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In vivo range of motion of the lumbar spinous processes
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Abstract The study design included an in vivo laboratory
study. The objective of the study is to quantify the kine-
matics of the lumbar spinous processes in asymptomatic
patients during un-restricted functional body movements
with physiological weight bearing. Limited data has been
reported on the motion patterns of the posterior spine ele-
ments. This information is necessary for the evaluation of
traumatic injuries and degenerative changes in the posterior
elements, as well as for improving the surgical treatment of
spinal diseases using posterior procedures. Eight asymp-
tomatic subjects with an age ranging from 50 to 60 years
underwent MRI scans of their lumbar segments in a supine
position and 3D models of L2-5 were constructed. Next,
each subject was asked to stand and was positioned in the
following sequence: standing, 45° flexion, maximal
extension, maximal left and right twisting, while two
orthogonal fluoroscopic images were taken simultaneously
at each of the positions. The MRI models were matched to
the osseous outlines of the images from the two orthogonal
views to quantify the position of the vertebrae in 3D at each
position. The data revealed that interspinous process (ISP)
distance decreased from L2 to L3 to L4 to L5 when mea-
sured in the supine position; with significantly higher
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values at L.2-3 and L3-4 compared with L4-5. These
differences were not seen with weight-bearing conditions.
During the maximal extension, the ISP distance at the L2-3
motion segment was significantly reduced, but no signifi-
cant changes were detected at L3—4 and L4-5. During
flexion the ISP distances were not significantly different
than those measured in the MRI position at all segments.
Going from the left to right twist positions, the L4-5 seg-
ment had greater amounts of ISP rotation, while all seg-
ments had similar ranges of translation in the transverse
plane. The interspinous process distances were dependent
on body posture and vertebral level.

Keywords Lumbar spine - In vivo - Kinematics -
Spinous process - MRI - Fluoroscopy

Introduction

Previous kinematic studies of the spine have primarily
focused on the anterior elements of the spine, such as the
vertebral bodies [4, 7, 11, 13, 16] and intervertebral discs
[13]. The majority of these studies have measured the rela-
tive translation and rotation of adjacent vertebrae in the
sagittal plane under various loading conditions. More recent
studies have also tried to determine 6DOF intervertebral
kinematics [11, 15, 16]. In contrast, limited data have been
reported on the motion patterns of the posterior elements of
the spine, including basic kinematic data on the facet joints
and interspinous processes (ISPs). This information is nec-
essary for the evaluation of traumatic injuries and degene-
rative changes in the posterior elements, as well as for
improving the surgical treatment of spinal diseases using
posterior procedures; such as the use of interspinous process
devices (ISPD) for the treatment of spinal stenosis [17].
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A review of the current literature reveals that a paucity
of data has been reported on the motion patterns of the
spinous processes. Neumann et al. [10] described a simple
method using plain anterior—posterior (AP) radiographs in
asymptomatic subjects for the measurement of ISP dis-
tances between adjacent lumbar spine levels in order to
detect ruptures of the posterior ligamentous structures. In
another study, Fisher et al. [3] measured ISP distance in
normal subjects in the sitting position, with and without hip
flexion, using a medial-lateral fluoroscopic imaging tech-
nique. Positional MRI has been used by Siddiqui et al.
[13, 14] to study spinal canal dimensions as well as sagittal
kinematics of the vertebrac and intervertebral discs both
prior to and following ISPD implantation. Lastly, Lindsey
et al. [9] also performed cadaveric testing to measure spi-
nous process motion. However, adequate information on
the native kinematics of the lumbar spinous processes,
which can be used as a baseline from which to measure the
changes that occur post-implantation of ISPDs, has yet to
be reported.

The purpose of this study was to quantify the kinematics
of the lumbar spinous processes in asymptomatic patients
during unrestricted functional body movements with
physiological weight bearing. We used a previously
described and validated dual fluoroscopic image matching
and MRI modelling method to measure the interspinous
process motion from L2 to L5 vertebrae in the lumbar spine
[16]. We hypothesised that interspinous process motion
would be dependent on loading conditions and vertebral
level.

