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Summary: Spondylotic myelopathy is a result of decreased spinal canal space due
to degeneration. The space also may change with physiological movements. The
knowledge of the normal physiological changes is necessary for a better under-
standing of the clinical symptoms. Using a novel technique, we measured the
changes in disk bulge, ligamentum flavum bulge, and anteroposterior canal diame-
ter in response to tension-compression forces (up to 40 N each) and combined
loading: 2 Nm of flexion or extension moment combined with 20 N compression
force in five human cadaveric lower cervical spine specimens (C4-C7). From
tension to compression, the average disk bulge changed 1.13 mm or 10.1% of the
original canal diameter. The ligamentum flavum bulge changed 0.73 mm or 6.5%
of the canal diameter. From flexion to extension the average disk bulb changed
1.16 mm or 10.8% of the canal diameter, whereas the ligamentum flavum bulge
changed 2.68 mm or 24.3% of the canal diameter. Most of the changes in the
bulges occurred with a small load application around the neutral position of the
spine. The results of this study demonstrate that ligamentum flavum bulge can
contribute significantly to canal encroachment in extension and that a flexed
posture increases the sagittal diameter of the spinal canal. Key Words: Disk
bulge—Ligamentum flavum bulge—Load-displacement curves—Sagittal diame-

ter—Canal kinematics.

Myelographic investigations have shown that the
sagittal diameter of the lower cervical spinal canal de-
creases during extension of the neck (1,9.11), most
probably due to the bulging of the ligamentum fla-
vum (LF) (18,22). Ordinarily the inherent elasticity
and pretension of the LF prevent its impingement on
the spinal cord. However, hypertrophy, scarring of
the LF, or loss of elasticity through degeneration
might permit narrowing of the canal or spinal cord
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impingement during extension of the neck (7). Other
factors that can contribute to canal encroachment in-
clude disk bulging and increase in the cord diameter
on extension (22) and bony factors such as spondy-
lotic bars, pincers phenomenon (23), and the rela-
tively high incidence of retrolisthesis in elderly pa-
tients (19). This is particularly evident in those witha
congenitally narrowed canal (5). Studies on human
and cadaveric spines reporting mechanical response
to loads have focused mainly on the spinal column.
To our knowledge, no study has documented with
precision the in situ kinematic characteristics of the
disk and LF of the lower cervical spinal canal.

The objective in this in vitro study was to measure
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the load-bulge characteristics of the disk and LF due
to the application of tension—compression forces and
complex loads of flexion-extension moments with
compression force. Additionally, canal diameter
changes were computed for the same loading
conditions.

MATERIALS AND METHODS
Preparation of Specimens

Five intact human cadaveric cervical spines (C4-
C7) were harvested fresh and stored at —20°C. The
specimens (all male) ranged in age from 46 to 66 years
(average 54). The ages of two specimens were un-
known. Neither cause-of-death records nor roentgen-
ographs showed any abnormalities beyond the nor-
mal degenerative changes.

The spines were dissected of all nonligamentous
soft tissue, and the contents within the spinal canal
were removed. The specimens were mounted symmet-
rically so that the midplan of the C5-C6 disc were
horizontal to the testing apparatus (Fig. 1). Partial he-
milaminectomy was performed over C5 and C6 to
create a window, leaving facet joints intact. Through
this window, 12 steel beads (0.8 mm in diameter) were
attached with cyanoacrylic glue at intervals of ~1
mm mid-sagittally along both the posterior longitu-
dinal ligament (PLL) and the LF. The seventh bead
from the top, on both the PLL and LF, was glued onto
the most protruding point of each ligament when the
spine was put in extension. The centers of the beads
acted as roentgenographic markers on lateral
radiographs.

Testing Procedure

The specimens were tested in a high humidity envi-
ronment. A heavy Plexiglas bar rigidly attached to the
top of the specimen mounting was used both to facili-
tate load application and to constrain the movements
of the specimens to the sagittal plane. Four types of
loads were applied individually and incrementally.
Lateral radiographs were taken after 30 s of load ap-
plication to minimize the effects of creep.

To study the disk and LF bulges in response to axial
loads, we applied 10 different forces: +40, +30, +20,
+10, 0, —5, —10, —20, —30, and —40 N. (A positive
force is tension or distraction, whereas a negative
force is compression.) All axial forces were applied
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FIG. 1. Conceptual diagram of forces and moments applied to the
specimen: 1, distraction force; 2, compression force; 3, flexion
moment and compression force; 4, extension moment and com-
pression force.

over the balance point of the specimen, defined as the
point at which the resulting deformation was pure ax-
ial translation, with no flexion or extension rotation
(i.e., the Plexiglas bar remained horizontal during the
force applications).

