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Impact and clinical significance of pedicle length on
spinal canal and intervertebral foramen area
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Abstract: The aim of this study was to measure changes in the cross-sectional area of the spinal canal and the
area of the intervertebral foramen for each pedicle segment before and after the pedicle extension using computer-
simulated transpedicular osteotomy to provide a theoretical basis for clinical decompression in the lumbar spinal
canal. Using spiral CT scanning of the original lumbar spine, a finite element model was established. The pedicle
was cut and extended by 2 mm, 4 mm, 6 mm, and 8 mm for respective modeling. The changes in the area of each
plane of the vertebral canal and the area of the intervertebral foramen were measured. With the gradual exten-
sion of the pedicle, the areas of the spinal canal and intervertebral foramen also significantly increased compared
with those of the original lumbar spine (P<0.05). The extension of the pedicle using transpedicular osteotomy can
significantly increase the cross-sectional area of the lumbar canal and the area of the intervertebral foramen. This
finding provides a new theoretically practicable method for the clinical decompression of the lumbar spinal canal.
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Introduction

In 1949, Verbiest first proposed the concept of
stenosis in spinal canal, nerve root canal, and
neural foramen; that is, lumbar spinal stenosis
(LSS) [1]. Recent epidemiological studies have
shown that the incidence of lumbar spinal ste-
nosis is approximately 5.7% and increases with
age, especially among 70 to 79-year-olds [2]. A
narrow spinal canal or spinal lateral stenosis
can compress the central canal spinal cord,
cauda equina, or nerve root, causing axonal
disruption as a result of the pressure, neuro-
hormone function disorders, and expansion of
nerve sheath, resulting in the obstruction of
blood flow, venous restriction, tissue hypoxia,
and localized stasis, which stimulate the nerve
endings and generate the symptoms of low
back pain.

The purpose of surgical treatment for lumbar
spinal stenosis is to relieve nerve compression,
ease back pain and increase spinal stability.
The most common surgical method currently
used is laminectomy, with complete decom-
pression; this technique has a 5-year follow-up

effective rate of 81.6% [3]. However, the tech-
nique is associated with considerable trauma,
postoperative spinal instability, degeneration
acceleration near the segment, and nerve
adhesion [4]. In recent years, the newly devel-
oped surgical method of X-STOP interspinous
dynamic stabilization system has been shown
to significantly reduce the surgical trauma.
Studies have shown that it can increase the
anteroposterior diameter of the spinal canal by
18% and increase the intervertebral foramen
area by 25% [5], but clinical efficacy studies
with mid- and long-term follow-up are still lack-
ing. We proposed a minimally invasive surgical
technique to enlarge the spinal canal and inter-
vertebral foramen area using percutaneous
pedicle osteotomy laminoplasty to treat the spi-
nal stenosis.

The volumes of lumbar spine vary greatly among
individuals. For those with larger spinal canal
volumes, degenerative changes may not cause
spinal stenosis because of the larger space in
the canal, whereas those with smaller spinal
canal volumes may experience spinal stenosis
after mild degenerative changes. Currently,
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Figure 1. Model Construction. A: The CT images in Dicom format. B: A three-dimensional geometric surface mesh
model. C: The model was broken into points to generate the cloud map. D: A complete three-dimensional polygon

lumbar model.

there are few relevant studies of the relation-
ship between the spinal pedicle length and the
cross-sectional area or the intervertebral fora-
men area. In this study, CT scanning images
and professional engineering software were
used to establish a human lumbar spine model
with a realistic appearance and accurate calcu-
lations, and the impact of the pedicle length on
the spinal canal and intervertebral foramen
area was analyzed and evaluated.

Materials and methods
Raw data collection

A 35-year-old healthy male volunteer was
selected, and bone abnormalities were exclud-
ed using X-ray examination. LI-L5 were continu-
ously scanned along transects using a Philips
64-slice spiral CT. The scanning conditions
were as follows: selected bone tissue window,
voltage 120 KV, pixel 0.43 mm, layer distance
0.65 mm, and a total of 210 layers. The scan-
ning data were directly saved on a disc using
Dicom 3.0 Standard for later use.

Computer configuration of the modeling envi-
ronment

The computer system included an Intel Xeon
CPU with 2 G memory, a 19-inch LCD monitor,
64 M video memory, an ATl X550 video card,
and Windows XP/Professional operating sys-
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tem. The software included Medical 3D image
generation, Mimics 10.01 editing software, and
reverse engineering software Geomagic Studio
10.