Materials and methods

Eleven asymptomatic subjects with an age ranging from 50
to 60 years (5 males and 6 females) were recruited for this
study. Approval of the experimental design by the authors’
institutional review board (IRB) was obtained prior to the
initiation of the study. The subjects were evaluated for
the absence of lower back pain and other spinal disorders.
The presence of any spinal disorders, symptoms or
anatomical abnormalities was used as indications for
exclusion from the study. The subjects were also evaluated
for the absence of abnormal motions of the hip and knee
joints during gait. A signed consent form was obtained
from each subject before any testing was performed.

The lumbar segments of each subject were scanned
using a 3 Tesla scanner (MAGNETOM Trio, Siemens,
Germany) with a spine surface coil and a T2-weighted fat
suppressed 3D SPGR sequence. The subject rested for
approximately 30 min, and was then scanned in a supine,
relaxed position. Parallel digital images with a thickness of
1.5 mm without gap and with a resolution of 512 x 512
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pixels were obtained. The MR images of each subject were
carefully examined. Two subjects were found to have the
presence of early disc degeneration in the absence of
clinical symptoms and one subject was found to have early
scoliosis without symptoms. As a result, these three sub-
jects were excluded from further investigation. Figure la
shows a typical image from one subject.

The MR images of the spinal segments were imported
into a solid modelling software (Rhinoceros®, Robert
McNeel & Associates, Seattle, WA) in order to construct
3D anatomical vertebral models of L2, L3, L4 and L5 of
the lumbar spine using a protocol established in our labo-
ratory [8]. The contours of the vertebraec were digitized
manually using B-Spline curves in the software. Polygon
mesh models of the vertebrae were then created from the
contour lines. Figure 1b shows a typical 3D lumbar model
of one subject.

Following MR scanning, the lumbar spines of the sub-
jects were imaged using a dual-orthogonal fluoroscopic
system. Two fluoroscopes (BV Pulsera, Phillips, Bothell,
WA) were positioned with their image intensifiers per-
pendicular to each other to capture images of the spine
segments at different postures from orthogonal directions
simultaneously (Fig. 2a). The fluoroscope had a clearance
of approximately 1 m between the X-ray source and the
receiver, allowing the subject to be imaged by the fluoro-
scopes simultaneously as they actively performed different
motions.

The subjects’ anatomical regions above and below their
lumbar spine were protected by specifically designed skirts,
vests and thyroid shields during fluoroscopic imaging. A
surgeon constantly checked the lead protections to ensure
that their placement was not altered during the course of
the experiment. The subject was asked to stand and posi-
tion their lumbar spines within the view of both fluoro-
scopes and actively move to different positions in a
predetermined sequence: standing position; 45° trunk
flexion; maximal extension; maximal left-right twisting.
The two laser pointers attached to the fluoroscopes helped
to position the target lumbar spine segments inside the field
of view of the two fluoroscopes. For each selected posture,
the subject was asked to hold still for about 2 s while the
two fluoroscopes took simultaneous images of the targeted
spinal segment from two separate directions. The positions
of testing subjects were carefully examined under the
direction of an orthopaedic surgeon to reduce variation. No
constraint was applied to the hips of the subjects while they
performed active motions. During the testing, the subject
was exposed to approximately seven pairs of fluoroscopic
projections. The entire experiment took around 10 min to
complete. The images were processed in the Digital
Imaging and Communications in Medicine (DICOM) and
Bitmap file formats.
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Fig. 1 A A typical MR image
of a human lumbar spine in
sagittal plane, B 3D anatomical
vertebral model from L2 to L5
constructed using the MR
images. Local coordinate
systems at the endplates were
used to calculate the relative
6DOF kinematics of the
proximal vertebra with respect
to distal vertebra

