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B The Effects of an Interspinous Implant on the
Kinematics of the Instrumented and Adjacent Levels in
the Lumbar Spine
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,

Neurogenic intermittent claudication is the most com
mon and characteristic syndrome of lumbar spinal ste
nosis. First described by Verbiest, the symptomsof neu
rogenic intermittent claudication present on standing
and walking and include bilateral radicular pain, sensa-
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tion disturbance, aridloss of strength in the legs.^ These
symptoms are relieved on resting or flexing the lumbar
spine.^"^

Arbit and Pannullo'* presented the three prevailing
theories explaining intermittent neurogenic claudica
tion: the ischemic theory, the mechanical compression
theory, and the theory of stagnant anoxia. The ischemic
theory postulates that segmental compression prevents
sufEcient blood flow during increased metabolic activity
leading to ischemia. '̂̂ The mechanical compression the
ory is based on the clinical observation that symptoms
are commensurate with posture and not activity. The
last theory, the theory of stagnant anoxia, postulates that
bone and soft tissues compress the neural elements, in
terfering withvenous return.® Although themechanism
behind intermittent neurogenic claudication is unclear, it
is clear that the symptomsare exacerbated during exten
sion and relieved by flexing the stenotic segment, which
decreases epidural pressure,^ increases the cross sec
tional area of the spinalcanal,increases the area of
intervertebral foramen,^®'̂ ^ and decreases nerve root
compression. '̂̂ ® Based on the concept that flexion de
creases the symptoms, a novel interspinous spacer has
been developed to relieve the effectsof intermittent neu
rogenic claudication.

The interspinous spacer (X Stop, SFMT, Concord,
CA; http://www.shnt.com) was developed to treat inter
mittent neurogenic claudication in padents who obtain
relief in sitting and'flexion. The spacer consists of a dta-
nium oval spacer with two lateral wings to prevent lat
eral migration (Figure 1). Surgical implantation is per
formed under local anesthesia with the patient slightly
flexed in the lateral decubitus position. The procedure
requiresthat the paraspinalmuscles bestripped from the
spinous processes while all midline structures are left
intact. The spacer is inserted between the spinous pro
cessesof the affectedleveland places the motion segment
in slight flexion, while at the same time preventing ex
tension. Although the implant is not rigidly attached to
the bony anatomy, it is restricted from migrating poste
riorly by the supraspinous ligament, anteriorly by the
laminae, cranially and caudally by the spinous processes,
and lateral by the two wings or stops on the implant. A
novel aspect to the spacer is that it only restricts motion
in one direction, thus allowing axial rotation and lateral
bending of the instrumented segment.

In this study, we investigated the use of the interspi
nous spacer on the kinematics of the lumbar spine. Pre-
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Rgure 1. Adrawing ofthe interspinous spacer inthree viewsplus
an orthogonal view. The spacer is placed between ffie spinous
processes and the wings rest lateral to ffte spinous processes.

vious studies have reported that motion restricting sur
gicaltechniques, suchasfusion,restrictthekinematics of
a motion segmentand can produce abnormal motion of
the adjacent levels leading to instability. '̂̂ "^^ A biome-
chanical study of short lumbosacral fusions by Lee and
Langrana showed a redistribution of mobility with the
proximal level accommodating the extra deformation.^^
Another study by Chow et al investigated the effects of
anterior lumbar interbody fusion and found that the seg

Flexion-Extension

ment mobility of the adjacent segments was increasedin
bothflexion andextension.^^Shono ei<3/ investigated the
effects of posterior spinal instrumentation and found
higher segmental displacement values at the cephalad
motion segment in flexion-extension, lateral bending,
and axial rotation.A possible consequence of implant
ingan interspinous spaceris that byrestrictingextension
at one level, the kinematics of the adjacent levels may be
altered, leading to degeneration and instability. We hy
pothesizedthat the implant will reduce the range of mo
tion (ROM) of the treated level in flexion-extension
while not affecting the treated level in axial rotation or
lateral bending. We also hypothesized that the adjacent
levels would not be affected.

• Materials and Methods

Seven human lumbar (L2-L5) cadaver specimens were ob
tained from human donors aged 17 to 55. The specimenswere
visually inspected for gross abnormalities and for evidence of
metascaric and metabolic diseases. Each specimen was sepa
rated into segments consisting of four vertebrae (L2-L5) and
the three associated intervertebraldiscs.Allmuscleand adipose
tissue was removed, leaving the ligamentous structures intact.
The cranial porrion of L2 and caudal portion of L5 vertebrae
were secured in polymethylmethacrylate (PMMA).

