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Abstract A biomechanical study comparing simulated
lytic vertebral metastases treated with laser-induced ther-
motherapy (LITT) and vertebroplasty versus vertebroplasty
alone. To investigate the effect of tumor ablation using
LITT prior to vertebroplasty on biomechanical stability and
cement fill patterns in a standardized model of spinal
metastatic disease. Vertebroplasty in the metastatic spine is
aimed at reducing pain, but is associated with risk of
cement extravasation in up to 10%. Six pairs of fresh-fro-
zen cadaveric thoracolumbar spinal motion segments were
tested in axial compression intact, with simulated metas-
tases and following percutaneous vertebroplasty with or
without LITT. Canal narrowing under load, pattern of
cement fill, load to failure, and LITT temperature and
pressure generation were collected. In all LITT specimens,
cement filled the defect without extravasation. The canal
extravasation rate was 33% in specimens treated without
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LITT. LITT and vertebroplasty yielded a trend toward
improved posterior wall stability (P = 0.095) as compared
to vertebroplasty alone. Moderate rises in temperature and
minimal pressure generation was seen during LITT. In this
model, elimination of tumor by LITT, facilitates cement
fill, enhances biomechanical stability and reduces the risk
of cement extravasation.
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Introduction

The spinal column is the most common site of skeletal
metastases for tumors such as breast, kidney, lung and
prostate and is a significant cause of morbidity due to pain,
pathologic fracture, and neurologic compromise [8, 14,
35]. Osteolytic metastases structurally weaken affected
vertebrae. Axial loading of metastatically involved verte-
brae has been shown to cause internal pressurization, in-
creased surface tensile hoop strains, and narrowing of the
spinal canal due to bulging of the vertebral body [31]. Even
at low loading rates, vertebrae with lytic metastases have
an elevated risk of burst fracture through the mechanism of
internal pressurization which in some cases can cause bone
and tumor tissue to be retropulsed into the spinal canal
[31]. Prophylactic intervention in the metastatic spine to
prevent burst fracture is important as resulting neurologic
compromise may be irreversible.

Prior to the occurrence of a pathologic fracture, pain is
the most common symptom of metastatic disease and is
potentially a result of mechanical instability created by the
lytic destruction of spinal elements [5, 10]. Non-operative
interventions used to treat spinal metastases are multimodal
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and include analgesia, corticosteroids, radiation therapy
and chemotherapy [29]. These treatments provide pain
relief, but do not deliver immediate improvement in bio-
mechanical stability. Conventional surgical options include
decompression and stabilization with instrumentation ei-
ther from an anterior, posterior, or a combined approach.
Surgery can provide significant improvement in biome-
chanical stability, decompression of neurologic elements,
and pain relief after surgical healing has occurred [6, 13,
15]. However, these operations have significant morbidity
related to the surgical approach, potential blood loss, and
extensive dissection. More recently, minimally invasive
surgical interventions have been utilized in treating verte-
bral metastases [18, 20, 30].

Percutaneous vertebroplasty (PVP) is a minimally
invasive, radiologically guided therapeutic procedure that
is performed to reduce pain and stabilize structurally
weakened vertebrae through the injection of cement into
the vertebral body. Complication rates in metastatic ver-
tebroplasty occur at up to 10% [7, 9]. However, cement
extravasation outside of the vertebral body has been shown
to occur in up to 85.7% of patients with osteolytic metas-
tases [21]. Fortunately, only a small percentage of leakages
result in neurologic sequelae [9]. Other complications in-
clude embolic events due to marrow, fat, tumor, or cement.
The high rate of cement extravasation may be attributed to
the tumor tissue behaving as an incompressible space-
occupying lesion [24]. The presence of the tumor tissue
may lead to inadequate fill of the bony defect and subop-
timal mechanical stabilization [24].

We hypothesize that ablation of the tumor, resulting in a
volume reduction of this tissue, prior to PVP may improve
both cement fill patterns and mechanical stabilization of the
vertebra. Laser-induced thermotherapy (LITT) is a mini-
mally invasive technique that provides predictable tumor
tissue destruction [16, 22, 28]. The purpose of this study
was to investigate the effect of tumor ablation using LITT
prior to PVP on biomechanical stability and cement fill
patterns of metastatically involved spinal motion segments.