The following procedure was adopted to study the
response to various moments. First, we applied a 20-
N weight on the top mounting of the specimen to
locate the balance point. Then, different combina-
tions of the 20-N weight were applied on either side 10
cm from the balance point (i.e., 0-20, 5-15, 7.5-12.5,
10-10, 12.5-7.5, 15-5, and 20-0 N), resulting in
seven corresponding moments, from 2 Nm flexion to
2 Nm extension. For the purpose of convenience, we
have termed these loads as moments, although in real-
ity they are complex: a combination of a moment and
20-N compressive force.
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FIG. 2. Lateral radiographs of the specimen under (A) tension force, (B) compression force, (C) flexion moment, and (D) extension moment.

Beads along PLL and LF act as roentgenological markers.

Digitization and Data Analysis

All radiographic markers shown on the lateral ra-
diographs (Fig. 2) were digitized with an Altek digi-
tizer (ACT22, Altek Corp., Silver Spring, MD) con-
nected to a personal computer to calculate the magni-
tude of disk and LF bulges.

Disk and LF bulges were defined as the perpendicu-
lar distance from the corresponding most protruding
bead (bead 7 for disk and bead 19 for LF) to a line
connecting the two nearest beads attached to the
edges of the adjacent vertebrae. The disk bulge and LF
bulge are shown in Fig. 3.

Sagittal canal diameters were obtained by calculat-
ing the distance between bead pairs along the PLL
and LF, including the diameter of the bead. All possi-
ble combinations of bead pairs (from beads | through
12 on the PLL, to beads 13 through 24 on the LF)
were considered. Because there were 12 beads on each

side of the canal, the total number of possible bead
pair combinations was 144. The absolute minimum
value of these 144 diameters represented the mini-
mum canal diameter.

Repeatability of Measurement

The repeatability of the measurement method was
ascertained by repeatedly digitizing on one radio-
graph each of the 24 radiographic markers 10 times
and calculating the distance between the 12 marker
pairs. The average standard deviation of the 12 calcu-
lated canal diameters was 0.04 mm; thus, the maxi-
mum error of the measurement method was 0.08 mm.

RESULTS

Load-bulge curves were plotted for the disk and LF
in response to the compression-tension and flexion—
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extension loads. Although the initial zero-load bulge
values were different for each specimen, we have cen-
tered all of the curves around zero. Thus, the values
presented in Figs. 4-7 represent the change in disk or
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FIG. 4. Change in disk bulge versus tension-compression force.
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FIG. 5. Change in disk bulge versus flexion—extension moments.

ligamentous bulge. The averages and standard devia-
tions of the maximum disk and ligament bulges and
minimum canal diameter measurements are pre-
sented in Tables 1-3.

Disk Bulge
Tension-Compression (Fig. 4, Table 1)

The force-bulge curves were sigmoidal in shape;
that is, the maximum change of the disk bulge took
place in response to small tensile and compressive
forces. The average disk bulge at zero load was 0.91
mm, increasing to 1.21 mm with compression and
decreasing to 0.08 mm with tension. The average
change in the canal diameter due to disk bulge, from
tension to compression, was 1.13 mm or a decrease of
10.1% of the average unloaded canal diameter.

Flexion-Extension (Fig. 5, Table 1)

The moment-bulge curves were also sigmoidal in
character. The average disk bulge at zero load was
1.00 mm, which increased to 1.24 mm with extension
and decreased to 0.08 mm with flexion. The average
change in the canal diameter was 1.16 mm, a decrease
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of 10.8%, with the spine going from flexion to
extension.

LF Bulge

Tension-Compression (Fig. 6, Table 2)

The average LF bulge was 1.09 mm at zero load,
which increased to 1.56 mm with compression and
decreased to 0.84 mm with tension. The average de- 14
crease in the spinal canal diameter, from tension to

compression, was 0.73 mm or 6.5%.

Flexion-Extension (Fig. 7, Table 2)

The LF bulges in response to flexion and extension
moments were markedly sigmoidal. The average LF
bulge at zero moment was 1.14 mm, which increased
with spinal extension to 2.70 mm and decreased with

flexion to 0.02 mm. The average decrease, from flex-
ion to extension, in the canal diameter was 2.68 mm,
a change of 24.3% of the unloaded canal diameter.

