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Background and Objective: To examine the biophysical
effects of photothermal heating on herniated interverteb-
ral discs during laser decompression surgery.
Study Design/Materials and Methods: Ex vivo bovine
nucleus pulposus specimens were irradiated with a Nd:
YAG laser (l� 1.32 mm, 100 seconds exposure time, 9±31
W/cm2, 4.8 mm spot diameter), whereas changes in tissue
thermal, mechanical, and optical properties were moni-
tored by using, respectively, infrared radiometry, tissue
tension measurements, and diffuse re¯ectance from a
HeNe probe laser. Morphologic changes and mass reduc-
tion were monitored by recording shape changes on video
and weighing specimens before and after laser exposure.
Results: At power densities below 20 W/cm2, evaporation
of water and specimen volume reduction (shrinking) were
consistently observed on video during irradiation. In
contrast, above 20 W/cm2, vapor bubbles formed within
the specimen matrix and subsequently ruptured (releas-
ing heated vapors). When radiometric surface tempera-
ture approaches approximately 60 to 70�C (denaturation
threshold for tissue), tissue tension begins to increase,
which is consistent with observations of specimen length
reduction. The onset of this change in tissue tension is also
re¯ected in characteristic alterations in diffuse re¯ectance.
With cessation of laser irradiation, a sustained increase
in tissue tension is observed, which is consistent with
changes in specimen length and volume. Higher laser
power results in a faster heating rate and subsequently an
accelerated tension change. Specimen mass reduction
increased with irradiance from 19 to 72% of the initial
mass for 9±31 W/cm2, respectively. Irradiated specimens
did not return to their original shape after immersion in
saline (48 hours) in contrast to air-dried specimens
(24 hours), which returned to their original shape and size.
Conclusion: These observations suggest that photother-
mal heating results in irreversible matrix alteration
causing shape change and volume reduction (observed on
video and evidenced by the increase in tissue tension)
taking place at approximately 65�C. Inasmuch as high
laser power results in vapor bubble formation and speci-

men tearing, the heating process must be controlled.
Diffuse re¯ectance measurements provide a noncontact,
highly sensitive means to monitor dynamically changes in
tension of nucleus purposus. Lasers Surg. Med. 28:248±
254, 2001. ß 2001 Wiley-Liss, Inc.
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INTRODUCTION

The intervertebral disc is made up of ®brocartilage,
which has properties similar to both hyaline cartilage and
dense connective tissue [1]. The disc is heterogeneous
consisting of a soft inner region (the nucleus pulposus, NP)
surrounded by the annulus ®brosus (AF) composed of
approximately 12 concentric lamellae [2]. The high osmo-
larity of the NP extracellular matrix results in swelling,
which is limited by the surrounding AF and vertebral body
end plates. As a result, this increased intradisc pressure
balances axial load bearing forces [3]. In herniated disc
syndrome, a structural defect in the AF results in partial
extrusion of the NP, which may impinge on the adjacent
nerve root, resulting in pain. The treatment of herniated
disc requires decompression and evacuation of the NP,
which can be accomplished by using laser irradiation at
nonablative ¯uences to reduce the volume of the herniated
segment.

Following the pioneering work by Ascher on percuta-
neous intradiscal laser nucleotomy [4], various laser
procedures have been used for the treatment of herniated
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discs [5±7]. Laser irradiation of the NP results in volume
reduction readily observed by the naked eye. The success
of minimally invasive laser disc procedures is well docu-
mented by several clinical studies [8±13]. Despite clinical
implementation of laser-assisted disc operations, the
mechanisms of action and biophysical changes in the NP
accompanying laser irradiation have not been extensively
studied, nor has feedback control been used to optimize
this procedure.

The purpose of this study was to characterize the
thermal, mechanical, optical, and morphologic changes in
the NP during sustained Nd:YAG laser (l� 1.32 mm)
irradiation. Volume changes were estimated by measuring
changes in tissue tension (tensiometric force) T(t) in a
rigidly secured specimen and mass loss (due to evapora-
tion). These indirect methods were used as the irregular
geometry and viscoelasticity of the NP preclude direct
measurement. Morphologic changes were analyzed by
using stop-action video imaging. Surface temperature of
the NP specimen (Sc(t),

�C) was estimated by measuring
infrared emissions radiometrically. Structural alterations
in the tissue matrix were indirectly monitored by measur-
ing the changes in diffusely re¯ected light (I(t)) from a
second probe laser beam (HeNe, l� 632.8 nm) during
photothermal heating with the Nd:YAG laser. Finally,
reversibility of the laser-mediated volume reduction was
determined by observing shape and appearance changes in
irradiated NP specimens after 48 hours of immersion in
saline (in contrast to simply air-dried specimens).