Fig. 2 A Dual fluoroscopic
setup for imaging of the lumbar
spine positions in living
subjects, B the virtual dual
fluoroscopic system established
in a solid modelling software
that is used to reproduce in vivo
spine position using the
fluoroscopic images and 3D
vertebral models

The in vivo positions of the vertebrae at various weight-
bearing body positions were reproduced in the Rhino-
ceros® solid modelling software using the 3D models of the
vertebra and the orthogonal fluoroscopic images [16]. The
pair of fluoroscopic images of the spine that were captured
at a specific posture were imported into the modelling
software and placed in calibrated orthogonal planes,
reproducing the actual positions of the image intensifiers of
the fluoroscopes. Two virtual cameras were created inside
the virtual space to reproduce the positions of the X-ray
sources with respect to the image intensifiers. Therefore,
the geometry of the dual-orthogonal fluoroscopic system
was recreated in the solid modelling programme (Fig. 2b).
The MR image-based 3D vertebral models were introduced
into the virtual fluoroscopic system and viewed from the
perspective views of the two virtual fluoroscopic cameras.
The 3D models of the vertebrae could be independently

Reconstructed spine model

translated and rotated in 6DOF until their outlines match
the osseous outlines captured on the two orthogonal fluo-
roscopic images. This process was executed using an
existing protocol established in our laboratory [1, 5]. The
software allowed the model to be manually translated and
rotated in increments of 0.01 mm and 0.01°, respectively.
Using this technique, the vertebral positions during in vivo
weight-bearing activities were reproduced, representing the
6DOF kinematics of the vertebrae at each in vivo posture.
In our previous validation paper [16], the accuracy of this
technique is 0.3 mm and the repeatability is 0.3 mm in
translation and 0.6° in rotation.

The relationship between the spinous processes at dif-
ferent positions was directly measured from the corre-
sponding 3D lumbar models. In our study, we measured the
shortest distances between the spinous processes in the
modelling software at the standing, flexion and extension
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positions (Fig. 3a). We also measured the ISP distances at
approximated ISPD locations (details provided in
“Appendix”). In addition, right-handed Cartesian coordi-
nate systems were also established at the tips of the spinous
processes (Fig. 3b). The x axis was set perpendicular to the
sagittal plane and pointed in the left direction; the y axis
was set in the sagittal plane and pointed in the posterior
direction; and the z axis was placed vertical to the X-Y
plane and pointed proximally. For the purposes of this
study, rotation about the z axis and displacement in the x
axis were used to determine the interspinous rotation and
displacement in the transverse plane, respectively. The
range of motion of the spinous processes in the transverse
plane was determined from left to right twist using the
coordinate systems (Fig. 3b).

A repeated measure ANOVA was used to compare the
ISP relationship at the L2-3, L3-4, and L4-5 vertebral
levels in the same posture as well as the same level during
different the weight-bearing positions. Statistical signifi-
cance was set at P < 0.05. When a statistically significant
difference was detected a Newman—Keuls post hoc test was
performed. The statistical analysis was done using a soft-
ware program (Statistica, Statsoft, Tulsa, OK).

Results

The shortest ISP distances were determined at the L2-3,
L3—4 and L4-5 motion segments in the MRI, standing,
During

extension and flexion positions (Table 1).

Fig. 3 A shortest distance was
measured between adjacent
processes, B Local coordinate
systems were established at the
tip of the process to measure
rotational angle and
displacement in transverse plane
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movement activities, the distances between the motion
segments decreased from the supine position at the time of
the MRI scan to the weight-bearing standing position.
Statistical significance was found for the L2-3 (P = 0.036)
and L3-4 (P = 0.025) motion segments, but not for L4-5
(P = 0.309). They also slightly decreased when going
from standing to maximal extension, but no statistical
difference was determined (P > 0.05). Predictably, they
increased significantly when going from standing to maxi-
mal flexion for L2-3 (P = 0.028) and L34 (P = 0.018),
but no significant difference was found for L4-5
(P = 0.288). They also increased significantly when going
from maximal extension to flexion for L2-3 (P = 0.004)
and L3-4 (P = 0.005), but not for L4-5 (P = 0.191)
(Fig. 4).

