, the angle of rotation (illustrated by the reference lines in F) is recorded. Alignment of the images after rotation is illustrated
by a subtraction image (G), which shows no mismatch for the vertebral bodies.

test the hypotheses that, with MR imaging and a table
device to produce small rotations of the torso, axial
rotations of lumbar vertebrae could be measured and
significantly different degrees of rotation could be
detected in lumbar segments with degenerated disks
compared to segments with normal disks.

Methods

Participants

Three groups of subjects enrolled in the study. Group 1
consisted of five volunteers (three women, two men; mean age,
37 years) without back pain and without a history of severe
back pain; these were considered the control subjects. Group 2
consisted of five patients (one woman, four men; mean age, 45

years) who underwent MR imaging because of back pain, but
who were not considered surgical candidates for the treatment
of back pain. In this group, diminished signal intensity in a
lumbar intervertebral disk on a T2-weighted image or dimin-
ished disk height were inclusion criteria. Evidence of severe
spinal stenosis or a destructive process was an exclusion crite-
rion, but evidence of a disk herniation or bulging of the anulus
was not. Group 3 included five patients (four women, one man;
mean age, 36 years) who had consulted a neurosurgeon for
back pain and who were considered candidates for a surgical
fusion procedure. An inclusion criterion was a diskogram in
which concordant pain was produced at one or more levels.
Exclusion criteria were the same as those in group 2, plus
evidence of radiculopathy or a history of treatment for back
pain. Three additional patients with back pain were studied and
then excluded because of artifacts on the images that precluded
accurate measurement of rotation. Informed consent was ob-
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Fic 3. Sagittal T2-weighted image in a 29-year-old woman with
chronic back pain. Intervertebral disks at L4-L5 and L5-S1 have
diminished height, diminished signal intensity, and bulging of the
posterior anulus fibrosus. No herniations are evident. Diskogra-
phy subsequently showed concordant pain at the L4-L5 level
only. The rotations were 0.3° at L1-L2, 1.3° at L2-L3, -0.1° at
L3-L4, 2.2° at L4-L5, and 1.9° at L5-S1.

tained from each subject and approval for the study was ob-
tained from our institutional review board.

Protocol

For the rotation study, each patient or volunteer was placed
on a specially built table that provided separate supports for
the torso and for the hips and legs (Fig 1). Each support could
be rotated 8° in either direction. The table was placed on the
gantry of a 1.5-T imager (GE Advantage; GE Medical Systems,
Milwaukee, WI). With the patient positioned comfortably on
the table and the gantry inserted into the imager, a series of
sagittal images was acquired with a fast spin-echo sequence
(2000/99/2 [TR/TE /NEX], 24-cm field of view, 192 X 256
matrix) for evaluating the signal intensity and morphology of
each intervertebral disk. Then the gantry was removed from the
imager. The hip support in the table was rotated 8°, right hip
down, and the support under the torso was rotated 8°, left
shoulder down. The gantry was returned to its former position
in the imager, and a series of three-dimensional images was
acquired in the sagittal plane with the spoiled gradient recalled
acquisition in the steady state ([SPGR] 24/5/1 [TR/TE/NEX],
256 X 192 field of view, 2.0-mm section thickness). The gantry
was then removed once more from the imager, and the rota-
tions of the two table parts were reversed. The gantry was
returned to the imager once more, and the SPGR sequence was
repeated.

The amount of rotation at each lumbar intervertebral disk
was calculated with an automated program developed at our
institution. The rotation of vertebrae was measured by means
of a pixel shift program similar to that used to adjust the
masking image in digital subtraction angiography. In the series
of images with clockwise rotation of the torso and the series
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TABLE 1: Rotations at each lumbar level in the control subjects

Rotation MR Appearance of
Subject No. Level (degrees) Intervertebral Disk
1 L1-L.2 -1.0 Normal
L2-1L3 2.1 Normal
13-14 1.8 Normal
L4-15 0.8 Normal
L5-S1 0.8 Normal
2 L1-1.2 -0.5 Normal
L2-13 0.3 Normal
L3-1L4 1.7 Normal
14-15 -0.4 Normal
L5-S1 1.9 Normal
3 L1-L2 0.5 Normal
12-1.3 0.8 Normal
L3-14 -0.1 Normal
L4-L5 1.3 Normal
L5-S1 2.6 Normal
4 L1-L2 0.1 Normal
L2-1L3 0.9 Normal
1L3-14 1.0 Normal
L4-15 1.3 Normal
L5-S1 1.2 Normal
5 L1-1.2 3.0 Normal
L2-1.3 -1.8 Normal
L3-1L4 -0.2 Normal
14-15 5.7 Normal
L5-S1 2.8 Abnormal
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Fic 4. Average rotation occurring at the five lumbar levels in
the five control subjects as the gantry table is rotated left and
right.