Materials and methods

Six cadaveric thoracolumbar spines were harvested and
radiographed to rule out pathological lesions or fractures
(five males, one females, age 62-96 years, mean
80.5 = 13.7 years). Specimens were frozen in an elec-
tronically monitored storage freezer at —20°C. Prior to
testing, specimens were thawed at 3°C overnight and then
placed into a saline bath at 37°C for 2 h prior to testing.
Specimen temperature was monitored during testing using
a 0.5 mm clear tipped Luxtron temperature probe (Luxtron
Corporation, Santa Clara, CA, USA).
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Two spinal motion segments were obtained from each
spine (T12-L1-L2, L3-L4-L5) and were assumed to behave
as paired samples for comparison during analysis. The
posterior elements were removed from the superior and
inferior vertebrae and anatomic measurements were taken
on the mid vertebra of each segment. Motion segments
from each pair were randomly assigned into one of two
groups: LITT prior to PVP and PVP alone.

A canal displacement gauge (Fig. la, b) consisting of a
thin curved brass beam instrumented with two uniaxial
strain gages was placed in the spinal canal between the
posterior arch and the midpoint of the posterior vertebral
body wall of the central vertebrae of each spinal motion
segment to measure canal narrowing under load (CN). The
physical measurement of spinal canal narrowing under load
(CN) is a non-destructive test of biomechanical stability of
the posterior wall and represents the bulge of the posterior
vertebral body wall into the canal when an axial load is
applied to the vertebra [32]. Larger CN values represent
greater instability of the posterior vertebral body wall and
as such an increased potential for the initiation of burst
fracture. The creation of an in vitro model of simulated
lytic vertebral metastases was described by Whyne et al.
and used to validate a three dimensional poroelastic finite
element model of a metastatically involved spinal motion
segment [32]. Results from this model based on quantify-
ing radial vertebral bulge were shown to provide a clear
threshold for burst fracture risk in a retrospective clinical
study [25].

To simulate the lytic lesion, a central core of cancellous
bone was removed from the middle vertebral body’s lateral
wall with a cylindrical boring trephine 16 mm in diameter,
without breaking through the opposite lateral wall. The
core was removed 3 mm anterior to the posterior vertebral
body wall measured with a micrometer. In this study, the
model previously developed by Whyne et al., was utilized
to simulate a motion segment with a lytic lesion, near the
posterior vertebral body wall without a fracture [32]. This
can represent a clinical scenario where a patient has a
painful lytic lesion in a vertebral body that has not frac-
tured, but is at risk of potential burst fracture due to the
proximity of the tumor to the posterior vertebral body wall.
Placement of the tumor near the posterior vertebral body
wall as shown by Tschirhart et al., using a finite element
model, significantly increases the risk of pathologic burst
fracture, independent from tumor volume [27].

Vertebral body dimensions including lateral vertebral
body height, maximal width, and maximal depth of the
vertebral body were used to calculate vertebral body vol-
ume. From the removed core of bone, enough central tra-
becular bone was removed to create a lytic tumor volume
representing 12% of the vertebral body volume. Fresh soft
tissue tumor, all metastatic uterine carcinoma, obtained
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Fig. 1 a Experimental set-up. An 800 pum laser fiber is inserted into
one half of the tumor to deliver 1,750 J of energy (7 Watts, 250 s) at
this location followed by an additional 1,750 Watts in the other half
of the tumor. Pressures and temperatures were recorded during the
ablation. A canal strain gage placed between the posterior arch and

from the pathologist, was used to fill the defect. Volume of
tumor inserted was measured using a graduated vial and
was equal to the 12% volume calculated for each vertebrae.
The remaining end cap of bone was then replaced on the
lateral wall and sealed into place with PMMA.

Two 11-gauge bone biopsy needles (Osteosite Bone
Biopsy Needle, Cook, Canada) were inserted through a
bipedicular approach into each vertebra with a simulated
lesion. The positions of the biopsy needles were confirmed
under fluoroscopy. A 600 pm core diameter pre-charred
orb tipped surgical laser fiber with cladding (5501 ORB;
Surgimedics, Houston, TX, USA) attached to a 810 nm
diode laser (Diomed Ltd., Cambridge, UK) was inserted
through the first cannula and introduced into the tumor
tissue in those specimens assigned to the LITT prior to
PVP group (Fig. 1a). To ablate the tumor tissue, 1,750 J of
energy (7 Watts for 250 s) was administered to the distal
half of the tumor. The laser fiber was then retracted into the
proximal half of the tumor and an additional 1,750 J was
administered over 250 s. This technique has been shown to
volumetrically reduce tumors of this size by an average of
60%. A pressure transducer (CDX3; Cobe, Canada) was
attached to the second cannula to measure the change in
pressure during ablation and temperature was measured at
the posterior vertebral body wall (0.5 mm clear tipped
Luxtron probe).

