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1 | INTRODUCTION

| Robert D. Bowles? | Mark R. Buckley!

Back pain is the leading cause of disability globally and the second most common cause of doc-
tors' visits. Despite extensive research efforts, the underlying mechanism of back pain has not
been fully elucidated. The intervertebral disc (IVD) is a viscoelastic tissue that provides flexibil-
ity to the spinal column and acts as a shock absorber in the spine. When viscoelastic materials
like the IVD are cyclically loaded, they dissipate energy as heat. Thus, diurnal, regular move-
ments of the vertebral column that deform the IVD could increase disc temperature through
viscoelastic heating. This temperature rise has the potential to influence cell function, drive cell
death and induce nociception in innervating nociceptive neurons within the IVD. The present
study was conducted to investigate the capacity of IVD to increase in temperature due to vis-
coelastic heating. Insulated caudal bovine IVD were subjected to physiological cyclic uniaxial
compression over a range of frequencies (0.1-15 Hz) and loading durations (1-10 min) ex vivo,
and the temperature rise in the tissue was recorded. According to our findings, the IVD can
experience a temperature rise of up to 2.5°C under cyclic loading. Furthermore, under similar
conditions, the inner nucleus pulposus exhibits more viscoelastic heating than the outer annu-
lus fibrosis, likely due to its more viscous composition. The measured temperature rise of the
disc has physiological relevance as degenerative IVD tissue has been shown to produce a sensi-
tization of nociceptive neurons that spontaneously fire at 37°C, with a T50 response at 37.3°C
and a maximum response at 38°C. Our results suggest that viscoelastic heating of IVD could
interact with sensitized nociceptive neurons in the degenerative IVD to play a role in

back pain.
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Increased tissue temperature due to viscoelastic heating has previ-

ously been observed both in vivo and ex vivo in tendon, another vis-

Intervertebral discs (IVDs) are composite, fibrocartilaginous structures
that act as shock absorbers between vertebrae in the spine. The IVD
consists of 2 distinct parts: the fibrocartilaginous outer annulus fibro-
sus (AF) and the more viscous inner nucleus pulposus (NP). Collec-
tively, the IVD is a viscoelastic tissue.l™ Viscoelastic materials
possess mechanical properties that resemble both viscous fluids and
elastic solids.* When cyclically loaded, viscoelastic materials lose
energy in the form of heat as a result of viscous dissipation. This phe-
nomenon is known as viscoelastic heating, and can cause a time-
varying increase in tissue temperature that depends on its heat

capacity, thermal conductivity, and thermal boundary conditions.

coelastic connective tissue.>~” For example, temperatures as high as
45°C were recorded in the superficial digital flexor tendon (SDFT) of
galloping horses in vivo’ and the rate of temperature rise in dynami-
cally loaded sheep plantaris tendons was found to increase with
mechanical power in vitro.® However, to our knowledge, viscoelastic
heating has not been investigated in the IVD.

In vivo, IVD undergo cyclic multiaxial deformations,® including
axial compression, as a result of regular movements, physical activi-
ties, and exposure to vibrations. Individuals operating heavy machin-
ery, such as construction equipment, experience full body vibrations

up to and exceeding 15 Hz. ' Over time IVD can degrade as a
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result of age? or injury, resulting in reduced function and significant
pain.! Heating in the IVD is of particular interest because recent
investigations have shown that degenerative human IVD is capable
of sensitizing nociceptive neurons to thermal stimuli.2>* As a result,
nociceptive neurons begin to fire at 37°C, have a T50 of 37.3°C and
see a maximal firing response by 38°C. As a result, relatively small
changes in temperature in the disc could drive nociception neuron fir-
ing in the degenerative IVD. Moreover, super-physiological tempera-
tures could affect cell health, induce cell death,®® and impact
homeostasis of the extracellular matrix by altering enzyme activity.
Hence, viscoelastic heating could conceivably play an important role
in IVD pain and degeneration.

The primary objective of the current study was to investigate the
capacity of IVD, both as a whole and divided into its individual con-
stituents (AF and NP), to increase in temperature as a result of visco-
elastic heating when cyclically loaded over a range of frequencies and
test durations. To this end, we subjected well-insulated, intact bovine
IVD, as well as separated AF and NP, to cyclic uniaxial compression
ex vivo. We hypothesized that tests of higher frequency and longer
test duration would result in greater heating and temperature rise in
the IVD than those of lower frequency and shorter test duration.
Additionally, we hypothesized that the temperature increase associ-
ated with viscoelastic heating would be higher in the NP than in the
AF due to its viscous nature. Finally, we hypothesized that the mea-
sured temperature rise of the IVD would closely correlate with both
the energy dissipated and the theoretical maximum temperature

increase in the case of perfect insulation.