Establishment and measurement of the model

The CT images in Dicom format were directly
read using Mimics software (Figure 1A). After
positioning and organizing the images and pro-
cessing the interpolation, the lumbar spine
bone tissues were segmented for regional
growth. A three-dimensional geometric surface
mesh model for the thoracolumbar spine was
established using 3D calculation; the generat-
ed surface mesh model was imported into
Geomagic Studio 10 to establish the prelimi-
nary three-dimensional digital model and
meshed after the appropriate unit type was
selected and the appropriate constants were
defined (Figure 1B). After the model was
meshed with grid, it was broken into points to
generate the cloud map (Figure 1C). After read-
justment, a polygonal three-dimensional map
was obtained. After local modification, a com-
plete three-dimensional polygon model of the
lumbar spine was obtained (Figure 1D). The
model position was adjusted (Figure 2A, 2E) to
locate each lumbar pedicle (Figure 2B, 2F),
which was truncated to extend rearward by 2
mm, 4 mm, 6 mm, and 8 mm with successive
modeling to form four lumbar spine models
with successive increments of pedicle lengths
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area of intervertebral foramina

Figure 2. Pedicle Lengthening and Area Measurement. A and E: The model position was adjusted in standard sagit-
tal position. B and F: The root of each lumbar pedicle was located. C and G: The lumbar pedicle was truncated to
extend rearward. And the area of the intervertebral foramen was measured. D: The cross-sectional areas of lumbar

canal were measured after pedicle lengthening.

Table 1. The Change on Canal Area of Each Vertebra in L1-L5

Pedicle Lengthening (mm)

Control 2 mm 4 mm 6 mm 8 mm
L1 Canal Area (mm?) 289.5718 314.1795 339.0393 356.6109 441.4728
Percent of Increase - 108.50% 117.08% 123.15% 152.46%
L2 Canal Area (mm?) 305.4862 358.5207 408.223 457.4879 507.2519
Percent of Increase - 117.36% 133.63% 149.76% 166.05%
L3 Canal Area (mm?) 318.6712 363.5621 414.7315 465.7756 516.9144
Percent of Increase - 114.09% 130.14% 146.16% 162.21%
L4 Canal Area (mm?) 331.5416 372.5684 425.7357 479.0196 532.2568
Percent of Increase - 112.37% 128.41% 144.48% 160.54%
L5 Canal Area (mm?) 438.2487 513.3594 580.7175 648.3467 714.8475
Percent of Increase - 117.14% 132.51% 147.94% 163.11%

(Figure 2C, 2G). The area of the intervertebral
foramen was measured for each model (Figure
2G). At the same time, the L1-L5 vertebrae
were segmented along the cross-section of the
lumbar vertebrae to expose the canal plane of
each vertebra (Figure 2D), and the areas were
successively measured.

Statistical analysis

All data were analyzed by the first author using
the SPSS 19.0 software package (SPSS, Inc.,
Chicago, IL, USA) using a t-test for paired sam-
ples for the statistical analysis. P<0.05 was
considered statistically significant.

Results

This study is based on CT images in Dicom for-
mat. Using medical image processing and soft-
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ware for reverse analysis, L1-S1 models with
successive increment of pedicle length were
established. The cross-sectional canal area of
each vertebra in L1-L5 (Table 1) and the area of
the intervertebral foramen in L1-S1 (Table 2)
were measured.

When the pedicle length of each vertebrae
increased by 2 mm, the area of spinal canal
increased by 47.73 mm? on average (24.61
mm275.11 mm?), with t=-5.777 and P<0.01
compared with the areas before the extension,
and the spinal canal increased by 13.89% on
average (8.50%-17.36%). When the pedicle
length of each vertebrae increased by 4 mm,
the spinal canal area increased by 96.99 mm?
on average (49.47 mm?3142.47 mm?), with
t=-6.562 and P<0.01 compared with the areas
before the extension, and the spinal canal
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Table 2. The Change on Area of Intervertebral Foramen in L1-S1

Pedicle Lengthening (mm)