Percutaneous vertebroplasty was performed on each
motion segment using a transpedicular technique. Radio-
opaque polymethylmethacrylate cement (Simplex P,
Howmedica Osteonics, Mahwah, NJ, USA) was mixed
using the recommended monomer-to-powder ratio (20 ml
liquid monomer to 40 g powder) and 8 ml was injected
into each specimen at a constant rate of 3 ml/min by an

the midpoint of the posterior vertebral body wall of the central
vertebrae of each spinal motion segment measures narrowing of the
spinal canal under load. b A canal strain gage constructed with a thin
curved brass beam instrumented with two uniaxial strain gages is
shown placed within a vertebral specimen

MTS 858 Bionix machine (MTS, Eden, MN, USA) using a
fully automated procedure.

Specimens were tested under axial loading to 800 N at a
rate of 1,600 N/s on a servohydraulic materials testing
machine (MTS Bionix 858; Eden, MN, USA). Loading was
performed at three points: intact, following tumor simula-
tion, and following PVP (Fig. 2). CN was measured for
each loading scenario. Finally, the post PVP specimens
were tested to failure under axial compression. Following
testing, vertebrae were axially sectioned to visualize the
location of cement relative to the location of tumor and to
assess for cement extravasation. To determine the differ-
ence in stabilization afforded by LITT prior to PVP in
comparison to PVP alone, CN under load and load to
failure were statistically analyzed using paired t-tests
(SPSS, Version 10.0, Chicago, IL, USA).

Results

Vertebrae treated with LITT exhibited reduced posterior
wall motion post-PVP; canal narrowing under load
(%ACN) was 29.7 = 27.1% as compared to the vertebrae
with simulated metastases pre-treatment (Table 1). Spec-
imens treated with PVP alone however, exhibited an in-
crease in posterior wall motion, %ACN of 248.7 + 253%
as compared to pre-treatment values. A %CN value
greater than 100% indicates a reduction in stability while
a %ACN value less than 100% indicates a more stable
posterior wall as compared to the simulated tumor sce-
nario. (However, in comparing LITT + PVP to PVP alone
yielded only a trend toward improved stability with LITT
(P = 0.095) (Fig. 3).
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Fig. 2 Testing protocol
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Table 1 The percent change in canal narrowing (CN), before and
after treatment, is shown for metastatically involved vertebrae treated
with PVP alone versus LITT and PVP

Specimen ACN post VP versus tumor  Cement location

no. vertebral level
PVP alone LITT + PVP  PVP alone LITT + PVP

1 750% L1 18% L4 LAV LAPT
2 79% L4 76% L1 LAP LAPT
3 129% L4 6% L1 LA LAPT
4 98% L1 6% L4 LAP LAPT
5 173% L1 25% L4 LAV LAPT
6 262% L4 47% L1 LA LAPT

Cement location with respect to the lesion was documented as lateral
(L), anterior (A), posterior (P), spinal canal (V), and within tumor (T)
for both techniques. Note in specimens 2 and 4 that with PVP alone
cement was documented posterior to the tumor. In these specimens
lower values of %ACN were measured (<100%)

Cement was seen to permeate through the space previ-
ously occupied by the tumor in the specimens that received
LITT treatment prior to PVP (Fig. 4a, b). In addition,

300 4

cement was deposited near the posterior wall, yet, cement
extravasation into the canal did not occur in any specimen
treated with lasering prior to vertebroplasty. Cement was
distributed lateral and anterior to the tumor in all speci-
mens treated with PVP alone (Fig. 4c, d). Cement was
present along the posterior vertebral body wall in two
specimens and cement extravasation into the canal was
noted in two cases (Table 1). The two specimens in the
PVP alone group that had additional cement located pos-
terior to the tumor exhibited reduced CN (79 and 98%) as
compared to those specimens with no posterior cement
presence (129-750%).

LITT treatment caused a 12.3 + 12.8°C rise in temper-
ature along the posterior body wall, with an average
maximum temperature of 35.3°C (range 23.0-59.7°C,
standard deviation 13.1°C) and generated pressures of
1.6 £ 1.5 kPa of intravertebral pressure. No significant
differences were observed when comparing load to failure
for each group (PVP alone = 3,228 + 1,168 N;
LITT + PVP = 2,905 £ 927 N) (P = 0.540). All speci-
mens failed at the middle column indicative of a burst
fracture pattern.

Z 250

=]

= 200 L

= N,

5 5 Less Stable

(X}

£ 100 [ —— e e m— —

& More Stable
Intact Tumor LITT+PVP P¥P

Fig. 3 Percent change of load induced canal narrowing relative to the
tumor model. Changes above the orange line indicate decreased
stability of the posterior vertebral body wall with an increase in
motion for a given axial load. Changes below the dashed line indicate
increased stability and a reduction in posterior wall motion.