2 | MATERIALS AND METHODS

2.1 | Sample preparation

Healthy bovine tails were acquired from a local abattoir and caudal
IVD were carefully dissected from between the vertebrae (Figure 1A)
and stored at —20°C for a maximum of 5 days. Prior to testing, [VDs
were thawed and kept hydrated in phosphate-buffered saline (PBS).
For control tests and IVD heating experiments, IVDs were kept intact
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FIGURE 1 (A) Photograph of intact bovine tail with bone segments
recolored in gray scale to highlight IVD (see online version for color).
(B) Intact IVD after dissection. (C) Outer annulus fibrosus and

(D) inner NP after isolation

and were measured to have diameters of 23.2 + 2.50 mm (mean +
SD) and thicknesses of 6.74 + 0.80 mm. For regional heating experi-
ments, IVDs were separated into the AF and NP prior to testing
(Figure 1B-D).

2.2 | Experimental setup

Thawed and insulated IVD, AF or NP were equilibrated to room tem-
perature and placed between 2 flat, custom fabricated platens in an
Instron Electropuls E10000 materials testing device (Instron, Norwood,
Massachusetts; Figure 2). The top platen was attached to the actuator
arm, and the bottom platen was attached to a 1-kN load cell. The actu-
ator arm was displaced such that the tested specimen was subjected
to uniaxial compression along the cranial-caudal direction. The insula-
tion methods and loading protocols are described in later sections.
Before and after testing, the temperature of the center of the
specimen (or, in the case of AF only tests, the center of the circular
cross section of the AF) was measured using a sharp k-type thermo-
couple. The temperature rise, AT of the specimen was taken to be
the difference between the temperature of the specimen after testing
and the temperature of the IVD prior to testing. The thermocouple
was removed from the tissue during testing, as friction between the
tissue and thermocouple could cause the disc to heat independent of

internal mechanisms.

23 |

To assess the capacity of the IVD to rise in temperature due to visco-

Insulation tests

elastic heating, it was necessary to insulate the specimens such that
the heat generated within the tissue was not immediately transferred
to the surroundings. In vivo, despite temperature regulation by
nearby vasculature, some degree of insulation due to surrounding tis-
sues (eg, endplates and spinal ligaments) is likely to exist as well.
Thus,
characterized.

several methods of insulation were considered and

Preliminary trials were conducted with bare, uninsulated discs;
however, this methodology was determined to be inadequate due to
nonphysiological evaporative cooling. To avoid evaporative cooling,
additional tests were performed with the IVD in a PBS bath. This
form of insulation was also deemed inadequate since the temperature
of both the tested specimen and the PBS bath itself increased. The
temperature rise of the PBS bath occurred even in the absence of a
specimen between the platens, and this fluid temperature rise—
presumably due to viscous dissipation around the moving platen—
was difficult to decouple from the independent temperature rise of
the tissue due to viscoelastic heating.

Note that controlling the PBS bath temperature has the potential
to counteract platen-associated heating. However, heat from a heat-
ing element used to control bath temperature could be difficult to
delineate from viscoelastic heating. Moreover, no temperature con-
trol strategy can prevent local (or temporary) increases in tempera-
ture. Thus, despite the use of temperature control, motion of the top
plate is likely to cause a local temperature elevation in the fluid
immediately surrounding the disc. This fluid heating could increase

the temperature of the disc and could be misinterpreted as an effect
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FIGURE 2 Schematic of mechanical testing equipment. An Instron
Electropuls E10000 was used to cyclically compress insulated IVD
(insulation not shown)

of viscoelastic heating. Importantly, the possible presence of a tem-
perature rise due to IVD-independent mechanisms has the potential
to confound the interpretation of measurements of disc temperature.
Therefore, we did not attempt to use a heated/temperature con-
trolled PBS bath in our experiments.

Due to the shortcomings of testing bare specimens and testing in
a fluid bath, we determined that it was necessary to wrap the disc
within an insulating material. Several insulative wrappings were
tested and compared: a reflective metallic tape (to prevent heat loss
due to radiation), a layer of woven fabric surrounded by a thin sheet
of polyethylene (duct tape), a compact set of thin insulating fabric
sheets (Thinsulate) and a layered insulation of duct tape + Thinsulate.
For these experiments, an IVD (n = 3/insulation method) was placed
in a PBS bath heated to approximately 30°C. After thermal equilibra-
tion, the IVD was removed from the bath and wrapped in insulation.
A sharp k-type thermocouple was then secured in the center of the
disc to continuously record the internal IVD temperature. The IVD
was left at room temperature (~20°C) until it cooled to 21.5°C.
According to a one-way analysis of variance (ANOVA) with Bonfer-
roni post hoc analysis (a« = .05), the average rate of heat loss was only
significantly lower than bare IVD in duct tape + Thinsulate, where it
took nearly 30 min for the temperature to decrease by just 3.5°C
(Figure 3). Thus, we selected this method of insulation for use in all
mechanical tests. The total thickness of the duct tape + Thinsulate
insulation was 1 to 1.4 mm under a preload of 25 N (see “cyclic
experiments”), as compared with the thickness of the IVD
(6.74 & 0.80 mm). Due to the nonnegligible thickness of the insula-
tion, the target applied strain amplitude (~20%) may differ slightly
from the actual imposed tissue-scale strain amplitude.