with counterclockwise rotation, a section was chosen through
the midportion of each vertebra to include the transverse pro-
cess of the vertebra, or in the case of S1, the sacral alae (Fig 2A
and B). The same section location was chosen for each vertebra
in the two image series. One investigator (B.R.) placed a pivot
point in the midline on the dorsal aspect of the vertebral body
(Fig 2A and B). The program specified a region of interest
surrounding the pivot point (illustrated by the cursor in Fig 2A
and B and by Fig 2C and D) in which the pixel shift analysis is
applied. One image (“floating image”) was then rotated and
translated with respect to the other image (reference image) by
Powell’s method as the correlation between images was calcu-
lated (14-16). Before application of the program, the floating
image, when subtracted from the reference image, showed
poor registration (2E). When the maximal correlation was
achieved, the angle through which the image rotated was re-
ported (illustrated by reference lines in Fig 2F). Alignment of
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the floating and reference images after rotation reveals im-
proved registration in the subtracted image (2G). The rotation
between two adjacent vertebrae was calculated as the differ-
ence between the rotations at contiguous levels. The rotation
for each level was tabulated and compared with the MR ap-
pearance of the disk at that level and the diskographic findings.

To estimate the error due to inexact selection of the pivot
point, we repeated the analysis with the “floating” and “refer-
ence” images reversed; we then repeated this sequence six
more times with the pivot points moved by approximately 5 mm
in a different direction each time. This gave 14 results, from
which we estimated the error. The computations took about 5
minutes per subject. The measurements had a precision of
about 0.5° a higher degree of precision than that achieved by
manual measurements previously described (13, 17).

The intervertebral disks in each participant were classified
on the basis of the sagittal MR images. Disks with normal
height, signal intensity, and annular borders were classified as
normal. Disks with diminished signal intensity or height or both
were classified as abnormal. These were further subdivided into
those that had evidence on the sagittal and axial images of a
bulging disk or herniation based on American Society of Neu-
roradioloy criteria (18). Evidence of endplate destruction, ver-
tebral body destruction, or increased signal intensity in the disk
was an exclusion criterion.

For diskography, standard techniques were employed (19).
The selected disks were cannulated under fluoroscopic moni-
toring. Saline was injected, and the patient was asked to report
the type of pain, if any. Pain produced by the injection that
resembled the pain regularly experienced was classified as
concordant pain. If no pain was produced or pain was not of the
concordant type, the diskographic findings were classified as
having no concordant pain at that level.

Each patient in group 3 was examined by the treating neu-
rosurgeon 6 months after diskography. In those patients who
underwent fusion after diskography, the level of fusion was
noted, and the postoperative results were tabulated. The level
of the concordant pain and the motions were compared.

The rotations for each level in the control subjects were
averaged. Rotations for normal and abnormal disks in the
volunteers and in the two patient groups were compared. Dif-
ferences in mean rotation were tested for significance by means
of a Student ¢ test, with unequal variances assumed and signif-
icance set at .05.

Results

In the control subjects of group 1, 24 disks were
classified as normal and one as abnormal (bulging
disk). In the group 2 patients, 14 disks were classified
as normal, three as herniated disks, and eight as
bulging anulus. In this group, four of the abnormal
disks were at L4-L5, four at L5-S1, and one each at
L1-L2, L2-L3, and L3-L4. In group 3 patients, 18
disks were classified as normal and seven as bulging
anulus (Fig 3). None had evidence of a herniation.
Four of the abnormal disks were at L4-L5 and three
at L5-S1.

In the control subjects, rotations of the lumbar
motion segments varied between —1.8° and 5.7°. Av-
erage rotation in this group was 0.8° (Table 1). The
amount of rotation varied with level and increased
toward the sacrum (Fig 4), from an average of —0.2°
at L1-L2 to an average of 1.6° at L5-S1. This rostro-
caudal increase in rotation was significant in this
small sample (P < .005). The largest rotations in the
control subjects were measured in the subject with a
degenerated disk at L5-S1. This 23-year-old asymp-
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TABLE 2: Rotations at each lumbar level in patients with back pain
and abnormal intervertebral disks

Group 2 Rotation MR Appearance of
Patient No. Level (degrees) Intervertebral Disk
1 L1-L2 -0.5 Normal