@ Springer

Specimens treated with lasering prior to vertebroplasty exhibited a
trend toward reduced posterior wall motion (P = 0.095) while
specimens treated only with vertebroplasty had an increase in motion
with a high standard deviation of 253%
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Fig. 4 a, b Specimens treated
with LITT prior to
vertebroplasty. Cement has
filled the area occupied by the
tumor, along with areas anterior,
lateral, and posterior to the
tumor. No extravasation
occurred. ¢, d Specimens not
treated with LITT.
Vertebroplasty has resulted in
cement filling regions around
the tumor, anteriorly,
posteriorly and laterally. No
filling of the defect occurred

Discussion

This study was designed to determine the influence of tu-
mor ablation prior to PVP in the improvement of cement
fill patterns and mechanical stabilization of the metastatic
spine, prior to fracture, utilizing an in vitro model previ-
ously described and validated in the literature by Whyne
et al. [32]. Clinically, this scenario can apply to patients
with painful lytic lesions near the posterior vertebral body
wall in unfractured vertebrae that can potentially benefit
from vertebroplasty. However, injection of cement in this
scenario can potentially lead to extravasation and its clin-
ical sequelae such as neural compression or embolization.
LITT was studied as a potential adjunct to vertebroplasty to
help minimize this complication. Clinically, Halpin et al.
and Masala et al. have already utilized radiofrequency
ablation with vertebroplasty in patients to provide
mechanical stabilization of the vertebrae with relief of pain
[12, 19]. LITT is similar to radiofrequency ablation as it
behaves as a heat source, but can provide more significant
local tumor tissue ablation.

Using LITT consistent tumor tissue destruction was
achieved within the vertebrae and a consistent reduction in
canal narrowing (CN) under load was observed post-PVP.
In the specimens treated with PVP alone however, 67%
exhibited increased CN. Cement fill patterns following
PVP were examined as a possible explanation for the

differences in posterior wall stabilization. In all specimens

treated with LITT, cement was distributed evenly
throughout the vertebral body including the bony defect.
However, in specimens treated with PVP alone, cement
was not able to permeate through the lytic defect and was
instead located anterior and lateral to the tumor in all cases.
The specimens that exhibited reduced LICN in this group
had additional cement located posterior to the tumor. The
presence of a posterior rigid cement wall may reduce the
posterior bulge of tumor under axial load while in contrast,
the presence of rigid cement only anterior and lateral to the
tumor may lead to an increase in the posterior bulge of the
tumor, causing the posterior vertebral wall to be less stable
than before PVP.

The findings from this biomechanical study concur with
computational results from Tschirhart et al. who showed
that cement distribution post-vertebroplasty is important in
reducing the motion of the posterior vertebral body wall
[27]. Using a parametric finite element model, the effect of
vertebroplasty on vertebral bulge, a measure of posterior
vertebral body wall motion as an indicator of burst fracture
initiation, was assessed. In all cases, vertebroplasty reduced
vertebral bulge, but the risk of the initiation of burst frac-
ture was minimized with cement located posterior to the
tumor, near the posterior vertebral body wall. Vertebral
bulge in the model was found to decrease by up to 62%
with 20% cement injection.
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No difference was found for load to failure between the
two groups; 2,905 N for the LITT specimens versus
3,227 N for PV alone (P = 0.61). Specimens in this study
were comparable by spinal level, age, and bone mineral
density for the two groups. Previous biomechanical studies
in osteoporotic cadaveric specimens have shown that the
strength of a vertebral body is not related to the volume of
cement injected beyond 2cc [3]. Although this study
examined cadaveric specimens with simulated lytic lesions,
it is possible that vertebral body strength may be restored
with a volume of cement smaller than the 8cc injected. The
high volume of cement chosen in this study to permit filling
of the lytic defect may explain the lack of difference in
load to failure between the two tested groups. A smaller
amount of cement may reduce cement extravasation in the
PVP alone group. However the inability to fill the defect
may affect the load to failure. Load to failure is a good
assessment of the gross overall strength of the vertebral
body; however, it does not provide information on the
stability of select regions. CN specifically assesses the
stability of the posterior vertebral body wall under an axial
load which is potentially important in neurologic implica-
tions of burst fracture. In this study, CN did not correlate
with load to failure. Specimens with a reduction in CN had
an average load to failure of 3,207 N versus 3,019 N for
specimens with an increase in CN (P = (0.76). In a vertebra
without cement, this has been shown to be a good marker
for the risk of the initiation of burst fracture [32]. However,
following cement injection, this value only reflects the
biomechanical stability of the posterior wall under an axial
load and may not reflect load to failure.