Eachspecimenwas placed in a spinal loading frame capable
of applying independent bending moments and axial loads
{MTS 858, MTS Systems, Eden Prairie, MN). Labeled steel
pins 10 cm in length were placed in each vertebra and on the
upperand loweractuatorsto indicate theangularposition (Fig
ure 2). Two CCD cameras were used to record the position of
the pins during the testing. The first camera (Model XC-77;
Sony, Tokyo, Japan) wasplacedperpendicular to the flexion-
extension/iateral bendingplane and recorded imagesonly dur
ing those tests.The secondcamera(Model DC-37;Sony) was
placed perpendicular to the plane of axial rotation and re
corded images only during axial rotation testing.Three images

FtoonId axial
compression

Axial Rotation Lateral Bending

Figure 2. Aschematic of the pin placement for flexion-extension, axial rotation, and lateral bending. A700 N axial load was applied in
each testing scenario along with a 2:7.5 Nm in the respective direction.
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were taken during each test cycle. During flexion-extensionj
images were recorded withthespecimens intheflexed, neutral,
and extended positions.During lateral bending, images were
recorded during right bending, neutral, and left bending. Fi
nally, during axialrotation, images were recorded during right
rotation, neutral, and left rotation.

Specimens were initially tested intact by applying a ±7.5
Nm bending moment witha superimposed 700 N compressive
load in flexion andextension, leftand rightaxialrotation,and
leftand rightlateral bending (Figure 2). After testing flexion-
extensionand axial rotation, the specimen was removed from
the loading frame, rotated 90°, and returned to the loading
framefor lateral bendingtesting.This stepis requiredbecause
the loading frame constrains lateral bending during flexion-
extension and viceversa. Angle, force, and torque data were
recorded for eachmotion at 10 Hz by the MTS.Following the
intact testing, the specimens were removed from the loading
frame and an appropriatelysizedinterspinous spacer (X Stop,
SFMT) was placed between the L3-L4 spinous processes in
each specimen. The implantwas placed by first piercing the
anterior margin of the interspinous ligament between the L3
and L4 spinous processes, then dilatingtheinterspinous space
to the appropriate size withthe specimen slightly flexed using
custom sizersof 6 to 12 mm in 2 mm increments.The implant
was then placed in the anterior margin of the interspinous
space. After the implant was placed, the specimens were re
turnedto theloading frame andthe previously described load
ing regimenwas applied to each specimen.

Technique Validation. The ROM of the upper and lower
actuatorwascalculated usingtheMTSdataat thetimeofvideo
capturefor all threemovements and denoted MTSROM.The
range of motion betweenpins 1 and 6 was calculated in same
manner aforementioned and denoted Video ROM. The MTS
and VideoROM were compared using a paired t test with a
levelof significance of 0.05 for all movements. Alinear regres
sionwasalsorunto determine theslope andR^value (StatVicw
5.0.1, SASInstitute, Gary, NC).

Data Analysis.The angle of each pin was determined using
Scion Image (SdonCorp.,Frederick, MD)for all threeimages
of each test cycle, and the difference between adjacent levels
was recorded as the ROM. The mean ROM at each level for
each movement was compared between the intact and im
planted specimens using a single-factor analysis of variance
(ANOVA) followed by a Fisher PLSD follow-up test with a
levelof significance of 0.05 (StatView 5.0.1).The meanROM
of the specimen (L2-L5) for each movement was compared
between the intact and implanted specimens usinga paired t
test with a level of significance of 0.05.

The absolutepositionof the entire L2-L5specimen during
flexion-extension, lateral bending,and axial rotation was de
termined from the MTS; the video data were useful for mea
suringROM but did not allowfor absolutepositionrelativeto
a fixed referenceframe to be measured. A repeated measures
ANOVA and a FisherPLSD follow-up test with a level of sig
nificance of 0.05 was used to compare the mean L2-L5 angles
for the intact and implanted cases for each of the following
positions: 1) flexion, neutral, and extension; 2) left, neutral,
and right lateral bendingand 3) left,neutral, and rightaxial
rotation.
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Rgure3. Alinear correlationbetween the angles measured bythe
MTStransducers and those measured using the video system for
all tests in flexion-extension, lateral bending, and axial rotation.