2.4 | Control tests

Several control sets were conducted to ensure that mechanical test-
ing did not induce a temperature rise independent of tissue viscoelas-
tic heating. First, to ensure that the insulation itself did not exhibit
measurable viscoelastic heating, a stack of Thinsulate sheets wrapped

in duct tape with the same thickness as the insulated IVD (~8 mm)
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was loaded into the Instron and compressed cyclically to a strain of
-20% of the uncompressed disc height for 10 min at 15 Hz (n = 3).
Next, to ensure that the mechanical testing system itself did not mea-
surably heat the disc, insulated IVDs (n = 5) were adhered to the top
platen with tape and cyclically displaced without contacting the bot-
tom platen (such that the IVD was not compressed) for 10 min at
15 Hz with an amplitude of 20% of the IVD thickness. Finally, to con-
firm that static loading and deformation of the disc—which should
lead to negligible energy dissipation—do not heat the disc through a
different mechanism, IVDs (n = 5) were compressed to a static load
of 25 N and the central temperature was recorded before loading
and 10 min after loading.

Additional control tests were performed to evaluate the effect of
thermocouple puncture on disc heating. The thermocouple used in
our study had a diameter of 1.23 mm. A previous study showed that
puncture of caudal bovine discs from needles with a diameter of
0.82 mm does not impact overall mechanics in bovine caudal IVD.1¢
Furthermore, it was observed that a needle diameter: disc height ratio
exceeding 0.4 is necessary to impact disc mechanics.r” The thermo-
couple diameter: disc height ratio in this study was approximately
0.18, below the 0.4 threshold. Nevertheless, experiments were con-
ducted to confirm that thermocouple puncture did not affect visco-
elastic temperature rise.33? To this end, specimens with and without
thermocouple puncture (n = 4 per group) were cyclically compressed
to —20% strain for 1 min at 15 Hz. The predicted maximum tempera-
ture rise (explained later) was then calculated and compared between
the punctured and unpunctured discs.

Finally, 2 sets of experiments were conducted to ensure the
repeatability of testing at different frequencies. In the first experi-
ment discs were (1) compressed cyclically to =20% strain for 1 min at
1 Hz; (2) allowed to rest 25 to 30 min; (3) tested for 1 min at 15 Hz;
(4) allowed to rest for another 25 to 30 min; and (5) tested again for
1 min at 1 Hz. In the second set of experiments, the same procedure
was followed but with an initial and final test at 15 Hz and middle
test at 1 Hz.

2.5 | IVD and regional heating experiments

To assess the capacity of IVD, AF, and NP to rise in temperature due
to viscoelastic heating, thermally equilibrated specimens insulated
with duct tape + Thinsulate were loaded into the Instron and pre-
loaded to -20 N (where the negative sign indicates a compressive
force) to ensure full contact between the platens and the insulated
IVD. This preload ensured that the top platen visually remained in
contact with the insulated IVD throughout the time course of the
experiment. As soon as the preload was reached, the tissue was sub-
jected to cyclic uniaxial compression with a triangular waveform to a
peak strain of -20% of the uncompressed disc height with a fre-
quency of 0.1, 1, 3, 5, 10, or 15 Hz and a duration of 1, 5, or 10 min,
depending on the trial. The temperature of the IVD was assessed
before and after the test as described earlier, after which the IVD
was removed from the insulative wrapping and immersed in PBS for
at least 2 h before the next test.

For each test duration, including 1, 5, and 10 min tests, 5 intact

IVD specimens were tested across all frequencies, for a total of
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(A) Heat loss of IVD for each form of insulation for cooling from 25°C to 21.5°C. Each curve represents the average temperature

decay for a given form of insulation (n = 3). Insulation with duct tape + Thinsulate led to the slowest heat loss. (B) Heat loss per 10 s time
interval for each form of insulation (n = 3). Only insulation with duct tape + Thinsulate was associated with a significantly lower rate of heat loss
compared to bare disc. The gray box represents the accepted error range of the thermocouple used (+0.1°C)

15 intact IVD tested. Testing was conducted such that for each test
duration group, every disc was tested once before repeating the test
on the same disc with a different frequency. The order of test fre-
quency was randomized as an extra precaution to ensure that
increased heating was not an effect of the number of tests the disc
previously experienced.

Another 5 discs were separated into their respective AF and NP
constituents, which were then individually tested at a single fre-
quency and test duration (15 Hz and 5 min) according to the same
protocol used for intact IVD.