Control 2 mm 4 mm 6 mm 8 mm
L1-2 Left Area (mm?) 53.83247 68.84867 83.86486 98.88106 113.8973
Percent of Increase - 127.89% 155.79% 183.68% 211.58%
L1-2 Right Area (mm?) 77.66435 101.2815 124.8987 148.5159 172.1331
Percent of Increase - 130.41% 160.82% 191.23% 221.64%
L2-3 Left Area (mm?) 51.00065 70.98665 90.9726 110.9587 130.9447
Percent of Increase - 139.19% 178.38% 217.56% 256.75%
L2-3 Right Area (mm?) 66.40518 89.41898 112.4328 135.4466 158.4604
Percent of Increase - 134.66% 169.31% 203.97% 238.63%
L3-4 Left Area (mm?) 83.37431 108.0263 132.6783 157.3303 181.9823
Percent of Increase - 129.57% 159.14% 188.70% 218.27%
L3-4 Right Area (mm?) 72.20558 96.59358 120.9816 145.3696 169.7576
Percent of Increase - 133.78% 167.55% 201.33% 235.10%
L4-5 Left Area (mm?) 105.2215 133.7822 162.3429 190.9037 219.4644
Percent of Increase - 127.14% 154.29% 181.43% 208.57%
L4-5 Right Area (mm?) 88.44273 115.5217 142.6006 169.6795 196.7584
Percent of Increase - 130.62% 161.23% 191.85% 222.47%
L5-S1 Left Area (mm?) 64.88391 86.40991 107.9359 129.4619 150.9879
Percent of Increase - 133.18% 166.35% 199.53% 232.70%
L5-S1 Right Area (mm?) 42.05878 62.26079 82.46279 102.6648 122.8668
Percent of Increase - 148.03% 196.07% 244.10% 292.13%

increased by 28.35% on average (17.08%-
33.63%). When the pedicle length of each ver-
tebrae increased by 6 mm, the spinal canal
area increased by 144.74 mm? on average
(67.04 mm2-210.10 mm?), with t=-6.355 and
P<0.01 compared with the area before the
extension, and the spinal canal increased by
42.30% on average (23.15%-49.76%); When
the pedicle length of each vertebrae increased
by 8 mm, the spinal canal area increased by
205.84 mm? on average (151.90 mm?-276.60
mm?), with t=-10.281 and P<0.01 compared
with the area before the extension, and the spi-
nal canal increased by 60.87% on average
(52.46%-66.05%).

When the pedicle length of each vertebrae
increased by 2 mm, the area of the interverte-
bral foramen increased by 22.80 mm?2 on aver-
age (15.02 mm?2-28.56 mm?), with t=-18.617
and P<0.01 compared with the area before the
extension, and the intervertebral foramen
increased by 33.46% on average (27.14%-
48.03%). When the pedicle length of each ver-
tebrae increased by 4 mm, the area of the inter-
vertebral foramen increased by 45.61 mm? on
average (30.03 mm357.12 mm?), with
t=-18.617 and P<0.01 compared with the area
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before the extension, and the intervertebral
foramen increased by 66.89% on average
(54.29%-96.07%). When the pedicle length of
each vertebrae increased by 6 mm, the area of
the intervertebral foramen increased by 68.41
mm? on average (45.05 mm?-85.68 mm?), with
t=-18.617 and P<0.01 compared with the area
before the extension, and the intervertebral
foramen increased by 100.34% on average
(81.43%-144.10%). When the pedicle length of
each vertebrae increased by 8 mm, the area of
the intervertebral foramen increased by 91.22
mm? on average (60.06 mm2114.24 mm3),
with t=-18.617 and P<0.01 compared with the
area before the extension, and the interverte-
bral foramen increased by 133.79% on average
(108.57%-192.13%).

Discussion

Currently, the most common clinical surgical
treatments for symptomatic lumbar spinal ste-
nosis are laminectomy and decompression.
The traditional decompression surgery removes
part of the lamina, the yellow ligaments, and
facet joints. When spondylolisthesis or scolio-
sis occurs, interbody fusion is needed.
Traditional decompressive laminectomy can
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thoroughly decompress and is still the most
widely used standard procedure. However, it
may cause a series of intraoperative and post-
operative complications, including large surgi-
cal trauma, blood loss, slow recovery, postop-
erative spinal instability, residual back pain,
accelerated degeneration in adjacent seg-
ments, and scar adhesions with recurring neu-
rological symptoms that require further surgery.
Turner et al. [6] showed an excellent success
rate of 64% after decompression based on a
meta-analysis, and Jansson et al. [7] indicated
that the reoperation rate within 10 years after
spinal decompression is 11%, according to a
statistical study with a large number of sam-
ples. A less-invasive surgical approach is clini-
cally needed. The commercially available
X-Stop interspinous dynamic stabilization sys-
tem was approved by the FDA in 2005 and is
currently widely used. It can maintain the integ-
rity of the spinal canal and the stability of the
spine and distributes pressure among the ver-
tebrae. It allows a slight flexion in the lumbar
spine with restricting straightness. Patients
who undergo this treatment are able to main-
tain a relatively normal position rather than
excessive flexion. The symptoms of lumbar spi-
nal stenosis can be reduced after the implanta-
tion. However, the X-Stop system is still under
debate because observations of its mid-term
and long-term efficacy are lacking. The results
of a recent study [8] showed that, for the
patients with degenerative lumbar spinal ste-
nosis associated with intermittent neurogenic
claudication, the surgical efficacies of the
X-Stop system and decompressive laminecto-
my were comparable, but patients who undergo
treatment with the X-Stop system may have a
greater risk of reoperation. Therefore, the
X-Stop system is not the preferred method of
treatment for patients with degenerative lum-
bar spinal stenosis associated with neurogenic
intermittent claudication.