• Results

Technique Validation
For technique validation, 42 ROM test points collected
with the MTS system and video system were compared
with no significant difference observed (P > 0.49). The
maximum error between the MTS and video system was
2.9® with an average error of 0.094®. The resulting slope
of the linear regression was 0.9987 deg/degwith an
correlation coefScient of 0.9980 (Figure 3).

Flexion-Extension

In the motion from the flexed to extended positions, the
implant significantly reduced (P < 0.0001) the ROM of
the L3-L4 motion segment (Table 1; Figure 4). In addi
tion, the motion of the L3-L4 motion segment was sig
nificantly reduced from flexion to neutral (P < 0.0001;
Table 1) but not from neutral to extension (P > 0.052;
Table 1). At L4-L5, the motion segment was signifi
cantly reduced from neutral to extension (P < 0.035;
Table 1). All other ROM values between vertebrae were
not significantly different between the intact and im
plantedspecimens(Table 1).Finally,the overallROM of
the entire L2-L5 specimenfrom flexionto extension was
significantly affected by the implant (intact: 25.8®, im
plant: 20.8®; P< 0.0011).

In the flexed and neutral positions, there were no sta
tistically significant differences between the mean angles
of the intact and implanted specimens (Table 2). In the
extended position, however, the mean angle of the intact
specimens was significantly greater than that of the im
planted specimens (P < 0.029; Table 2). Also, there was
no significant difference between the mean position of
the intact specimensin the neutral position (0.6®) and the
mean position of the implanted specimens in the ex
tended positions (3.5°) (P > 0.13).

Axial Rotation

There were no significant differences in the mean ROM
during: 1) right to neutral axial rotation; 2) neutral to left
axial rotation; and 3) right to left axial rotation at any
level (Table 1). In addition, the mean ROM of the entire
L2-L5 specimen was not affectedby the implant (intact:
4.7®, implant: 5.1®; P > 0.29).
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Table 1. Range of Motion for Individual Levels During Flexion-Extension, Axial Rotation, and Lateral Bending

Flexion-Extension ROM (Degrees)

Flexion to Neutral Neutral to Extension Flexion to Extension

Treatment

5.9 ± 20

6.1 + 1.7

± 2.4*
2.5±11»

7.0 ± 2.4

72 ± 3.1

2.3 ±1.1

11 ± 1.1

\2 ± 0.4

0.5 ± 0.3

3.0 ± 1.3T
2.2 ± l.Ot

8.2 ± 22

8.2 ± 11

7.6 ± 2.5t

3.1 ±2.34
10.0 ±2.9

9.5 ± 3.5

Rightto Neutral Rotation

Axial Rotation ROM (Degrees)

Neutral to Left Rotation Right to LeftRotation

0.7 ± 0.4

0.8 ± 0.4

0.8 £ 0.3

0.9 ± 0.6

0.7 ± 0.5
0.9 ± 02

0.8 ± 0.5

0.9 ± 0.5

0.8 ± 0.5

0.8 £ 0.9

0.9 ± 0.3

0.9 ± 0.7

1.6 ± 0.8.

1.7 £ 0.5

1.6 ± 0.7

1.7 £ 1.3

1.6 ± 0.7

1.8 ± 0.8

Rightto Neutral Bending

Lateral Bending ROM (Degrees)

Neutral to LeftBending Rightto Left Bending

3.9 £ 10

3.4 ± 2.0

4.1 ± 2.4

4.2 ±1.7

3.0 £ 1.8

2.7 £ 11

3.5 ±1.4

3.4 ±1.7

Depicted values are mean ± SO.
Significarit differences (P < 0.05 are denoted by common symbols).
ROM = rar^geof motion.

In the left rotated, neutral, and right rotated positions,
there wereno statisticallysignificantdifferences between
the mean angles of the intact and implanted specimens
(Table 2).

Lateral Bending
There were no significant differences in the mean ROM
during: 1) right to neutral lateral bending; 2) neutral to
left lateral bending; and 3) right to left lateral bending at
any level (Table 1). In addition, the mean ROM of the
entire L2-L5 specimen was not affected by the implant
(intact: 21.4", implant: 21.1"; P > 0.65).

