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In vitro investigation of heat transfer in calf
spinal cord during polymethylmethacrylate
application for vertebral body reconstruction

Abstract The objective of this
experimental study was to investi-
gate the temperature variations
within the spinal cord of calf
cadavers during polymethlymethac-
rylate (PMMA) application for ver-
tebral body reconstruction. Cervical
spines including the cervical spinal
cord of ten fresh cadavers were used.
Corpectomy and laminectomy were
performed and dura was exposed at
the same level for proper placement
of thermal sensors. Sensors were
placed in multiple holes in the spinal
cord at depths of 3, 6, 9 and 12 mm,
respectively. Whether the thermal
sensors were placed in the gray or
white matter was determined by
computerized tomography. The
white and gray matters of the spinal
cord exhibited different thermal
properties. The white matter was
more conductive and absorbed less
heat than the gray matter. The heat
sensor nearest to PMMA exhibited
temperatures of 42—-44°C. The sec-

ond heat sensor placed at 9 mm
depth within the gray matter showed
44°C. The third sensor, which was
placed at 6 mm depth within the
spinal cord recorded the same tem-
perature as the first, i.e., nearest to
PMMA sensor. The fourth heat
sensor, which was at the farthest
location from PMMA demonstrated
37-39°C. The temperature distribu-
tion within the gray matter was in-
versely proportional to the distance
from the heat source. The tempera-
ture at the dorsal white matter,
which was distant from the heating
source, remained nearly constant
and was not elevated. Our data
suggest that thermal injury to the
spinal cord during PMMA applica-
tion may be expected to be more
significant in the gray matter when
compared with other neural tissues.

Keywords Polymethylmethacry-
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Introduction

Our knowledge regarding the use of self-curing acrylics
such as polymethylmethacrylate (PMMA) in spinal
surgery has grown constantly over the last few decades.
Recent studies have focused specifically on heat pro-
duced by the polymerisation of these materials, and the
resulting undesired thermal effects [6, 8—10].
Polymethylmethacrylate is a well-known example of
these inorganic chemical substances that have been used

for vertebroplasty. These materials undergo polymeri-
sation with an accompanying exothermic chemical
reaction, which causes increased temperatures in tissues
adjacent to the stabilisation area. This thermal effect
may further complicate the clinical picture when the
affected adjacent tissue is the spinal cord [7, 8, 15-17].

An exothermic reaction, which typically occurs dur-
ing the polymerisation process of PMMA, is a chemical
reaction during which energy is released to the envi-
ronment [4, 12, 16, 22].
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Exothermic reaction of inorganic compounds used
for stabilisation in spinal surgery may result in two
distinct thermal injuries regarding the spinal cord. One
of these major injuries is due to local warming of the
spinal cord, and the other is secondary to the elevated
overall body temperature. It was reported in previous
studies that a body temperature of 42°C for an average
time of 60 min may result in histopathological changes
in the spinal cord, and is closely related to neurological
deterioration [3, 8, 13, 18, 17, 19]. Local rise of tem-
perature to the range of 40-43°C for the same period,
however, does not cause any obvious damage in the
spinal cord except for some physiological alterations [5,
8, 11, 15, 18, 17, 19, 23].

Experimental studies on mice suggest that the highest
temperature without any unwanted effect at the epidural
level is 44°C; temperatures above this level may result in
some electrophysiological alterations in the spinal cord.
Most of the previous studies have focused on the epi-
dural temperature variations and how temperature
changes affect the neural tissue is not precise [6, 10, 18,
20, 23]. The local variation of temperature within the
medulla spinalis and the potential harm that might be
triggered by overheating seems to be of great concern for
those who are engaged in PMMA application for ver-
tebral body reconstruction.

The present experimental study was designed to
investigate the temperature variations within the spinal
cord during PMMA vertebroplasty, considering various
durations, and the effect of the position of the material
(PMMA).

Materials and methods

In the present experimental study, cervical spines and
spinal cord tissues of ten fresh calf cadavers were used.
Vertebrectomy cavity was filled with bone cement and
the temperature variations observed in spinal cord and
at the adjacent tissues due to the exothermic reaction,
during the whole reaction process, were noted. Three-
years-old calf cadavers were used. Decapitation was
performed at the atlanto-occipital region according to
routine procedures; anatomical contiguity of the cervical
spine was preserved. All preparations were stripped of
overlying muscles immediately following decapitation
with special attention to bony structures and the spinal
cord tissue adjacent to the area under investigation. The
experimental specimen were preserved in 0.9% isotonic
sodium chloride solution at 37°C and then transferred to
the laboratory within a maximum of 4 h. The tempera-
ture of the laboratory room was kept constant at 23°C.

