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Biomechanical Testing of Spinal Fusion Segments Enhanced by
Extracorporeal Shock Wave Treatment in Rabbits

Tao-Chen Lee, MD; Yu-Lin Yang?, PhD; Nyuk-Kong Chang, DVM; Ting-Sheng Lin®, PhD;
Wan-Ching Lin, BS; Yi-Shiuan Liu, BS; Ching-Jen Wang', MD

Background: Extracorporeal shock wave treatment (ESWT) has been proven effective in

Methods:

Results:

Conclusion:

enhancing spinal fusion in a preliminary animal study. However, biomechan-
ical tests were not performed.

All 12 rabbits in this study underwent decortication at the bilateral LS and L6
transverse processes. Bone was chipped off and placed onto the intertrans-
verse space. The rabbits were divided into two groups, a study group (n = 6)
and a control group (n = 6). In the study group, the bilateral L5 and L6 trans-
verse processes were treated with 1000 impulses of ESWT at 14 kilovolts
(KV) (equivalent to 0.18 mJ/mm?) at 12 and 18 weeks after surgery. The con-
trol group rabbits did not undergo ESWT. A series of radiographic examina-
tions on each rabbit were subsequently performed. All rabbits were killed at
21 weeks, and their spines were harvested for biomechanical tests.
Radiographic examination showed 5 of the 6 rabbits in the study group had
callus formation in the fusion masses. Biomechanical tests of the fusion seg-
ments showed that the mean flexion stiffness (with internal control) in the
study group was 2.11 = 0.46, while that in the control group was 1.17 =
0.19. The mean extension stiffness (with internal control) in the study group
was 1.70 £ 0.39, while that in the control group was 1.23 % 0.29. Statistical
analysis showed that the fusion segments in the study group had significantly
better flexion and extension stiffness than those in the control group (p <
0.05).

In this animal study, radiographic examinations showed that ESWT stimulat-
ed new bone growth. Biomechanical tests showed that ESWT significantly
increased the flexion and extension stiffness of spinal fusion segments.
(Chang Gung Med J 2009,32:276-82)
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xtracorporeal shock wave treatment (ESWT) has
been utilized to treat many orthopedic disorders,
including tendinopathies and non-union of long-bone
fractures."'® Studies have demonstrated that ESWT

causes subperiosteal callus formation by creating
small fractures on the cortex (decortication).!”
Additionally, other studies showed that ESWT stim-
ulates expression of growth factors including vascu-
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lar endothelial growth factor (VEGF) and bone mor-
phogenetic protein (BMP).?*>

An animal study by our research team proved
that ESWT is safe in spinal experiments.?®
Additionally, our preliminary study demonstrated the
positive effects of ESWT on rabbit spinal fusion
masses.”” This study evaluates the effects of ESWT
on spinal fusion using a biomechanical test. As non-
union is not infrequently encountered in posterolater-
al fusion in human practice, we hope this study can
provide a less drastic method than surgery to repair a
fusion gap in failed spinal surgery.

METHODS

The Institutional Committee on Experimental
Animals at Chang Gung Memorial Hospital
approved this study. All animals were cared for in
accordance with the regulations of the National
Institute of Health, Taiwan.

Spinal-fusion surgery

This study utilized 1-year-old male New
Zealand white rabbits weighing 2.5-3 kg. Bilateral
posterolateral intertransverse fusion at the L5-6 level
was performed on all rabbits. Rabbits were anes-
thetized using intramuscular injections of Rompun,
an animal anesthetic and muscle relaxant (Bayer,
Leverkusen, Germany) (50 mg/kg), and Ketalar (ket-
amine hydrochloride) (Parke-Davis, Taipei, Taiwan)
(50 mg/kg). Following local infiltration with
Xylocaine (1% lidocaine) (Fujisawa, Osaka, Japan),
a dorsal 7-cm mid-line incision (6 cm above and Icm
below the posterior iliac crest) was made, followed
by two paramedian fascial incisions (2 cm lateral to
the mid-line). The intermuscular plane was devel-
oped to expose the L5 and L6 transverse processes
bilaterally. These transverse processes were decorti-
cated using a rongeur. Bone chips excised with the
roengeur were placed onto the ipsilateral L5-6 inter-
transverse space. No additional iliac bone grafts were
used in this study as this use may alter the effects of
ESWT. The spinal fusion levels were marked with
skin stitches. The depth between the spinal fusion
and skin was recorded. Wounds were closed with 4-0
absorbable sutures.