In the left bending, neutral, and right bending posi
tions, there were no statistically significant differences

Flexion-Extension Range of Motion at the
Adjacent and Instrumented Levels

• Intact

• implant

Figure 4. A bar chart of the mean ROM during flexion-extension
of the adjacent{L2-L3 and L4-L5) and instrumented (L3-L4) levels
with and witiioutthe spacer. |* = significant; P < 0.05).

4.2 ± 16

4.6 ± 2.4

18 ± 11

2.8 ± 10

7.4 ± 33

6.8 ± 3.6

8.2 ± 4.7

8.B ± 4.0

5.8 ± 3.9

5.5 ± 4.1

between the mean angles of the intact and implanted
specimens (Table 2).

• Discussion

The results of the current study show that the implant
significantly affected the instrumented level during flex
ion-extension. The ROM of the implanted level from
flexion to neutral and from flexion to extension de-

Table 2. Mean Specimen (L2-L5) Angle at the Three
Positions During Testing (Degrees)

Treatment

-17.3 ±5.9

-16.6 ± 6.0

Left Rotation

4.1 ±1.3

4.2 + 1.5

Left Bending

-10.2 + 4.8

-10.2 ±4.6

Flexion-Extension

0.6 ± 2.0

-1.3 + 14

Axial Rotation

1.5 ± 0.9

1.5 ± 0.9

Lateral Bending

0.2 ± 1.4

0.5 ±1.4

Extension

7.7+11'

3.5 ± 11'

Right Rotation

-1.0 ±12
-1.3 ± 12

Right Bending

10.7 ±7.0

10.7 ±7.0

Depicted values are mean ± standard deviation.
Significant differences (P < 0.05) are denoted by common symbols.
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L3-L4 Fiexlon-Extenslon Range of Motion of the
10-1 intact and implanted Specimens
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Rgure 5. The ROM of the L3-L4 motion segment before and after
Implantation ofthe interspinousimplant. It is evidentthat the ROM
from the neutral to flexed and neutral to extended positions has
decreased, and the neutral point has shifted to a more flexed
position.

creased sigjiificantly after implantation. The ROM for
neutral to extension decreased but was not significant (P
> 0.052}. The intent of the interspinous implant is to
place the stenotic segment in slight flexionwhile prevent
ing extension. Although not statistically significant, the
mean neutral position of the L2-L5 specimens changed
1.9® whenimplanted with the interspinous spacer, which
suggests that the mean neutral position of the specimens
is in a more flexed position with no loads applied (Table
2). The changein the averageneutral angleoccursmainly
at the L3-L4 (Table Ij Figure 4). Figure5 describes the
shift in the neutral position and the ROM from neutral to
flexion and neutral to extension about the neutral posi
tion. It is clear that after shifting the neutral point, the
implanted level is not flexed or extended as much as the
intact level. Other results from this study support the
shift in the neutral position due to the implant: 1) the
overall extension angle decreased significantly from the
intact to the implanted treatment; and 2) the implanted
extension angle was not significantly different from the
intact neutral angle. From these results, we conclude that
the interspinous spacer places the stenotic segment in
about 2® of flexion when unloaded and reduces flexion

and extension of that segment.
The results of this study also show that the kinematics

of the adjacent levelsduring flexion-extension, axial ro
tation, and lateral bending are not significantly affected
with one exception. At the caudal L4-L5 level, the ROM
from the neutral to extended positions was significantly
reduced (P < 0.035). Although the ROM at L4-L5 was
significantly reduced from the neutral to extended posi
tions, the reduction was only 0.8®. This change, how
ever, is not likely to be clinically significant because the
0.8® reduction in ROM will lead to a reduced stress in

contrast to the previously reported increases in ROM
leading to degeneration.^^ In addition, the ROM from
flexion to extension was not significantlyreduced (Table
1; Figure 4). Therefore, we concludethat the kinematics

of the motion segments adjacent to the interspinous im
plant are not significantly affeaed.