Interspinous process distances were also compared
between different vertebral levels. The only significant
difference was noticed in the MRI (supine) position. At this
position, the L4-5 distance was found to be significantly
smaller than the L2-3 (P = 0.003) and L34 (P = 0.018)
distances. The distance changes that occurred while going
from the flexion to the extension positions were also
determined and were as follows: L2-3 =45 4+ 4.8,
L34 =4.1 4+ 5.0 and L4-5 = 2.0 £ 2.3 mm (Fig. 5). No
significance was seen between the different levels during
this positional change. During left and right twisting
movements, the range of rotational angles for the spinous
processes was determined for each subject to be the
following: L2-3 = 2.1 &£ 1.2°, L34 =2.7 &+ 2.5° and
L4-5 = 3.0 & 2.1° (Table 2). The mean displacement in
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Table 1 Shortest distance between processes

Table 2 ISP rotation and displacement in the transverse plane

L2-3 (mm) L34 (mm) L4-5 (mm) Rotational angle (°) Displacement (mm)
MRI 85 +3.1 7.5 +3.0 5.6 £3.0 L2-3 2.1 +£1.2 1.5+09
Standing 4.9 + 4.0%*% 43 + 3.9+%% 4.8 +£32 L34 27 +25 23+ 1.6
Extension 3.5 + 1.8%* 42 + 1.9%% 4.1+ 47 L4-5 30+21 1.8 +1.8
Flexion 81+54 83 6.1 64 + 45

* P < 0.05 when compared with MRI; # P < 0.05 when compared
with flexion

Shortest ISP Distance at Various Postures Eg:#ding
OExt
o R — O Flex
14— —
12
€10 [
- 8-+ — ]
£ 6 ] = B
4 L
2 4
0 M
L23 L34 L45

Lumbar spine level

Fig. 4 Shortest distance between processes at various postures and
different levels (*P < 0.05)

Shortest ISP Distance Change during Flexion and Extension

10

oo

IPD change (mm)

L23 L34 L45
Lumbar spine level

Fig. 5 Distance change between processes during flexion and
extension at different levels

the transverse plane ranged from 1.5 to 2.3 mm when
measured from the tip of the spinous process. No statistical
significance was found for either rotational angle or dis-
placement at the different levels, despite the mean rotation
increasing from the L2-3 to L4-5 segments.

Discussion

This study measured the changes that occurred in the ISP
distances as well as the rotation that occurred in response to

different weight-bearing postures in asymptomatic living
subjects. The data revealed that the ISP distance decreased
from L2 to 3 to L4-5 when measured in the supine, relaxed
position (during MRI scanning); with significantly higher
values found at the L2-3 and L3—4 motion segments when
compared with that of L4-5. However, under weight-
bearing conditions while in the standing position, the ISP
distance ranged between 4 and 5 mm at all levels. During
maximal extension, the ISP distances at the L2-3 and L34
motion segments were found to be significantly reduced by
approximately 4.0 mm compared with flexion, but no sig-
nificant changes were detected at the L4-5 segment. In
contrast, during flexion, the ISP distances were not found
to be significantly different from those measured in the
MRI position at all levels tested. Going from the left to
right twist positions, the lower motion segments had higher
amounts of ISP rotation. The range of translation in the
transverse plane during left and right twist was approxi-
mately 2.0 mm at all segments. Overall, these results
indicate that the ISP distance changes were dependent on
body posture and vertebral level.