The specimens were then taken out of the saline bath
and a one-level corpectomy was performed using routine
surgical techniques. The volume of the corpectomy
cavity was 12 cm?.

In the next step, laminectomy was performed and
dura was exposed at the same level for proper placement
of the intramedullary thermal sensors. Dura was punc-
tured at the laminectomy site by leaving 4 mm space in
between. The probes (TT-K-36-SLE Type-K Thermo-
couple wire OMEGA Engineering) were placed in dif-
ferent holes in medulla spinalis at the depths of 3, 6, 9
and 12 mm respectively (Figs. 1, 2). Proper placements
of the probes were confirmed by computerized tomog-
raphy and following this procedure the probes were fixed
in the dura by cyanoacrylate adhesive. The other probes,
which will be used to detect the temperature variations
in bone tissue and the epidural space, were placed.
During all these procedures, the temperature of the
saline bath, which consisted of 201 0.9% isotonic so-
dium chloride, was kept constant at 37°C using a tem-
perature stabiliser (Neslab RTE-300 instruments inc./

5. Ventral extradural
space

. Spinal cord 3 mm depth
. Spinal cord 6 mm depth
. Spinal cord 9 mm depth
. Spinal cord 12 mm depth

7. PMMA Cement

W) B e

6. Pars spongiosa of the corpus vertebra

8. Constant Temperature Chamber

Fig. 1 Illustration of localization of thermal probes

Fig. 2 Dorsolateral view of the specimen showing the localization
of the sensors in spinal cord (asterisk spinal cord)
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Fig. 3 Schematic for the experimental setup

Nevington - NH, 03801-USA model RTE-300 D). The
specimens, with the probes in proper places, were then
suspended in the thermostatically controlled saline bath.
For temperature measurements, the free ends of the
probes were combined with a data acquisition system
(Keihtley model 2,700 multimeter), which was con-
nected via interface to a recording computer (Fig. 3).

A 12-ml (Codman cranioplastic Type 1-slow set) ce-
ment was placed into the vertebrectomy cavity and a no
7 probe was placed. Then the entire system was im-
mersed once again into the saline bath and measure-
ments were acquired. The temperature variations were
continuously recorded for 1,800 s and data points were
collected at a frequency of 1 Hz. All data obtained by
this procedure were transferred to Microsoft Excel 2000.

The differences between mean temperature values of
probes was analysed by using non-parametric Wilcoxon
Signed Rank test and p <0.05 was considered as statis-
tically significant.

The raw data obtained from all measurements were
processed using Microsoft Excel software. Non-linear
curve-fitting operations have been applied to the col-
lection of data from ten samples to express a best-fit
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5) Insulated Saline Bath Tank
6) Thermo Couples
7) Keithley Data Acquisition System

8) PC Computer & Data Management
9) Plotter

curve demonstrating the thermal behaviour of each
probe. Curve-fitting procedure was performed using
MATLAB engineering software.

Results

Measurement point 1 was located in the spinal cord and
was the nearest point to the PMMA filling the corpec-
tomy cavity. It was observed that the thermal effects on
the spinal cord tissue started to be significant within
200400 s following the placement of PMMA and began
to diminish thereafter as the 800-s threshold had been
passed. The temperature values in this location were
found to be at the critical level of 42-44°C for five
specimens. In one of those five specimens the tempera-
ture more than 44°C was noted. The data obtained from
measurement point 2 which was located at 9 mm depth
were similar to those obtained from measurement point
1. The temperature rise at this location began at the
200th second of the experiment and lasted for 800 s. At
measurement point 2, the critical level of 44°C was ex-
ceeded in five specimens and the high temperature pla-
teau lasted longer.

Results obtained from the third location showed
similar characteristics to data acquired from measure-
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ment point 1. At this location, critical temperature levels
were exceeded only in one experiment. Temperature
variations at measurement point 4, which was the far-
thest location from the PMMA region, ranged between
37°C and 39°C, and were not within the critical range.
When compared with all recording sites, the dorsal white
matter exhibited the lowest temperature (p<0.05)
(Fig. 4).

Temperature variations obtained from the thermal
probe, which was in contact with the saline bath and
located at the ventral epidural surface of the corpectomy
cavity ranged between 40°C and 45°C throughout the
whole experiment. Temperature rise at this point began
within 200 s of the experiment, remained constant be-
tween 400 s and 600 s, and progressively diminished
within 800 s after the start of the experiment.

High temperature values were recorded from sensor
6, which was located in the trabecular portion of the
vertebral body and in the vicinity of the corpectomy
region filled with PMMA. Although the average tem-
perature recorded from the bone was 45°C, temperature
increases as high as 60°C were observed in some cases.
The evolution of the values was similar to those recorded
at location 5.