Groups
Twelve rabbits were divided into two groups. In
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the study group (n = 6), the bilateral L5 and L6 trans-
verse processes underwent ESWT, whereas the con-
trol group (n = 6) did not.

Shock wave application

The ESWT levels were determined as described
before.

An OssaTron machine (High Medical
Technologies HMT, GmbH, Kreuzlingen,
Switzerland) was employed. Shock waves were
applied at 12 and 18 weeks following surgery.
Rabbits were anesthetized using the same medica-
tions as in fusion surgery. Surgical lubrication gel
was applied to the skin contacting the shock wave
tube. In the study group, ESWT of 1000 impulses at
14 kilovolts (KV) (equivalent to 0.18 mJ/ mm? of
energy flux density) were applied to the decorticated
sites of the bilateral LS and L6 transverse processes.
The timing of ESWT was determined based on our
previous experiment that showed fusion defects
remained obvious at 6 weeks, and a second ESWT
significantly increased callus formation.?” The
dosage of ESWT was determined according to our
previous studies that showed 14 KV is a safe and
effective dose to promote spinal fusion.®%?"
Immediately following ESWT, the rabbits were
checked for local skin discoloration and neurological
status.

Image analysis

All study animals underwent postoperative radi-
ography at 9, 15, and 21 weeks. Spinal posteroanteri-
or radiographs were obtained using a standard tech-
nique and a tube-to-plate distance of 90 cm. Callus
formation in the fusion gaps on either side of the
intertransverse space was considered evidence of an
ESWT effect.

Biomechanical analysis of fusion segments

After rabbits were killed at 21 weeks, spinal
segments L4—6 and L1-3 (for internal control) were
harvested from each rabbit. The soft tissue was
grossly cleaned off the osseous tissue. The L4 and
L6 bodies were placed into a mold, and cerro metal
was poured around the bodies and allowed to cool.
The cerro metal, an alloy of bismuth, tin, cadmium,
and lead, melts at 70°C and, therefore, is ideal for
specimen mounting. Each entire spinal segment with
the molds was fixed to a custom-made apparatus for



biomechanical testing, including flexion and exten-
sion, with a material testing machine (Qtest10, MTS
Systems Co., Minneapolis, MN, U.S.A.). The torque
was 0.3 N m and the load rate was 25 mm/min dur-
ing flexion and extension testing. Each test was
repeated with the load applied 0.1 m anterior to the
rotation center to generate a maximum bending
moment of 0.3 N m under flexion. The load was then
applied posterior to the rotation center during the
extension test (Fig. 1). All stiffness values were esti-
mated to assess the biomechanical effects of the
specimens.

Stiffness of the L1-3 segments, which was stud-
ied using the same method as for the L4—6 segments,
served as an internal control.

Data were analyzed by an independent-sample t-
test to compare relative flexion and extension stiff-
ness of the fusion segments in the control and study
groups.

All statistical results were significant at p <
0.05.

Fig. 1 After the rabbits were killed, each entire spinal seg-
ment underwent biomechanical testing with a material testing
machine.

Tao-Chen Lee, et al 278
Biomechanical test for ESWT of spine

RESULTS

Clinical analysis

No rabbit tested developed neurological deficits
or incontinency throughout the course of this study.
Mild ecchymosis of the skin where it contacted the
shock wave tube was noted in all rabbits tested.
However, this skin discoloration generally disap-
peared in 1 week.

Image analysis

Scheduled radiographs revealed that no rabbit in
the control group showed callus formation on either
side of the L5—6 intertransverse space (Fig. 2).
However, 5 of the 6 (83%) rabbits in the study group
had callus formation in the fusion gaps on at least
one side of the L5-6 intertransverse space (Fig. 3).