12-13 1.0 Normal
L3-14 2.3 Normal
L4-L5 0.6 Abnormal
L5-S1 4.2 Abnormal
2 L1-L2 3.7 Abnormal
L2-1L3 2.5 Normal
13-14 1.4 Normal
L4-L5 -0.9 Abnormal
L5-S1 39 Abnormal
3 L1-L.2 1.6 Normal
L2-13 1.1 Normal
L3-1L4 5.6 Abnormal
14-15 0.0 Normal
L5-S1 1.5 Normal
4 L1-L2 22 Normal
12-13 0.8 Normal
L3-14 —0.1 Normal
L4-L5 32 Abnormal
L5-S1 4.7 Abnormal
5 L1-L.2 0.1 Normal
L2-1L3 22 Abnormal
1L3-14 2.0 Normal
L4-15 34 Abnormal
L5-S1 3.1 Abnormal

tomatic woman gave no history of back pain. In this
volunteer, rotations at L5-S1 and three other levels
exceeded the averages by a substantial amount. The
rotation at L4-L5, 5.7°, exceeded the rotation of all
other disks, normal or abnormal, in this series.

In group 2 patients, the rotations varied from -0.9°
to 5.6°. Average rotation in the normal disks in this
group was 1.1° and in the abnormal disks was 3.2°
(Table 2).

In group 3 patients, the rotation varied from —-1.9°
to 4.4°. Average rotation for the normal disks in this
group was 0.4° and for the abnormal disks was 2.2°
(Table 3). For the disks in this group that had con-
cordant pain, rotations were 0.8° to 4.4°. The abnor-
mal disks were at L4-L5 and L5-S1. The two normal
L5-S1 motion segments rotated an average of 1.6°
and the three motion segments at L5-S1 with concor-
dant pain in this group rotated a mean of 3.3° (Fig 5).
The difference was not significant (P = .07).

The five motion segments at L5-S1 in groups 2 and
3 with normal intervertebral disks rotated an average
of 1.6° the seven motion segments with abnormal
disks in groups 2 and 3 rotated an average of 3.7°. The
difference was significant at P = .0005. The three
motion segments at L4—L5 in which concordant pain
was identified in group 3 rotated an average of 1.4°,
and the two motion segments with normal disks in
group 3 rotated an average of 0.6° (Fig 5). The dif-
ference was not significant (P = .16). The five L4-L5
motion segments in groups 2 and 3 with normal disks
rotated an average of 0.6% the eight motion segments in
groups 2 and 3 with abnormal disks rotated an average
of 1.3°. The difference was significant at P = .03.
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TABLE 3: Rotations at each lumbar level in patients with concordant pain at diskography

Level with
Group 3 Rotation MR Appearance of Concordant Pain Level Follow-up after
Patient No. Level (degrees) Intervertebral Disk Disk Abnormality at Diskography Fused Fusion
1 L1-2 0.2 Normal Asymptomatic
L2-3 0.9 Normal
L3-4 0.8 Normal
L4-5 1.1 Normal
L5-S1 2.1 Abnormal Bulging anulus X X
2 L1-2 0.4 Normal Asymptomatic
L2-3 0.7 Normal
L3-4 0.7 Normal
L4-5 0.8 Abnormal Bulging anulus X X
L5-S1 1.0 Normal
3 L1-2 0.3 Normal Asymptomatic
L2-3 1.2 Normal
L3-4 -0.1 Normal
L4-5 22 Abnormal Bulging anulus X X
L5-S1 1.9 Normal
4 L1-2 -1.9 Normal Asymptomatic
L2-3 22 Normal
L3-4 -1.3 Normal
L4-5 1.3 Abnormal Bulging anulus
L5-S1 4.4 Abnormal Bulging anulus X X
5 L1-2 0.4 Normal Not applicable
L2-3 1.7 Normal
L3-4 0.8 Normal
L4-5 1.3 Abnormal Bulging anulus X
L5-S1 3.4 Abnormal Bulging anulus X
Five patients in group 3 had a diskogram at one or Discussion

more levels that demonstrated concordant pain. Fu-
sion was performed in four patients at the level with
concordant pain. These four patients were pain-free
after surgery, although one required revision owing to
a pseudarthrosis. The criterion that the greatest rota-
tion predicts the level at which concordant pain will
be discovered with diskography yielded 18 true-neg-
ative, four true-positive, two false-negative, and one
false-positive findings in group 3. The positive predic-
tive value of the greatest rotation value for a positive
diskogram was 80% and the negative predictive value
was 90%. The fifth patient did not undergo spinal
fusion.