2.6 | Calculation of dissipated energy and the
maximum possible temperature change

The load cell force (F) and actuator displacement (AL) recorded by the
Instron and the dimensions of each IVDs were used to calculate the
dissipated energy and maximum possible temperature change of each
tested specimen. First, the axial engineering stress (o,,) was deter-
mined from F and the initial disc diameter (d) according to

1)

The axial infinitesimal strain (e,,) was computed from AL and the

initial thickness of the disc (L) according to

€= 2

For each cycle, the stress-strain curve exhibits hysteresis charac-
teristic of a viscoelastic material. The area inside this curve is equal to
the energy dissipated per tissue volume during cycle i (Widi“ipated;
Figure 4). This parameter was calculated for each cycle i using the
MATLAB trapezoidal numerical integration function “trapz” to com-
pute the area within the hysteresis loop. The dissipated energies

W,.dissu”’“3d in each cycle were then summed together to obtain the

total energy dissipation per volume over the course of the entire
test (Wissipated),
Wtdei?jipated - Zvvidissipatedv (3)

i

If we assume that all dissipated energy is dissipated as heat,
then Wdissipated s equal to the total heat energy generated in the
tissue. If we further assume that the tissue is perfectly insulated
(such that no heat transfer occurs with the surroundings), using the
definition of specific heat capacity ¢, the change in temperature
ATmax Of the tissue in terms of eriziipated, ¢ and tissue density p is

given by

loading

Magnitude of Stress g (N/mm?)

¥~ unloading

Magnitude of Strain € (mm/mm)

FIGURE 4 Representative (magnitude of ) stress versus (magnitude
of ) strain plot for a single cycle of a cyclically compressed, intact IVD.
The area in between the curves (green) is equal to the energy
dissipated during this cycle per unit volume. Note that since the IVD
undergoes compression, the actual stress and strain are both
negative
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For IVD, we take the density p to be 1100 kg/m® and the spe-
cific heat capacity ¢ to be 3568 J kg™*°C 118 Note that since this cal-
culation assumes that (1) all dissipated energy is dissipated as heat;
and (2) the IVD is perfectly insulated, ATPedicted represents the maxi-

mum theoretical temperature increase from viscoelastic energy dissi-

pation over the course of the experiment.

2.7 | Expected relationship between specimen size
and temperature rise at equilibrium

In an ideal situation featuring perfect insulation, for a given rate of
energy dissipation per volume, viscoelastic heating and the resulting
temperature increase of the disc increase with time and are indepen-
dent of specimen dimensions (Equations (3) and (4)). However, the
insulation of our experimental system is imperfect. In this case, not
only will heating be slower than in the ideal scenario, but in addition,
the temperature will reach an asymptote at long times (when the rate
of heat generation is balanced by the rate of heat loss) that depends
on the specimen size. Specifically, according to heat transfer theory,
the temperature rise at equilibrium is given by

ATequilibrium = HTI;(Z (5)
where « is thermal conductivity (constant), H is the energy dissipated
per second per volume, L is the disc height (assuming that the disc is
cylindrical), and ATequiiibrium i the expected asymptotic temperature
increase. Note that in this calculation, we are assuming that the disc

is thin such that heat loss is predominantly axial (rather than radial).

2.8 | Statistical analysis

For IVD heating experiments, AT was compared across frequency and
test duration using a 2-way ANOVA with Bonferroni post hoc analy-
sis. According to a power analysis of main effects performed using
the pwr2 package in the statistical software R (https://www.r-
project.org/), the design of this study yielded power of 0.99 to detect
a 0.25°C difference in AT across frequencies and a power of 0.91 to
detect a 0.25°C difference in AT across durations. The strength of
the correlations between AT and ATPedicted and the correlations
between ATequiiibrium and disc height L? were assessed for each load-
ing duration by computing the coefficient of determination, R2. For
regional heating experiments, AT was compared across regions (AF vs
NP) for a single frequency and duration (15 Hz and 5 min) using a
paired Student’s t-test. For all analyses, the threshold for significance
was set to a = .05.

3 | RESULTS

3.1 | Control tests

Control tests of Thinsulate + duct tape only, insulated discs dynami-
cally displaced without contacting the bottom platen, and statically

loaded discs all yielded negligible heating within the resolution of the

OLUNY 7L, | 5 of 10

0.2
2o 01 )
2% ® Thinsulate Bundle
[ T]
gg 0 ° @ Top Platen
g E 04 @ Static Load
2 £ -0.
-0.2

FIGURE 5 Temperature increase for 3 control tests (n = 3-5/test):
(1) testing of insulation only; (2) application of cyclic displacement on
the materials testing system without allowing the specimen to
contact the bottom platen (ie, without applying load); (3) application
of a static load. In all cases, the measured heating is within the error
range of the thermocouple (+0.1°C)

thermocouple (+0.1°C) (Figure 5). Additionally, there was no signifi-
cant difference in maximum theoretical temperature increase
between punctured and unpunctured discs (P > .44), confirming that
thermocouple puncture did not impact IVD heating. Finally, tests con-
ducted at the same frequency before and after an intermediate test
yielded no significant difference in temperature rise, indicating that

test order did not impact viscoelastic heating (Figure 6).