The range of motion values presented in the current
study are consistent with those presented in the litera-
ture.^®"^^ Yamamoto et al reportedranges of motionat
L2-L3,L3-L4, and L4-L5 during flexion-extension of
10.8®, 11.2®, and 14.5®, respecrively.^ The values pre
sented in the current study are 8.2®, 7.6°, and 10.0® at
L2-L3, L3-L4, and L4-L5, respectively, during flexion-
extension. During axial rotation, they reported a one-
side motion of 2.6®, 2.6®, and 2.2° versus the current
values of 0.8®, 0.8®, and 0.8®.^^ Lastly, they reported
one-side lateral bending values of 7.0°, 5.7°, and 5.7°
versus 3.7®, 4.1°, and 2.9®.^^ Thevalues fromthecurrent
study are lower for all test cases likely due to the smaller
moments used for the current study (7.5 Nm vs. 10
Nm^^) and the large axial load (700 N) that acts to sta
bilize the motion segments. '̂* Another possible reason
for the decrease in the current ROM values is that the
current test setup prevents lateral bending during flex-
ion-extension and axial rotation testing and flexion-
extension being constrained during lateral bending. Con
straining of a single motion decreases the ROM due to
thecoupled natureofthemotions.^^ Although oneROM
was constrained during each test in the current study, the
ROM values are consistent with those seen in the

literature.

Id the spinal fusion literature, restriction of segment
motion has been shown to result in abnormal or com

pensatory motion of the adjacent motion segments, lead
ing to instability. Previous investigators have re
ported changes in the kinematics of the adjacent motion
segments after fusion.^^"^^ Lee and Langrana reported
an increase in the motion of the unfused segments above
a fusion during combined compression and bending
loads.^^ Duringcombined compression-torsion loading,
however, Yang et al did not find a significant increase in
the stress on the adjacent levels.^^ Chow et al found
increased segmental mobility in the motion segments
above an L4-L5 fusion.^® In the mostpertinent study,
Shonoet al investigatedthe effects of flexion-extension,
lateral bending, and axial rotation on the levels adjacent
to spinal instrumentation.^^ They found that when using
transpedicular screws as fixation for one- and two-level
instabilities, motion in the upper intact segment was sig
nificantly higher during axial rotation, flexion-
extension, and lateral bending. In contrast to these re
ports where rigid fixation was used, after implantation of
the interspinous implant, the adjacent segment motions
were not significantly affectedduring flexion-extension,
axial rotation, and lateral bending. In addition, the axial
rotation and lateral bending mobility of the specimens
were not affected at the instrumented level. Because the
instrumented levels were not affected during axial rota
tion and lateral bending, it is understandable that the
adjacent levelswould not be affected during the respec
tivemotions as well.One reason that significant changes
were not observed at the adjacent levelsduring flexion-
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extension may be that the interspinous implant is not a
rigiddevice, suchas thoseusedin fusion, and stillallows
about 3° of flexion during flexion-extension, mosdy in
flexion (Table 1; Figure 5). Lastly, a remaining possible
concern with the implant lies in the neutral position of
the instrumented segment. Thecurrentdata suggests that
theinstrumented segment isplaced inabout2® offlexion
in theunloaded position. "Whether thischange inneutral
position leads to adjacent leveldegeneration remains to
be seen through clinical experience, but thecurrentbio-
mechanical data suggests that this is unlikely.

Loss of lumbar lordosis after fusion has been sug
gested to bea reasonfor the degeneration of theadjacent
segments.^^ Umehara et al reported that after L4-L5
fusion in 18 patients, lordosis in the fusion segment de
creased 3° aftersurgery and increased in the proximal 2
segments by2° each.^^ Long-term clinical results were
not reported on these patients, and thus it is unclear if
these changes leadto symptomatic adjacent level degen
eration. Although the current results describe a 2® de
crease in lordosis from L2 to L5, no deleterious effects
were noted in the kinematics at the adjacent levels. The
onestatistically significant effect at L4-L5from neutral
to extension was actually a decrease in motion and is
likely not clinicallysignificant.

TTie currentstudy investigated the kinematics of the
lumbar spine implanted with the interspinous process
spacer. Theresults indicate that theimplant significantly
reducestheamount of bendingat the treatedlevel during
flexion-extension and does not significandy affect the
ROMat theadjacentlevels. In addition, theimplantdoes
not alter thekinematics duringaxial rotationand lateral
bending at anylevel. Theseresultswereexpected because
theimplant wasdesigned to perform inthismanner. The
results suggest that, because the implant allows unre
stricted axial rotation and lateral bending and motion
duringflexion-extension, it is unlikely that the.implant
will haveanydeleterious effects at adjacent levels.