Fic 5. Average rotation at the two lower lumbar levels
with normal disks (gray line) and those with concordant
pain (black line) elicited at diskography in group 3 patients.

rotation (degrees)

This preliminary study shows that with MR imaging
and a device to produce a clockwise and counter-
clockwise rotation of the torso, rotations of the lum-
bar vertebrae can be measured. The rotations be-
tween vertebrae that have degenerated disks exceed
those between vertebrae that have normal disks.

This study is a preliminary one, to assess a meth-
odology. Neither age nor sex was controlled in this
study, and either may have a small confounding effect
on axial rotations. Normative data were obtained by
selecting subjects without a history or complaint of
back pain. However, this selection method does not
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ensure that biomechanically normal spines were in-
cluded. One of our control subjects had evidence of
disk degeneration at one level and evidence of hyper-
mobility at multiple levels. The significance of this
finding is speculative at the moment. We did not
control for medication or spinal muscle spasm. We
did not make comparisons with flexion and extension
radiographs. The effect of facet joints on the rotations
of the lumbar vertebrae was disregarded. In biome-
chanical studies (20), facet joints did not appear to
limit or oppose rotations of the amount seen in this
study. Patients were selected to include some with
intervertebral disk degeneration and nonspecific signs
and symptoms (group 2) and some with probable
degenerative instability (group 3). There is no crite-
rion standard at the moment for confirming that in-
stability is present or not. Diskography is used to
detect spinal instability, but the validity of the method
is questioned (21). In our cases, the diagnosis of
instability was suggested by diskography, by the clin-
ical evaluation, and by the satisfactory results from
fusion.

In this study, measurements agreed in general with
our hypotheses and assumptions. We found signifi-
cant differences in rotations between normal and ab-
normal intervertebral disks, as others have found (10,
11, 20). Abnormal rotation in the group 3 patients
predicted an abnormal diskogram with some accu-
racy. The axial rotation measurements did not have a
high predictive value of instability in patients in group
2, who had a low pretest probability of instability or
abnormal motions as a cause of back pain. In group 2,
abnormal disks had greater rotations than those of
normal disks. We found that the rotations calculated
with this method varied with level in the control
subjects, as they do in spines of cadavers (5) and live
humans (13). All these data suggest that the measure-
ments of axial rotations in vivo with MR imaging
provide accurate information about the motions of
the lumbar motion segments.

The axial rotations measured in this study were in
general less than those measured in the lumbar spine
by others with other techniques. The cumulative ro-
tation produced in the lumbar spine in our study
averaged 4.7°, compared with 11° in subjects who
performed an axial rotation while sitting (20) and 18°
while standing (22). In a study of patients who were
recumbent, with axial rotation applied by means of
cushions and rotations measured with CT, the cumu-
lative rotation was 16° (13). Johansen et al (13) found
an average rotation of 2.6° in normal disks and 3.8° in
abnormal disks. In comparison, we found average
rotations of normal disks of 0.4° to 1.3°, depending on
the group, and average rotation of 2.2° for abnormal
disks with concordant pain. The differences between
the results in our study and those previously reported
are likely explained by the relatively mild degree of
rotation applied in our study. The milder degree of
rotation has the advantage that it is well tolerated by
patients who have back pain.

Conclusions regarding the mobility of the spine in
cases of an abnormal diskogram cannot be drawn at
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this time. In the absence of a reliable functional im-
aging technique for the detection of hypermobility or
instability in the spine, investigators have attempted
to identify imaging findings to predict instability. Cor-
relations have been found between signal intensity in
the lumbar intervertebral disks or vertebral body mar-
row and the presence of instability (23, 24). For the
characterization of spinal instability or hypermobility,
a noninvasive functional method is still sought (25). A
method that identifies hypermobility between lumbar
vertebrae might have value in selecting patients for
spinal fusion. In some clinical settings, a measure-
ment of spinal motions, if accurate and reliable, might
replace some diskograms. Additional studies are war-
ranted. With similar methods and CT, greater preci-
sion may be achieved than with MR imaging. Future
study with carefully controlled patient groups and
comparison of imaging techniques is warranted.

Conclusion

The results of this study show that rotations of
lumbar vertebrae in patients or subjects rotated about
the spinal axis may be measured with a specially
designed table and MR imaging. Differences in mo-
bility can be distinguished between disks that have a
normal MR imaging appearance and those that have
an abnormal appearance. An increase in rotation is
detected in disks that produce “concordant pain” at
diskography. Such measurements hypothetically have
greater value than measurements from flexion-exten-
sion radiographs for studying the motions of spinal
vertebrae in vivo. Further evaluation is warranted.
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