3.2 | IVD heating experiments

Under cyclic loading, the IVD increased in temperature by as much as
2.5°C. The measured temperature increase (AT) generally increased
with both frequency and loading duration (Figure 7A). For example, for
a 1-min loading duration, AT was significantly greater at 15 Hz than at
0.1 to 1 Hz while for 5 and 10 min loading durations, AT was signifi-
cantly greater at 15 Hz than at 0.1 to 10 Hz. Moreover, for 10 and
15 Hz loading frequencies, AT was significantly greater for 5 and
10 min of loading than for 1 min of loading. However, the effect of
loading duration disappeared for long loading durations, as no signifi-
cant differences were found between loading for 5 and 10 min.

The measured temperature rise AT and the maximum theoretical
temperature rise ATPedicted (calculated based on the energy dissipated
per cycle measured from the stress-strain curve) were strongly corre-
lated for all loading durations (R? > 0.836). Moreover, the slope of
the linear regression line (reflecting the multiplicative factor relating
AT to ATPredicted) increased with increasing load duration (Figure 7B).

Since the measured value of AT does not increase significantly
between 5 and 10 min of loading, we take this value of AT to be the
asymptotic temperature rise ATcquilibrium- The disc features a large
surface area on the top and bottom compared to the area along the
circumference, which facilitates axial heat loss over radial heat loss.
Axial heat loss would imply that ATeguilibrium Would scale with L? (disc
height squared), whereas with radial heat loss, ATequiibrium Would be
expected to scale with r? (radius squared). The experimental data
yielded a stronger correlation between ATcquilibrium and L? (Figure 8A)
than between ATequilibrium and r? (Figure 8B), as anticipated. For
example, for loading at 10 Hz for 10 min, the correlation between
ATequitibrium and L2 was significant (P = .0004) and strong (R? = 0.99)
while the correlation between ATeguilibrium and r? was not significant

(P = 41) and moderate (R?> = 0.23). Moreover, ATequilibrium generally
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FIGURE 6 Two sets of experiments were performed to investigate
the repeatability of assessments of AT (n = 4 per experiment). An
initial test was conducted for 1 min at either 15 or 1 Hz. The disc
was allowed a 30 min rest, then subjected to a second test at a
different frequency (either 1 or 15 Hz) before a second 30 min rest
period. Finally, the original test was repeated and the temperature
rise was compared between the initial and repeated test. The
temperature rise was not significantly different between the initial
and repeated tests for both 15 Hz (P = .18) and 1 Hz (P = .72)

decreased with increasing r?, which would not be the case if heat
were dissipated radially. Therefore, our data support axial heat loss as
predicted by heat transfer theory (Equation (5)). The measured tem-
perature increase at equilibrium was strongly to moderately corre-
lated with disc height squared at the higher frequencies of 15 and
10 Hz (Figure 8A). Due to their long duration, these high frequency
tests are most likely to reach the asymptotic temperature ATcquilibrium-
Therefore, the measured temperature increase and the square of the
height correlate more closely in these tests than in tests conducted
at the lower frequencies of 5 and 1 Hz, where correlations were
moderate (Figure 8A).
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FIGURE 7

3.3 | Regional heating experiments

AT was significantly higher in the NP than in the AF (Figure 9). In
fact, in all but one disc separated into the AF and NP, AT was greater
in the nucleus than in the annulus.

4 | DISCUSSION

To our knowledge, this is the first study to investigate the capacity of
the IVD to rise in temperature as a result of viscoelastic dissipation.
As hypothesized, we found that under certain conditions, viscous
energy loss during cyclic loading is sufficient to measurably increase
the temperature of the IVD. Additionally, AT increased with both fre-
quency and loading duration, attaining values higher than 2°C with
15 Hz loading for at least 5 min. Moreover, the measured tempera-
ture increase AT correlated strongly with ATPredicted | Finally, separat-
ing the AF and NP revealed that the NP heated more under identical
conditions.

Several separate findings in this study strongly suggest that the
measured temperature increase AT is due predominantly to viscoelas-
tic heating of IVD. First, control tests were performed to (1) assess
viscoelastic heating of the insulation material used to prevent heat
loss from the IVD; (2) assess heating of the IVD due to the materials
testing system itself; and (3) assess heating of the IVD due to static
(elastic) deformation. Each of these tests yielded negligible heating. In
addition, we found that AT was strongly correlated with ATPredicted,
the theoretical IVD temperature rise calculated from the measured
energy dissipated (based on load-displacement data). This strong cor-
relation between AT and a completely independent assessment of vis-
coelastic heating further indicates that viscoelastic heating is the
primary cause of the measured rise in IVD temperature.