Canal Diameter
Tension-Compression (Fig. 8, Table 3)
The average minimum canal diameter under zero

load was 11.12 mm. Under compression, the mini-
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FIG. 7. Change in LF buige versus flexion-extension moments

mum diameter decreased to 10.42 mm. With distrac-
tion, the minimum diameter was 12.03 mm, resulting

in a net change of 1.62 mm, or 14.5% of the original
diameter.

Flexion-Extension (Fig. 8, Table 3)

With no applied moment, the average minimum

canal diameter was 10.83 mm. An applied extension
moment decreased the average minimum canal diam-
eter to 9.74 mm, whereas an applied flexion moment
increased the diameter to 12.58 mm. The total de-
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FIG. 6. Change in LF bulge versus tension-compression force.

crease in minimum canal diameter from flexion to
extension was 2.84 mm, or 26.2%.

DISCUSSION

Under axial forces, the total changes in the LF
bulge from compression to distraction were on aver-
age 70% of the changes of the disk bulge, which were
all close to 1 mm. In response to the moments, how-
ever, the average change in LF bulge was 2-3 mm,

usually more than twice the magnitude of the disk
bulge. LF bulges showed more variation among speci-
mens, perhaps corresponding to the degree of relative
degeneration. Our observation of greater change in

J Spinal Disord Vol. 7. No. 2. 1994
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TABLE 1. Disk bulge data
Specimen
1 2 3 4 5 Average = SD
Axial forces
No load
Canal diameter 11.42 10.81 9.46 11.57 12.33 11.12 £ 1.07
Bulge 0.88 1.34 0.62 1.00 0.69 0.91 =0.29
Tension of 40 N
Bulge 0.00 0.30 0.15 —0.04 0.00
Change in bulge —0.89 —1.05 -047 —1.04 -0.70
Change as % of canal diameter -7.8 -9.7 -5.0 -9.0 -5.6
Compression of 40 N
Bulge 1.29 1.70 0.90 1.22 0.93
Change in bulge 041 0.36 0.28 0.22 0.24
Change as % of canal diameter 3.6 33 30 1.9 1.9
Tension to compression
Change in bulge 1.30 1.40 0.75 1.25 0.94
Change as % of canal diameter 11.3 13.0 79 10.8 76 10.1 =23
Sagittal moments
No load
Canal diameter 11.23 10.59 8.98 11.51 11.83 10.83 £ 1.13
Bulge 1.07 1.05 0.89 111 0.87 1.00 = 0.11
Flexion of 2 Nm
Bulge 0.06 0.22 —-0.03 0.10 0.05 0.08 = 0.09
Change in Bulge -1.01 —0.83 —0.92 —-1.01 —-0.83 —0.92 £ 0.09
Change as % of canal diameter -9.0 -7.8 —10.2 —8.8 -7.0 —86 +12
Extension of 2 Nm
Bulge 1.20 1.59 0.96 1.37 1.09 1.24£0.24
Change in Bulge 0.13 0.54 0.07 0.26 0.21 024 +0.18
Change as % of canal diameter 1.1 5.1 0.8 23 1.8 7o) ealy)
Flexion to extension
Change in Bulge 1.14 1.37 0.99 1.27 1.04 1.16 = 0.16
Change as % of canal diameter 10.1 129 11.0 11.1 8.8 10.8 1.5

Values are expressed in millimeters, except where otherwise indicated.

the LF bulge as compared with the disk bulge, in re-
sponse to the flexion—extension moments, supports
the previous belief from in vivo studies that the LF
bulging is the major contributing factor to the dy-
namic encroachment of the cervical spinal canal
(18,22).

Under axial compressive forces, canal diameter de-
creased by 0.7 mm on average, whereas distraction
produced an average 0.9-mm increase in diameter. A
combination of compression and extension resulted
in an average decrease of 1.1 mm in the canal diame-
ter. All of these changes were <10% of the original
minimum canal diameter, which averaged ~11 mm.
However, compression with flexion yielded the larg-
est change in canal diameter, on average 1.75 mm, or
an increase of 16% over the neutral canal diameter.