. :A(eni^^was'n(^
-.^rpjation,;fle3don-5^^ionJ'aC/lhteftdbendi^^^
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model, loadsconsistent withthose experienced invivo were
not applied to the specimens. Despite this limitation, the
measurements were consistent with those previouslymea
sured using both displacement-controlled experimental
models and in vivo models (Table 2). Second, the cadaver
specimens werenot screened for thepresence of NIC before
the study and may or may not have reflected the absolute
changes that occurin sucha patientpopulation. Oneof the
goals of the current study was to quantify the relative
changes that occur in the lumbar spineduring flexion and
extension, and not necessarily those that occur in a specific
patient population. Third, thinner imageslices would have
increased the accuracyof the measurements due to lessvol
ume averaging. However, the slicethicknessin the current
study was dictated by the signal-to-noise ratio of the im
ages,and attempts to acquire thinner slices resulted in poor
quality images.

The findings in the current report confirm that the X
STOP achieves its intended anatomic objective. These in
vitro imaging results show that the implant prevents nar
rowing of the canal and foraminal during extension. The
current study provides imaging data consistent with the
proposed mechanism of action of the X STOP, as well as
visual evidence that may illustrate the basis for the de
scribed clinical success^^ of theimplant in the treatment
of NIC.

• Key Points

• The spinal canal and neural foramina dimensions
of cadaver lumbar spineswerequantifiedduring flex
ion and extension using MRI before and after the
placement of an interspinous process implant.
• The interspinous process implant significantly i
prevents narrowing of the lumbar spinal canal and
neural foramens in extension.

Acknowledgments
The authors thank Mr. Niles Bruce and Dr. David Ne-

witt at tlie University of California, San Francisco Mag
netic Resonance Science Center for their support.

References

1. Towne E, ReichertF. Compression of the lumbasacral roots of the spinal
cord by thickened lij;amenta flava. Ann Surg 1931;94:327-36.

2. Spurling R, .Mayficld F, Rogers J. Hypertrophy of the ligamenta flava a.s a
cause of low back pain. JAMA 1937;928-33.

3. Verhiest H. A radicular syndrome from developmental narrowing of the
lumbae vertebral canal. J Bone Joint Surg 19S4;36B:230-7.

4. Wilson CB, Ehni G, GrollmusJ. Neurogenicintermittent claudication. Clin
Neurosurg 1971;18:62-85.

5. Verbiest H. Neurogenic Intermittent Claudication: With Special Reference
to Stenosisof the Lumbar Vertebral Canal. New York:North-Holland Pub
lishing Co; 1976.

6. BlauJ, LogueV. Intermittent claudication of the cauda equina. Lancet 1961;
i:1081-6.

7. Brish A, Lerner MJB. Intermittent claudication from compression of cauda
equina by a narrowed spinal canal. J Neurosurg 1964;21:207-11.

8. Evans J. Neurogenic intermittent claudication. BMJ 1964;2:98.5-7.
9. Hawkes CH, Roberts GM. Neurogenic and vascularclaudication.J Neurol

Sci 1978;38:337-45.

10. Kirkaldy-Willis WH, WedgeJH, Yong-HingK, et al. Pathologyand patho-
gcnesisof lumbar spondylosis and stenosis. Spine 1978;3:319-28.

11. Blau JN, Logue V. The natural history of intermittent claudication of the
cauda equina. A long term follow-up study. Brain 1978;101:211-22.

]2. Joffc R,Applcby A,ArjonaV. "Intermittent ischacmia" ofthecaudaequinadue
tostenosisof the lumbarcanal./Neurol NeurosurgPsychiatry 1966;29:315-8.

13. SchatzkerJ, Pennal GF. Spinal stenosis, a cause of cauda equina compres
sion./ Bone Joint Surg Br 1968;50;606-18.

14. Cooke TD, Lehmann PO. Intermittent claudication of neurogenic origin.
Can J Surg 1968;11:151-9.

15. Verbiest H. Neurogenic intermittent claudication in caseswith absolute and
relative stenosis of the lumbar vertebral canal (ASLC and RSLC), in cases
with narrow lumbar intervenebral foramina, and in cases with both entities.
Clin Neurosurg 1973;20:204-14.

16. Bcamer YB, Gamer JT, Shelden CH. Hypertrophicd ligamentum flavum.
Clinical and surgical significance. Arch Surg 1973;106:289-92.

17. SnyderEN Jr, MulfingerGL, Lambert RW. Claudication caused by cumprc.s-
sion of the cauda equina. AmJ Surg 1975;130;172-7.