The sensitivity of AT to both loading frequency and loading dura-

tion was expected, since both parameters scale with the total number

— Reference

1 min, Y=0,532°X ,
R?=0.855

Smin, Y =0.272"X,
R?=0.845

10min, Y =0.194°X,
R?=0836

5 10 15

Maximum Theoretical Temperature Increase (°C)

(A) Temperature rise for cyclic compression of intact IVD across loading frequencies for durations of 1, 5, and 10 min. Temperature

rise was generally greater at higher frequencies and longer loading durations (up to 5 min). (b) Comparison of the maximum theoretical
temperature increase (based on the total energy dissipated) with the measured temperature increase. According to linear regression analysis of
data from all frequencies, there was a strong correlation (R? > 0.8) between these parameters for all loading durations. However, the slope of
each linear fit was less than 1 (see solid black reference line) and decreased with loading duration, indicating that the maximum theoretical
temperature increase was generally higher than the measured temperature increase, and more so for linger loading durations
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(A) The correlation between measured temperature increase and disc height squared was moderate (0.25 < R? < 0.75) to strong

(R? > 0.75) for all 10 min tests (1-15 Hz) and significant (P = .0004) for 10 min tests at 10 Hz. (B) The correlation between measured
temperature increase and disc radius squared was weak (R? < 0.25) to moderate (0.25 < R? < 0.75) for all 10 min tests (1-15 Hz), but was not

significant at any frequency (P > .1)

of loading cycles (n) and ATRredicted seales with n and the energy dissi-

pated per cycle W‘.diSSipatecl (Equations (3) and (4)). In other words, a
higher number of loading cycles leads to more energy dissipation,
increased viscoelastic heating and greater temperature rise. Fre-

quency could also affect AT through its influence on W{ji“ipate‘j. Spe-

cifically, for sinusoidal loading at small W,-d'ss'patEd is

strains,
proportional to the square of the strain amplitude and the loss modu-
lus E'* which is in turn proportional to sin 5 (where § is the
frequency-dependent loss tangent equal to the phase angle between
stress and strain). However, previous studies have shown that E and
5 vary weakly with frequency in IVD,2%?! suggesting that the fre-
quency dependence of WfiSSipated is playing a limited role in the fre-
guency dependence of AT.

Although AT was strongly correlated with ATPredicted for gl Joad-
ing conditions, AT was almost always lower than ATPredicted  More-
over, the ratio of AT to ATPedicted (ie the slope of the linear

regression modeling the relationship between AT and ATpredicted)

decreased with loading duration, suggesting that AT,E{:)?‘Cted
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FIGURE 9 Independent heating of isolated, cyclically loaded nuclei
(red) and annuli (blue) (n = 5/group). The temperature rise in the
nucleus was significantly higher, and there was greater heating in the
nucleus in all but one pair. * indicates P < .05 versus annulus

overestimates AT to a greater extent the longer the disc is loaded.
These findings can be explained by the imperfect insulation capacity
of duct tape + Thinsulate. Although the calculation of ATPredicted
assumes that the IVD is perfectly insulated, some heat loss will occur
over the course of each experiment. Moreover, the extent of heat
loss will increase for longer loading durations because (1) there is
more time for heat transfer for occur; and (2) because as energy is
dissipated and the disc temperature increases, the temperature differ-
ence between the disc and the room (which governs the rate of heat
transfer) will also increase.

As anticipated, due to imperfect insulation, the viscoelastic tem-
perature rise AT equilibrated at long times. In particular, it did not
increase significantly between 5 and 10 min of loading, allowing us to
take the values of AT at 10 min of loading to be the asymptotic tem-
perature rise ATequiibrium- Furthermore, our experimental data
(Figure 8) confirm a direct relationship between disc size and equilib-
rium temperature elevation, as predicted by heat transfer theory
(Equation (5)). Given this relationship, we can predict the expected
temperature increase in human IVD under the same test conditions
we used to test the bovine IVD. If we assume that x and H are equal
in bovine and human IVD:

human L2

equilibrium — “human (6)
ATbovine 12 -

equilibrium bovine

In this study, the average height of bovine disc (6.74 mm) and
equilibrium temperature rise experienced by bovine disc for 15 Hz
loading (2.24°C) were assessed. In the human disc, the average height
is approximately 11.3 mm.2? Thus, for a 10-min test at 15 Hz, we

anticipate that

_ Lﬁuman~ ° (11.3mm)2~ .
AThuman = ATcowm (224 C)m 6.30 C. (7)

From these calculations, we can conclude that the expected equi-
librium temperature increase in our system would be about 6°C in
human VD, as compared to about 2°C in bovine IVD.