The purpose of surgery for the patients with
lumbar spinal stenosis is to decompress on the
nerve tissue and blood vessels in the spinal
canal, the nerve root canal or the intervertebral
foramen; restore the nerve function; relieve the
symptoms; and increase the stability of the
spine. The study by Yamazaki et al. showed that
the postoperative clinical outcomes were cor-
related with the expansion of the cross-section-
al area of the dural tube [9]. Hermansen et al.
found that the cross-sectional area of the dural
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sac after decompression increased by 101%
compared with the preoperative measurement
[10]. Decompressive laminectomy can signifi-
cantly increase the spinal area, but not the
area of the intervertebral foramen; in addition,
decompressive laminectomy is associated with
large traumas and many postoperative compli-
cations. In comparison, the interspinous fusion
method can improve the area of both the inter-
vertebral foramen and the spine. Wan et al.
found that after fixation with the X-Stop system,
the width of the intervertebral foramen
increased by 24.4%, and the area of the inter-
vertebral foramen increased by 32.9% com-
pared with the preoperative measurement [11].
The literature indicates that the expansion of
the spinal canal has a very positive impact on
improving the symptoms of patients with neuro-
logical symptoms. Meves et al. [12] reported a
significant correlation between nerve injury and
spinal stenosis in patients with thoracolumbar
burst fracture; Vaccaro et al. [13] also believed
that the spinal morphology, and not just the
sagittal diameter of the spinal canal, after tho-
racolumbar burst fracture injury is related to
the nerve injury and prognosis. Hamanishi et al.
reported that the cross-sectional area of the
dural sac of patients with spinal stenosis and
intermittent claudication symptoms is less than
the key value of 100 mm?2[14]. Danielson et al.
reported that the spinal area of the patients
with lumbar canal stenosis is significantly
small, and the cross-sectional area of the spi-
nal canal in some patients is even less than
100 mm?2[15].

In an earlier study, it was found that changes in
the intervertebral foramen area caused by
activity or degeneration can affect the nerve
root and cause pain [16]. Based on CT mea-
surements, Infusa et al. indicated that the
cross-sectional area of the spinal canal and the
intervertebral foramen area in an anteflexion
position were higher than those in a neutral
position by 10.9% and 11.8%, respectively,
while the cross-sectional area of the spinal
canal and the intervertebral foramen area in a
posterior extension position were lower than
those in a neutral position by 11.2% and 15.3%,
respectively [17]. Fujiwara et al. studied the
changes in the intervertebral foramen area in
different states using in vitro biomechanical
experiments and indicated an 11.3% increase
in the flexion position, a 12.0% decrease in the
extension position; an 8.0% increase in concav-
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ity and an 8.4% decrease in convexity in the
lateral flexion position; and a 5.7% decrease in
area in the axial rotation position and an 6.5%
increase in the contralateral position [18].

The results of this study showed that the longer
the lumbar pedicle is, the larger the areas of
the spinal canal and the intervertebral foramen
are. According to this principle, we can design a
novel surgical approach: percutaneous pedicle
osteotomy laminoplasty, which truncates the
bilateral pedicle at the junction of the posterior
vertebral wall through a minimally invasive
approach and moves the rear structures, such
as the pedicle and lamina, rearward to enlarge
the spinal canal and release the spinal nerve
compression. Currently, only few relevant stud-
ies have been reported. Based on in vitro
experiments on cadavers, Ali et al. proved that
the surgical method for pedicle extension and
fixation with pedicle osteotomy can expand the
spinal canal and intervertebral foramen areas
for the long term and maintain spinal stability
without altering the biomechanical properties
of the spine [19]. Serger et al. analyzed the
12-month follow-up results for 19 patients who
underwent pedicle extending surgery and found
that this surgery is safe and effective and offers
satisfactory clinical efficacy [20]. As a clinical
innovative surgical approach, however, it pres-
ents many problems that remain to be solved.
Further studies of its safety, suitability, and
effectiveness are still needed. The results of
this study provided the preliminary theoretical
basis for implementing this innovative surgery.
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