Sensor number 7, located in the core of the PMMA
filling region, was used to determine the behaviour of
PMMA during the polymerisation process. The core

temperature of cement increased as high as 130°C, with
an average of 80°C. A sharp peak was recorded in
temperatures during the 200 s and 400 s time interval,
which diminished in a short time to reach the tempera-
ture of the saline bath. The temperature of the saline
bath remained constant at 37°C, and provided an opti-
mal in vitro environment throughout the whole experi-
mental procedure.

Discussion

Polymethlymethacrylate has been used as bone cement
in previous studies in order to secure fixation of metal
and polyethylene prosthetic materials into living bone
tissue [2]. PMMA is a well-known polymer with its
extensively studied chemical and physical characteristics;
it is also a stabilisation material that is commercially
available.

Since the first introduction of PMMA, its thermal
effects due to polymerisation have been of great concern
to researchers and physicians. The exothermic reaction,
which occurs during the in vitro polymerisation of
PMMA, has been reported to cause a temperature rise
that may reach 100°C [2].

In orthopaedic surgical procedures, such thermal ef-
fects have been implicated as a cause of excessive bone
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necrosis, and, loosening or failure of the implants. It has
been widely accepted that temperature at the bone-ce-
ment interface during polymerisation of the cement mass
is often greater than 70°C, and is responsible for bone
necrosis observed at this location [2, 13, 14, 17, 1].

Polymethlymethacrylate application has been con-
sidered as an efficient method in the surgical treatment
of spinal stabilisation disorders. Some important indi-
cations of PMMA use in spine surgery may be sum-
marized as follows:

(1)
2)
(€)
(4)

When maximum post-op stability is crucial to the
survival of the patient,

In conditions when auto and/or allograft substitutes
are not available

Stabilization requirement in an extremely ill patient
[12-14, 20].

Augmentation of osteoporotic compression frac-
tures [19].

As mentioned previously, PMMA undergoes a
spontaneous transformation, which changes its initial
monomer molecular structure to a polymer with an
accompanying exothermic chemical reaction that results
in undesired thermal effects in the surrounding tissues.

Temperature elevations reached during PMMA
application depend on several variables such as the
amount of the reacting monomer, the rate of heat dissi-
pation, and, the thermodynamic properties of PMMA
such as its specific heat capacity and thermal conductivity
[12]. The most important of these variables seems to be
the amount of monomer used which yields an average of
13 kcal thermal energy per 100 g of monomer [12]. The
second most important variable is the surface area over
which the heat dissipates. The rate of temperature ele-
vation in a substance is primarily dependent on two
physical properties: the heat capacity of the substance
and its ability to transport heat [12].

It is a well-known fact that the histological charac-
teristics of substantial alba and substantia grisea of the
medulla spinalis are different. Due to the histological
properties of the spinal cord, thermal conductivity may
be expected to be different at different regions within the
spinal cord. The present study demonstrates that the
temperatures recorded from the vicinity of the heat
source i.e. PMMA, were higher and increased earlier.
The temperature recorded from the gray matter was

higher compared to the white matter, and also, the peak
temperatures were reached faster in the gray matter. The
lower temperature values and the longer duration for
heating as recorded from the peripheral white matter
may partly be explained by the different thermal con-
ductivity characteristics of the tissue. However, the
temperature variations observed in the gray matter of
the anterior horn and the ventral white matter showed
no significant difference in our study (p>0.05). On the
other hand, the temperatures recorded from the dorsal
side of the gray matter were significantly lower than the
ventral side (p <0.05). According to these results it can
be suggested that:

1. The white and the gray matters of the spinal cord
exhibit different thermal properties; the white matter
seems to be more conductive and absorbs the heat
less than the gray matter.

2. The temperature distribution within the gray matter
is inversely proportional to the distance from the heat
source, i.c., PMMA.

3. The inverse proportion between the distance from
PMMA and the temperature is more profound in the
gray matter.

4. The temperature of the dorsal white matter remains
almost constant and does not elevate as it absorbs
less heat than the other parts and is distant from the
heating source.

All experiments in the present study were carried out
in a 0.9% isotonic sodium chloride bath and measure-
ments from the spinal cord indicated that the existence
of water within the PMMA application region is not
insulative enough and did not prevent thermal over-
loads.

Conclusion

We conclude that thermal injury to the spinal cord due
to PMMA application might be more profound in the
gray matter compared with other neural structures. In
order to minimize complications related to PMMA
application, it may be advisable to place an insulating
material between the PMMA and the neural tissue, or to
substitute PMMA with a material that dissipates less
heat during polymerisation.
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