Since the viscoelastic parameter E (the loss modulus) is related

to the energy dissipated per cycle in a material subjected to
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sinusoidal loading and we have shown that the total energy dissi-
pated in the IVD is correlated with the increase in tissue temperature,
it is possible to relate this temperature rise to E . In particular, in a lin-
ear viscoelastic material subjected to sinusoidal loading, the energy
dissipated per cycle per volume is given by Wdissipated = 7, 2E" \where
yo is the applied strain amplitude. Thus, the energy dissipated per vol-
ume after time t for loading at frequency f is given by
wlisieated = 7 2pvft - Assuming perfect insulation, the increase in disc

temperature can then be expressed as

dissipated 2

ATPredicted _ m - ”VOE”ft 8

max _— ( )
pc pC

According to our findings (Figure 7), AT is an approximately linear
function of ATPredicted gch that AT = CATPedicted where C is an experi-
mentally determined parameter. In the case of perfect insulation,
C = 1. But practically, C is less than 1 and depends on t due to the
time-dependent escape of heat from the disc. For example,
C = 0.558 for 1 min of loading, C = 0.289 for 5 min of loading and
C = 0.207 for 10 min of loading (Figure 7). Note that in our experi-
ments, we cannot measure E since we did not apply sinusoidal defor-
mation. However, our data nevertheless demonstrate how AT can be
predicted from knowledge of E't, p, c,and f (Equation (8)).

Our data demonstrate that while both the NP and AF exhibit vis-
coelastic heating, the NP heats to a greater extent than the surround-
ing AF when independently compressed. This finding is consistent
with a previous study reporting that de-nucleated IVD exhibit a
reduction in loss modulus E’, property that (as described earlier) dic-
tates the ability of a material to dissipate energy under cyclic load-
ing.2° One source of viscous dissipation in cyclically compressed
biological tissues is fluid-solid friction as water is forcibly squeezed
out. Hence, viscoelastic heating (perhaps more appropriately
described in this case as “poroelastic heating”) is expected to increase
with increasing water content.

Due to its higher concentration of negatively charged glycosami-
noglycans, the NP has a higher water content and higher osmotic
pressure than the AF.23?* Thus, the increased viscous heating
observed in the nucleus could be due to its distinct composition. Our
data imply that cells in both the annulus and nucleus are likely to be
affected by viscoelastic heating. But since greater temperature rise is
observed in the NP, cells in this region may be more susceptible to
impaired function or cell death as a result of viscoelastic heating. It is
important to note that our independent tests of AF and NP do not
fully recapitulate the loading conditions that these tissue constituents
experience when the IVD is intact, as the pressurization of the
nucleus under compression imparts hoop stresses onto the AF that
will be absent when the AF is removed.?>?° However, since heat is
easily conducted between the AF and NP in intact IVD, testing the
AF and NP separately was necessary to compare their individual con-
tributions to IVD viscoelastic heating.

Note that both poroelastic (flow-dependent) and solid matrix vis-
coelastic (flow-independent) mechanisms are likely to contribute to
energy dissipation (and, consequently to heating) in the IVD. How-
ever, poroelastic effects and solid matrix viscoelastic effects may

dominate at different frequencies. In isotropic and homogeneous

poroelastic materials, the timescale of poroelastic relaxation for load-
ing in an unconfined compression geometry is equal to the gel diffu-
sion time given by tgeﬁH"—;, where H, is the aggregate modulus of the
material, k is the hydraulic permeability and a is the specimen radius.
Taking a to be 0.012 m based on the measured dimensions of the
tested discs and estimating Ha and k to be 0.6 MPa and 0.2
2 x107 m* N! s! based on previous studies of the AF,
teer~10° min.?” This analysis is a very course approximation of the
intact disc due to its heterogeneous composition and anisotropic
structure (leading to complex matrix deformations, pressure distribu-
tions and fluid flow patterns). Nevertheless, this calculation suggests
that poroelastic effects should persist even at very slow (long)
timescales.

On the other hand, the timescale of solid matrix viscoelastic dis-
sipation is expected to be shorter since this effect is caused by rapid
processes including molecular relaxation,'® fiber sliding and bond
breaking/reformation.2® Furthermore, at very high frequencies (much

greater than ?15.)’ load induced-fluid flow within a poroelastic tissue

may be neglected and the tissue may be treated as an incompressible

material.??