There have been several prior attempts to study the
kinematics of the native lumbar spinous processes.
Neumann et al. [10] measured lumbar ISP distance changes
between adjacent levels in the standing position to detect
ruptures of the posterior structures of the lumbar spine.
They concluded that a difference in ISP distance between
adjacent levels exceeding 7 mm was consistent with the
incompetence of the posterior structures and potential
instability. However, it is important to note that their
technique of measuring the ISP distance used the distance
between the cranial ends of the spinous processes on the
plain AP radiograph, which makes a direct comparison
with our data difficult. In another study, Fisher et al. [3],
reported mean lumbar ISP distances at the L.2-3, L3—4 and
L4-5 motion segments of 10.9, 9.9 and 10.1 mm, respec-
tively. When measured with the hips flexed, these values
were found to increase by 7, 11 and 21%, respectively.
Their findings also showed larger ISP distances than ours at
each segmental level. This may be due to the flexed posi-
tion of their subjects while sitting, in contrast to our sub-
jects who had no physical restrictions placed on the hips
during flexion and extension of the trunk.

The study of ISP distance during functional activities
has direct clinical relevance. Recently, several ISPDs have
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been approved in the United States for the treatment of
spinal stenosis [17]. These devices are implanted between
the spinous processes in order to produce flexion at the
motion segment and enlarge the spinal canal and neural
foramina; thereby attempting to improve the symptoms of
neurogenic claudication and other conditions. Theoreti-
cally, such devices would allow for a normal ISP motion
pattern at the implanted level while at the same time not
affecting the kinematics of adjacent segments. However,
few studies have examined the rotational and translational
movement patterns of the ISP in normal lumbar spines.
Most of the data that has been published concerning spi-
nous process kinematics has been post ISPD implantation
and has focused on the resultant changes that occur in the
dimensions of the spinal canal, neural foramina [12, 13],
and the intervertebral disc [13]. There is limited data
available concerning the effects of ISPD on spinous pro-
cess motion, with the available data being mainly obtained
from in vitro studies under various loading conditions [9].
For example, a cadaveric study performed by Lindsey et al.
[9] on seven lumbar spines (L2-5) specimens demonstrated
marked restriction in flexion—extension motion in the sag-
ittal plane at the level of insertion, but not at the adjacent
levels. No changes in axial rotation or lateral bending were
appreciated at any level tested; including the level of
insertion. Our data on normal ISP motion, that is loading
and segment level dependent, can be used as a normal
reference when evaluating the effect of ISPD on ISP
motions.

Knowledge of in vivo spinous process kinematic data
before and after ISPD implantation is extremely limited in
the current literature. In their multicenter, prospective,
randomized trial, Zucherman et al. [17] performed a
radiographic analysis at each follow-up interval that
included measurement of ISP distances. When compared
with a control group, the treated group demonstrated no
significant differences in the mean values of ISP distance
or any other radiographic measurements made at either the
1- or 2-year follow-up visits [17]. These authors used the
method described by Neumann et al. [10] in order to
measure ISP distance, which includes the length of the
spinous process instead of simply measuring the ISP gap.
In our study, we used a method similar to that proposed by
Fisher et al. [3] to measure the shortest ISP distance. This
method has been shown to be more accurate for the mea-
surement of distances between spinous processes and can
also replicate ISPD location [2, 3]. Therefore, the method
could be invaluable for the evaluation of in vivo spinous
process kinematics before and after ISPD implantation in
patients.

There are several limitations to our study. Our sample
size represented a relatively small number of subjects and
the study focused on a narrow age range. However, it is
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important to note that the age range in this study closely
reflects the demographics of the population most com-
monly treated for symptomatic spinal stenosis [6]. Another
limitation of our findings is that we have yet to test indi-
viduals with spinal stenosis or those who have undergone
ISPD implantation. This makes comparing our findings
with the currently available data difficult. Despite the
above limitations, our study represents the first in vivo
measurement of ISP distance under various physiological
loading conditions.

In conclusion, our initial kinematic studies have pro-
vided us with the quantitative data on the motion of the
spinous processes during various weight-bearing postures.
Our findings provide baseline information to enable the
study of kinematic changes that occur in pathologic con-
ditions of the spine and to determine how these are affected
following surgical intervention. For example, these find-
ings may suggest that a segment level-specific ISPD would
be necessary in order to accommodate the ROM of ISPs
under various physiological loading conditions. In the
future, this information will help make improvements in
ISPD design and surgical techniques for the management
of spinal stenosis.