18. Salibi BS. Neurogenic intermittent claudication and stenosis of the lumbar
spinal canal. Surg Neurol 1976;5:269-72.

19. Verbiest H. Fallacies of the present definition, nomenclature, and classifica
tion of the stenoses of the lumbar vertebral canal. Spine 1976;1:217-25.

20. Arnoldi CC, BrodskyAE,CauchoixJ, et al. Lumbar spinal stenosis and nerve
root entrapment syndromes. Definition and classification. Clin Orthop
1976;115:4-5.

21. Fujiwara A, An HS, Lim TH, et al. Morphologicchangesin the lumbar inter-
vertebralforamen due to flexion- extension,lateralbending,and axial rotadon
an in vitro anatomic and biomechanical smdy. Spine 2001;26:876-82.

22. ChungSS,LeeCS,KimSH,et al. Effect of low backpostureon the morphol
ogy of the spinal canal. Skeletal Radiol 2000;29:217-23.

23. Inufusa A, An HS, LimTH, et al. Anatomic changes of the spinal canal and
intervertebral foramen associated with flexion-extension movement. Spine
1996;21:2412-20.

24. SchmidMR, StuckiG, DuewellS, et al. Changes in cross-secdonal measure
ments of the spinal canal and intervertebral foramina as a function of body
position: In vivo studieson an open-configuration MR system. AJR AmJ
Roentgenol 1999;172:1095-102.

25. PenningL,WilminkJT. Posture-dependentbilateralcompressionof L4or L5
nerveroots in facethypertrophy.A dynamicCT-myelographic study. Spine
1987;12:488-500.

26. WillenJ, DanielsonB,GaulitzA, et al. Dynamiceffects on the lumbar spinal
canal: axially loaded CT-myelography and MRI in patients with sciatica
and/or neurogenic claudication. Spine 1997;22:2968-76.

27. AtlasSJ,Deyo RA,KellerRB,et al. The Maine Lumbar SpineStudy, Part HI.
1-yearoutcomesof surgicaland nonsurglcal managementof lumbar spinal
stenosis. Spine 1996;21:1787-94.

28. Amundsen T, WeberH, NordalHJ,et aLLumbarspinalstenosis: Conservative or
surgical management?: A prospective 10-yearstudy.Spine2000;25:1424-35.

29. Lindsey DP, SwansonKE, Fuchs P, et al. The effects of an interspinous
implant on the kineraadcs of the instrumented and adjacent levels in the
lumbar spine. Spine 2003;28:2192-7.

30. Tsuji H, Ishihara H, Matsui H, et al. Anterior interbody fusion with and
without interspinous block implementationfor lumbar isthmicspondylolis-
thcsis./ Spinal Disord 1994;7:326-30.

31. KnowlesFL.The Knowlesvenebral support operation./ioicn State MedSoc
1958;48:551-4.

32. Minns RJ, Walsh WK. Preliminary design and experimental studies of a
novel soft implant for correcting sagittal plane instability in the lumbar
spine. Spine 1997;22:1819-25.

33. Caserta S, La Maida GA, Misaggi B, et al. Elastic stabilization alone or
combined with rigid fusion in spinal surgery: A biomechanical study and
clinicalexperiencebased on 82 cases.Eur SpineJ 2002;ll(suppl):S192-7.

34. Kaech D, Fernandez C, Lombardi-Weber D. The interspinous 'U': A new
stabilization devicefor the lumbar spine. In Kaech D, Jinkins J, eds. Spinal
RestahilizationProcedures;Diagnosticand TherapeuticAspectsof Interver
tebral Fusion Cages, Artifical Discs, and Mobile /inp/ants.1st ed. Boston,
MA: Elsevier Science, 2002:xiii, 390.

35. SenegasJ. Mechanical .supplementation bynon-rigidfixationin degenerative
intervertebral lumbar segments: The Wallis system. Eur Spine J 2002;
ll(suppl):S164-9.

36. Mayoux-Benhamou MA, RevelM, Aaron C, et al. A morphometric study of
the lumbar foramen. Influence of flexion-extension movements and of iso
lated disc collapse. Surg Radiol Anat 1989;11:97-102.

37. Zucherman JF, Hsu KY, Harqen CA, et al. A prospectiverandomized multi-
center study for the treatment of lumbar spinal stenosis with the X STOP
interspinous implant: 1-year results. Eur Spine J 2004;13:22-31.

Copyright © Lipplncott Williams & Wllkins. Unauthorized reproduction of this article is prohibited.