Thus, we might anticipate that flow-dependent effects will
dominate at low frequencies while flow-independent effects will
dominate at high frequencies. However, it is important to note that
there is strong evidence that across at least some of the frequencies
investigated in the current study, both poroelastic and solid matrix
viscoelastic effects contribute to dissipation and, consequently,
should contribute to viscoelastic heating. In particular, a previous
study compared the frequency-dependent (ie, dissipative) mechanical
response of IVD under different modes of deformation for frequen-
cies ranging from 1072 to 1 Hz and determined that while IVD stiff-
ness is frequency-dependent for both shear and compressive loading,
it is more sensitive to frequency for compressive loading.?* Shear
loading involves minimal flow-inducing volume change and, hence,
mostly probes the flow-independent dissipative properties of a tissue.
Thus, the frequency dependence of the mechanical response of IVD
under shear loading suggests a solid matrix viscoelastic contribution
to dissipation. In contrast, uniaxial compression involves substantial
flow-inducing volume change and probes the flow-dependent dissipa-
tive properties of a tissue. The stronger frequency dependence of the
mechanical response of IVD under compressive loading suggests a
poroelastic contribution to dissipation as well (at least for frequencies
between 107% and 1 Hz).

It is important to note that our results do not imply that external
heating or cooling of the back (as are commonly used to treat back
pain) will contribute to or help treat heat-induced disc degeneration
or disc pain. In particular, the skin and intervening muscle are both
thick and highly vascularized, which aids in temperature regulation
and inhibits heat transfer between the IVD and a heating or cooling
pad outside of the body.

This study was not without limitations. First, testing was con-
ducted at room temperature, not body temperature, and it is conceiv-
able that the specific heat capacity of IVD may be temperature-
dependent. While we are unaware of any studies assessing how the
specific heat capacity of IVD

changes with temperature,

temperature-dependent changes in the specific heat of collagen gels
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have been investigated.*® At room temperature (296 K), the specific
heat capacity of a collagen gel is approximately 1.96 J/gK and at body
temperature (310 K), the specific heat capacity is about 2.02 J/gK.
Assuming that the thermal properties of IVD are similar to collagen
gels, according to our model (Equation (4)), this increase in heat
capacity of the IVD at body temperature should cause an associated
decrease in temperature rise of only 3% (ie, a temperature rise of
1.94 at 37°C instead of 2°C at room temperature). Importantly, even
if the specific heat capacity of the IVD is more sensitive to tempera-
ture than this calculation suggests, changes in temperature associated
with viscoelastic heating should not strongly depend on the initial
temperature of the IVD.

Second, while the duct tape + Thinsulate combination insulated
the disc such that viscoelastic heating measurably increased IVD tem-
perature, it is not clear how these experimental conditions compare
with in vivo conditions. In the body, the endplates and soft tissues sur-
rounding the IVD may provide some degree of insulation. However,
nearby vasculature could help regulate the temperature of the IVD,
inhibiting the effects of viscoelastic heating. Nevertheless, in galloping
horses, a substantial temperature rise was observed in both the central
and peripheral SDFT, suggesting that in vivo temperature regulation of
connective tissues is imperfect.” But tests were performed to ensure
the puncture did not have significant effects on heating.

In this study, viscoelastic heating was investigated across a range
of frequencies and durations for cyclic deformation to -20% strain.
While the strain magnitude applied to IVD was higher than the levels
of nominal strain (ie, endplate-endplate strain) generally observed
in vivo, it was within the range of local strains that occur in human
discs in experimentally simulated physiological conditions.®® The fre-
quency range (0.1-15 Hz) encompassed both slow movements
(0.1 Hz), ambulation (~1 Hz), and high frequency vibrations experi-
enced while using heavy equipment (3-15 Hz). Just as we found
increased viscoelastic heating at higher frequencies, exposure of trac-
tor, bus and heavy equipment drivers to high frequency vibrations is
associated with increased risk of back pain.?~ %34

An important advancement enabled by this study is the establish-
ment of an in vitro experimental system that may be used to study
viscoelastic heating of the IVD under well controlled conditions. In
ongoing and future studies, we are using this system to investigate
the influence of strain amplitude and disc degeneration on viscoelas-
tic heating in human IVD.

Our data suggest that temperature rises >2°C are theoretically pos-
sible in IVD due to viscoelastic heating. Since it has been demonstrated
that degenerative IVD can sensitize nociceptive neurons to thermal
stimuli and produce a thermal dynamic firing range of 37 to 38°C, an
increase in temperature above resting body temperature in the ranges
demonstrated in this study could produce nociceptive signaling in the
IVD and directly contribute to back pain.**!* Another mechanism
through which viscoelastic heating of the IVD could contribute to disc
degeneration is by driving apoptosis in IVD cells or otherwise inhibiting
IVD cell function, as high temperatures are associated with reduced cell
viability in other connective tissues.’® Finally, it is possible that
increased disc temperature due to viscoelastic heating could disturb
extracellular matrix homeostasis by speeding up the reaction kinetics of

matrix metalloproteinases or other degradative enzymes. Overall, we
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have demonstrated a potential contributor to degenerative disc disease
and back pain that has not been previously considered. Future work will
characterize its role in degenerative disc tissue and investigate its role

to drive nociceptive neuron firing and IVD cell function.
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