Acknowledgments This work is supported by NASS Research
Grant, MGH Orthopaedic Surgery Departmental Funding. Approval
by the author’s institutional review board (IRB) was obtained. Each
subject signed an approved consent form.

Appendix

In addition to the shortest ISP distances, we also measured
and compared the ISP distances at the approximated ISPD
locations. Using a geometric technique, smooth tangential
curves were drawn through the outermost tips of the spi-
nous processes of L2-5 from the sagittal MRI images. The
curve was offset 1 cm towards the vertebral body to rep-
licate the location of ISPDs [3]. The ISP distance between
“a” and “b” was measured at each level (Fig. 6). When
measuring this distance, we anticipated that we would find
similar trends and statistical differences with larger
numerical values when compared with our initial technique
of measuring the shortest distances.

The ISP distances between “a” and “b” were deter-
mined at the L.2-3, L3—4 and L4-5 segments for the MRI,
standing, extension and flexion positions (Table 3). During
movement activities, the distances between the motion
segments decreased from the supine position at the time of
the MRI scan to the standing position during the fluoro-
scopic imaging. Statistical significance was found for the
L2-3 (P = 0.017) and L34 (P = 0.021) motion segments,
but not for L4-5 (P = 0.742). They also slightly decreased
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Fig. 6 Tangential curve through the outmost tips of processes was
offset by 1 cm. Distance was measured between intersection points A
and B. Shortest ISP distance was also shown for reference

Table 3 Distance at the location between “a” and “b”

L2-3 (mm) L3-4 (mm) L4-5 (mm)
MRI 93 +129 8.1+ 3.1 6.1 +£27
Standing 5.5 + 4.5%% 5.2 4 4.0%* 58 £34
Extension 4.4 4 2.0%* 47 £+ 2.0%* 5.1 +49
Flexion 88 +£5.8 98+ 54 7.6 + 49

* P < 0.05 compare with MRI; P < 0.05 compare with flexion

when going from standing to maximal extension, but no
statistical difference was determined (P > 0.05). Predict-
ably, they increased significantly when going from stand-
ing to maximal flexion for L2-3 (P = 0.016) and L34
(P = 0.002), but not significantly for L4-5 (P = 0.216).
They also increased when going from the extension to the
flexion position, but no significance was found for any of
the three segments that were tested (P > 0.05) (Fig. 7).
Using this technique, the ISP distances were also com-
pared between different vertebral levels. The only signifi-
cant difference was noticed in the MRI (supine) position.
The L4-5 distance was found to be significantly smaller
than the L2-3 (P = 0.002) and L3-4 (P = 0.016) dis-
tances. The distance changes that occurred while going

OMRI
. . B Standing
ISP Distance at Various Postures |,
16 —_——— —_—r OFlex
14 L — | L—
12
E 10 — [ =
E 4] 4 T T
E 6 - T | T
4 4
2 4
0 - . . :
L23 L34 L45

Lumbar spine level

Fig. 7 Distance between processes measured between “a” and “b”
at various postures and different levels (¥*P < 0.05)

ISP Distance Change during Flexion and Extension

_
o

o]

o

IN

IPD change (mm)

N

o

L23 L34 L45
Lumbar spine level

Fig. 8 Distance change between processes during flexion and
extension at different levels, measured between “a” and “b”

from the flexion to the extension positions were also
determined and were as follows: L2-3 = 4.4 4+ 4.5 mm,
L34=51+45mm and L4-5=25+27 mm. No
significance was seen between the different levels during
this positional change (Fig. 8). Overall, the values were on
average 0.5-1.5 mm larger than those obtained when
measuring the shortest ISP distances. However, similar
trends and statistical differences were noticed as was
anticipated. It is, therefore, conceivable that either set of
values can be used as a reference for future studies.
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