Laser-induced thermotherapy may improve the safety of
vertebroplasty for lytic metastases by reducing cement
extravasation. The improvement in cement distribution by
performing tumor ablation with LITT prior to VP results in
the creation of a void allowing cement to fill the intended
lytic defect rather than being displaced by the space
occupying tumor tissue. Utilizing LITT prior to PVP, can
result in a predictable fill of the structurally weakened re-
gion, while minimizing deposition of cement in regions not
requiring structural augmentation. Prior cadaveric studies
have demonstrated vertebrae with simulated metastases can
generate higher intravertebral pressures during cement
injection due to the relatively higher viscosity of tumor
tissue as compared to the marrow, decreasing overall
hydraulic permeability through the trabeculae [24]. This
elevation in pressure may explain the higher complication
rates seen clinically such as cement extravasation when
vertebroplasty is used to stabilize lytic metastases. Ablation
of this tumor tissue prior to vertebroplasty creates a void,
leading to preferential filling of the defect, and decreasing
the risk of cement extravasating out of the vertebral body.
This creation of a void is similar in principle to the creation
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of an intravertebral cavity through the inflation of balloons
during kyphoplasty for osteoporotic fractures [23]. Multi-
ple clinical studies have shown the decreased rates of ce-
ment extravasation using kyphoplasty [17, 23] compared to
vertebroplasty alone in compression fractures [1].

LITT is a treatment that has been used to treat meta-
stases as destruction is reproducible and can be easily
confined to the diseased area [16, 22, 28]. A potential
concern with the use of LITT near the vertebral canal is the
possibility of elevations in temperature. In this study, the
temperature of the posterior wall during LITT rose by an
average of 12.3°C during ablation. This temperature rise is
comparable to the temperature rise found in cadaveric
studies looking at heat generation in bone cement poly-
merization in vertebral bodies [26]. The peak absolute
temperatures from LITT were similar or less than the re-
ported values of 39°C to 110°C for polymerization tem-
peratures at the bone—cement interface [2, 3, 4, 11, 26].
In vivo, such temperature rises along the posterior vertebral
body wall will likely be reduced due to the circulatory
effects of the blood and cerebrospinal fluid. This level of
temperature rise has not been shown to cause any damage
to the neurologic or vascular contents during vertebroplasty
or more invasive spinal stabilization techniques that com-
monly utilize exothermically polymerizing bone cement.

In this work, the behavior of the upper (T12-L1-L2) and
lower (L3-L4-L5) lumbar motion segments were assumed
to yield similar behavior and were randomized into either
LITT + PVP or PVP alone. Both treatment groups had an
equal number of upper and lower lumbar specimens
eliminating possible bias due to vertebrae from different
levels. There was no statistical difference between groups
in terms of bone mineral density, age of specimens, tumor
size, and percentage of vertebral body volume occupied by
tumor. There was no statistical relationship between these
factors and load to failure. Because we utilized a repeated
measures analysis, discrepancies due to anatomical differ-
ences in vertebral body size or shape should not affect our
canal narrowing results. Each motion segment served as its
own internal control for each step of data analysis for
changes in posterior wall motion.

As vertebrae with metastatic defects were not available,
the study was performed using simulated lytic lesions with
fresh uterine metastatic tumor tissue. Though simulated
lesions may not fully represent the behavior of naturally
occurring metastases, this methodology previously de-
scribed in the literature [32], allows consistent size and
placement of the lytic lesions. Furthermore, parametric fi-
nite element analyses have shown that variations in bi-
phasic material properties of lytic tumor specimens based
on tumor type or cellularity do not have a large effect on
outcomes related to the vertebral bone under load (strains
and displacements) [33, 34]. This finding is explained by
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the much greater relative stiffness and permeability of the
bone as compared to the whole range of properties found in
metastatic tumor tissue. While in vitro cadaveric studies
are important in understanding the mechanics of spinal
metastases, subsequent testing is necessary with animal
models and ultimately on human patients in clinical trials
to assess the safety and efficacy of LITT.

Conclusion

The location of cement within the vertebral body following
injection is an important factor in determining vertebral
body wall motion. PVP is effective in decreasing CN for
specimens with simulated lytic metastases if the tumor is
surrounded posteriorly with cement. Utilizing this model,
reducing tumor volume prior to cement injection creates a
cavitary space which provides more reliable filling of the
defect and CN reduction while eliminating the additional
risk of cement extravasation into the spinal canal.
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