Biomechanical testing

The relative flexion stiffness (with internal con-
trol) of the fusion segments was 0.97-1.39 (mean=
SD, 1.17 £0.19) in the 6 control group rabbits and
1.36-2.67 (mean = SD, 2.11 £ 0.46) in the study
group rabbits. These experimental data indicate sig-
nificantly increased flexion stiffness in the fusion
segments in the study group compared with that in
the control group (p < 0.001).

The relative extension stiffness (with internal
control) of the fusion segments was 0.98—1.67 (mean
* SD, 1.23 £ 0.29) in the control group and
1.30-2.33 (mean &£ SD, 1.70 £ 0.39) in the study
group. These experimental data also indicate signifi-
cantly increased extension stiffness of the fusion seg-
ments in the study group compared with that in the
control group (p = 0.0419).

DISCUSSION

Shock waves are high-amplitude sound waves
with a width and depth at focus areas of approxi-
mately 8-10 mm."#">*2%39 Notably, ESWT, which is
effective in clinical orthopedic practice®*'*> and
basic research, enhances new bone formation and
expression of growth factors.®2-6

As high-energy ESWT can crack animal femurs
and injure animal arteries,”*” potential injury to
neural tissues has to be clarified before applying it
for spinal experiments. One of our previous studies
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Fig. 2 A series of radiographs for 1 control group rabbit reveals a fusion gap (arrow) and no callus formation on either side of the

L5-6 intertransverse space at 9, 15 and 21 weeks.

Fig. 3 A series of radiographs of 1 study group rabbit reveals a fusion gap (arrow) in the right L5-6 intertransverse space on the 9
week (before ESWT) radiograph (A). Post-ESWT callus formation (arrow) repairing the fusion gap is noted on the 15- and 21-week

radiograms.

showed low-energy ESWT at 14 KV (equivalent to
0.18 mJ/mm? of energy flux density) is safe when
applied directly to the spinal cord.?® Therefore, this
study applied this ESWT dose for the spinal fusion
study.

Another animal study by our research team
found that low-energy ESWT at 14 KV is effective
in enhancing spinal fusion.®” However, in that study,
the fusion results were assessed only by radiographic
and histological examinations. As the researchers in
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this study have experience in biomechanical test-
ing,®® this digitized modality was introduced to
assess fusion results from ESWT to further confirm
the effects of ESWT in spinal fusion.

Biomechanical test results demonstrate animals
subjected to ESWT had significantly better stiffness
of fusion segments compared with that of the control
group. This experimental result is encouraging for
ESWT in humans in cases of poor postoperative
fusion at the intertransverse spaces.



This study did not harvest iliac bone as a graft
for intertransverse fusion. Rather, decortication of
the transverse processes was performed by chipping
the dorsal cortical portion of the transverse processes
using a rongeur. These bone chips were then placed
at the intertransverse spaces. Based on observations
in a previous animal study, intertransverse fusion
with a large amount of graft bone (> 2.0 cm?) typical-
ly leads to good fusion in rabbits without additional
treatment.?” Thus, ascertaining the pure effect of
ESWT is difficult.

The L4-6 segments were used for biomechani-
cal testing in this study instead of the L5-6 segments
(ESWT levels) because the transverse processes are
located at the rostral site of the vertebra and, there-
fore, the portion from the LS5 body rostral to the
transverse processes is too short to be securely
mounted in a mold for biomechanical testing. The L4
vertebral body was therefore utilized after removal of
the transverse processes, as the rostral end of the
fusion segment could be mounted securely in the
mold. For the same reason, this study used the L.1-3
segment for internal control.

In this study, a series of radiographic examina-
tions of tested rabbits taken at different post-ESWT
stages demonstrated the effects of ESWT by callus
formation in fusion gaps. The ESWT repair effect in
the fusion gaps was considered to be the cause of
better fusion stiffness in the study group compared
with that in the control group.
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