The patterns of load-bulge curves of disk and LF
are worth discussing. For example, both the disk and
LF bulge versus flexion-extension moment formed a
sigmoidal curve, similar to the load-displacement
curve of a cervical spine specimen (15). Similar to the
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cervical spine, there is a significant change in the
bulge in the vicinity of the neutral position of the spi-
nal column. By definition, the neutral zone is that
region within the range of motion in which the spine
can be displaced with the application of a very small
load (14). The neutral zone is spread around the neu-
tral position of the spine. The sigmoidal shape of the
load-bulge curves of the disk and LF thus reflects the
neutral zone of the spine. In three-dimensional stud-
ies of the cervical spine specimens, the sigmoidal
shape of the load-displacement curve has been ob-
served in response to all physiological loads, i.e., lat-
eral bendings and axial rotations, in addition to flex-
ion and extension. Although no measurements have
been made of the disk and LF bulges to these nonsa-
gittal plane loads, one may expect similar qualitative
results.

The spinal canal of the cervical spine has been mea-
sured both in vivo and in vitro by several investigators
using direct measurement (13), lateral radiographs
(4,5,23) and computed tomography scans (10). The
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TABLE 2. Ligamentum flavum bulge data

Specimen
1 2 3 4 5 Average = SD
Axial forces
No load
Canal diameter 11.42 10.81 9.46 11.57 12.33 11,12 + 1.07
Bulge 0.99 1.52 1.13 0.70 1.11 1.09 £0.29
Tension of 40 N
Bulge 0.84 1.24 0.97 0.45 0.68 0.84 +0.30
Change in bulge —0.16 —-0.28 —-0.16 -0.25 —0.42 —0.25+0.11
Change as % of canal diameter —1.4 -2.6 =157 —22 -34 -22 =08
Compression of 40 N
Bulge 1.86 241 1.29 0.68 1.57 1.56 = 0.65
Change in bulge 0.87 0.90 0.15 —-0.02 0.46 0.47 £0.41
Change as % of canal diameter 7.6 8.3 1.6 -0.1 38 42 +3.7
Tension of compression
Change in bulge 1.03 1.17 0.32 0.23 0.89 0.73 =043
Change as % of canal diameter 9.0 109 33 20 72, 6.5 £3.7
Sagittal moments
No load
Canal diameter 11.23 10.59 8.98 1151 11.83 10.83 = 1.13
Bulge 1.16 1.82 1.04 0.57 1.10 1.14 £ 0.45
Flexion of 2 Nm
Bulge —0.17 0.35 0.50 —0.22 —-0.38 0.02 =0.38
Change in bulge —1.33 —1.47 —0.54 -0.79 —1.48 —1.12+043
Change as % of canal diameter -11.8 -139 -6.0 —6.9 —12.5 —102 =35
Extension of 2 Nm
Bulge 247 3.41 1.62 3.19 281 2.70 £ 0.70
Change in bulge 1.31 1.59 0.58 262 1.71 1.56 £0.73
Change as % of canal diameter 11.7 15.0 6.5 227 14.5 14.1 =59
Flexion to extension
Change in bulge 2.64 3.06 1.12 341 3.19 2.68 =0.92
Change as % of canal diameter 235 28.9 12.5 29.6 27.0 243 =70

Values are expressed in millimeters, except where otherwise indicated.

kinematics of the canal, on the other hand, have been
measured by few. Using myelography, Penning and
van der Zwaag measured the subarachnoidal space in
three postures (20), and obtained the average values as
12.5 mm for neutral, 11 mm for extension, and 13
mm for flexion posture. There is a good agreement
between these and our results (corresponding values
are 10.8. 9.7, and 12.6 mm), especially considering
the limited resolution (we estimate +0.5 mm) of this
28-year-old study.

There are not many studies in which the kinematics
of the cervical spinal canal have been studied. LF
bulge in the cervical spine was measured by Jia et al.
(6). They measured functional changes of the LF in
full extension and flexion using cervical spine speci-
mens that were cut in the midsagittal plane. They
concluded that the LF became thickened, shortened,
and protruded about 3.5 mm into the canal at the
C5-C6 level in hyperextension. These values are
more than twice the change in LF bulge measured in
our study. We believe these large changes result from

complete cutting of the specimen in the mid-sagittal
plane, thus determining the anatomic integrity of the
spine. Our hemilaminectomy model. preserving the
disk, facet joints, and most of the LF, is more
physiological.

Disk bulge has been measured in the lumbar spine,
but not in the cervical spine. However, it may be of
interest to compare the cervical disk bulge (our study)
to that in the lumbar spine in the earlier studies.
Brown et al. measured the lumbar disk bulge in cada-
veric specimens without the posterior elements (3).
For 6° of extension rotation, they measured an aver-
age posterior disk bulge of 1.5 mm. This is slightly
more than the corresponding cervical spine value of
1.24 mm. Disk bulge change in the lumbar spine due
to compression is much smaller. It has been measured
to be ~0.2 mm for 1,000 N load (2). In another study,
posterior disk bulge was measured in response to 800
N compression and additional 9.8 Nm extension mo-
ment (21). The results were 0.34 mm and 0.58 mm,
respectively. Our corresponding cervical spine results

J Spinal Disord Vol. 7. No. 2. 1994
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TABLE 3. Minimum canal diameter data

Specimen
1 2 3 4 5 Average = SD
Axial forces
No load
Canal diameter 11.42 10.81 9.46 11.57 1233 11.12 £ 1.07
Tension of 40 N
Canal diameter 12.51 11.99 9.71 12.69 13.28 12.03 £ 1.38
Change in diameter 1.09 1.18 0.25 112 0.95 0.92+0.38
Change in diameter (%) 9.6 109 26 9.7 1.7 8.1 £33
Compression of 40 N
Canal diameter 10.60 9.46 8.88 11.41 11.72 1042 = 1.22
Change in diameter —0.82 —-1.35 —0.58 —0.16 —0.61 —0.70 £0.43
Change in diameter (%) -72 1235 —6.1 -14 —49 —64 =40
Tension to compression
Change in diameter 1.91 252 0.82 1.28 1.55 1.62 = 0.64
Change in diameter (%) 16.8 234 8.7 11.0 12.6 145 =58
Sagittal moments
No load
Canal diameter 11.23 10.59 8.98 11.51 11.83 10.83 = 1.13
Flexion of 2 Nm
Canal diameter 13.39 12.65 10.38 12.78 13.72 12.58 = 1.30
Change in diameter 215 2.06 1.40 127 1.89 1.75 £ 0.40
Change in diameter (%) 19.2 19.4 15.6 11.0 16.0 162 =34
Extension of 2 Nm
Canal diameter 10.45 8.85 8.39 9.91 11.11 9.74 = 1.12
Change in diameter —0.78 —-1.74 —0.59 —1.60 -0.72 —1.09 £ 0.54
Change in diameter (%) —6.9 —16.4 —6.6 —-13.9 —6.1 —100 =438
Flexion to extension
Change in diameter 293 3.80 1.99 287 2,61 2.84 +0.65
Change in diameter (%) 26.1 358 222 25.0 22.1 262 +5.7

Positive values indicate increases in canal diameter, negative values indicate decreases in diameter. Values are expressed in millimeters,

except where otherwise indicated.

were 0.30 mm and 0.54 mm, respectively, for the
loads of 60 N compression and 2 Nm additional ex-
tension moment. Thus, the results seem to be similar
for the cervical and lumbar regions. Of course, the
exact loads in vivo are not known, and the experimen-
tal loads are only estimates.

It has been established that the ratio of the cord to
subarachnoid space is greatest at the levels from C5
through C7, where the clinical consequences of com-
pressive change are most significant (12,17,19). This
is the reason behind our choice of the C5-C6 level for
the study of load-bulge curves of the disk and the LF.
Panjabi et al. (16) showed that cervical spine kinemat-
ics are not altered by cutting all posterior elements,
providing the facet joints remain intact. Reuber et al.
found that the posterior element removal in the lum-
bar spine did not affect disk bulge significantly (21).
Thus, the hemilaminectomy for inserting beads into
the canal used in the present study is justified.

Our study is an in vitro model where muscle forces
are not present. Thus, the effect of muscles could not
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be assessed. However, there are certain advantages to
an in vitro experiment in comparison with in vivo
studies. In general, the accuracy of measurement is
significantly higher, which is important when the
changes to be measured are small. Our repeatability,
measured as a standard deviation of the spinal canal
diameter measured repeatedly, was 0.04 mm, thus
giving a maximum error of 0.08 mm. Because the
changes in the bulges due to the loads applied are in
the vicinity of 1 mm, the need for the high repeatabil-
ity is well justified.

The present investigation has provided a new
method to measure disk bulges and LF bulges under
forces and moments. Not only is the accuracy of our
method significantly better than were the previous
methods, but the kinematic characteristics of the disk
and LF bulges are clearly elucidated by means of the
load-bulge curves. This experimental study validated
the clinical understanding that LF bulging is a major
contributing factor to the encroachment of the cervi-
cal spinal canal. Furthermore, our study demon-
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strated that a flexed posture increases the spinal canal
diameter. Conversely, extension produces the narrow-
est spinal canal.
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