MATERIALS AND METHODS

Intervertebral discs were dissected from fresh bovine
tails purchased at a local packing house. Bovine tails were
chosen because of their large size, availability, and low
cost. The NP was removed with a tissue punch (diameter
� 8 mm). Specimens were immediately secured to the
experimental apparatus (Fig. 1) to minimize water loss
due to desiccation.

Biophysical Measurements

Two straight-tip hemostat clamps secured the specimen
to the experimental apparatus (Fig. 1). One hemostat was
welded to a thin-beam load cell while the other was secured
to a stationary ring-stand. A micropositioner attached to
the load cell was used to adjust the initial tension across
the stretched specimen. Laser irradiation resulted in
specimen length reduction and an increase in T(t).

NP specimens were irradiated for 100 seconds with the
Nd:YAG laser (l� 1.32 mm, 50 Hz PRR, Laser Aesthetics,
Auburn, CA) at one of ®ve power densities (9, 14, 20, 25,
and 31 W/cm2). The laser energy was delivered by means
of a 600-mm core-diameter silica multimode optical ®ber
terminating in a collimating lens. Laser spot size (4.8 mm
diameter) and power were measured with thermal paper
and a pyroelectric meter (Model 10A-P, Ophir, Jerusalem,
Israel), respectively.

Radiometric surface temperature (Sc(t),
�C) was esti-

mated by using a thermopile sensor (response time of
120 msec (95%), spectral sensitivity 7.6-18 mm, Laser

Aesthetics), and calibrated as previously described [14].
Two load cells with different peak capacities (LCL-454G
(454 g) and LCL-005 (2.27 kg), Omega Engineering, Inc.,
Stamford, CT) were used to measure tissue tension (T(t)).
The signals from these load cells were ampli®ed and
low-pass ®ltered (3 db cutoff at 30Hz) with a low-noise
preampli®er (model SRS 560, Stanford Research Systems,
Sunnyvale, CA). Diffusely re¯ected light from the HeNe
probe laser (l� 632.8 nm, 15 mW, Melles Griot) incident
on the nonirradiated surface of the specimen was collected
in an integrating sphere and measured with a silicon
photodetector (model 2001, New Focus, Mountain View,
CA) to yield I(t). HeNe laser intensity was amplitude-
modulated (900 Hz) with a mechanical chopper (model
R540, Stanford Research Systems) and synchronously
detected with a lock-in ampli®er (t� 30 msec, model
SR830, Stanford Research Systems). An analog to digital
converter (AT-MIO-16XE-50, National Instruments, Aus-
tin, TX) was used to record Sc(t), I(t), and T(t) by using
software written in Labview (National Instruments) runn-
ing on a PC. I(t) and T(t) were normalized to arbitrary
units (a.u.).

During laser irradiation, NP specimens maintained
under tension undergo readily observed changes in mor-
phology. A wide-angle endoscope (30 degrees, 26033 BP,
Karl Storz, Culver City, CA) and CCD camera (Endocam
202101 20, Karl Storz) illuminated with a Xenon light
source (Karl Storz) were used to record images at video
rate. A short wavelength pass optical ®lter (600 nm,
Corion, Franklin, MA) placed in front of the endoscope
eliminated detection of scattered light from the HeNe
probe laser in recorded video images.

The experimental setup is illustrated in Figure 2. The
load cell and specimen were positioned close to the inte-
grating sphere to optimize collection ef®ciency of diffusely
re¯ected light from the HeNe probe laser. Evaporative
water losses after laser irradiation were measured by
weighing specimens immediately before and after 100

Fig. 1. Load-cell setup.
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seconds of irradiation at ®ve different power densities (9,
14, 20, 25, and 31 W/cm2). Mass loss due to evaporation
(without laser irradiation) over the 100-second time
interval was negligible. Percent change in mass ([mass
beforeÿmass after irradiation]/mass before irradiation�
100%) was calculated.

Control (nonirradiated) tissue specimens were allowed
to dry at ambient temperature for 24 hours. To evaluate
reversibility of laser induced volume reduction, NP speci-

mens of identical size and mass were irradiated for 100
seconds by using the same power densities as above, and
then immediately immersed in saline solution for 48 hours.
After immersion in saline, both treatment and control
specimens were removed and compared in terms of mor-
phology, volume, and texture.

RESULTS

A sequence of video images of an NP irradiated at 20 W/
cm2 (Fig. 3) illustrates the dynamic shape changes as
well as volume reduction accompanying laser irradiation.
Before irradiation, the specimen is opaque and moist (Fig.
3a), with a thickness of approximately 5 mm. Morphologic
changes begin a few seconds after the onset of the
irradiation and proceed gradually. At 30 seconds after
laser irradiation, the upper two thirds of the specimen
starts to warp and shift in position as volume reduction
begins (Fig. 3b) and the distance between the two hemo-
stats shortens. At 60 seconds after laser irradiation, length
and volume reduction continues (Fig. 3c). After termina-
tion of laser irradiation, the specimen has a smaller volume
(Fig. 3d) indicated by shorter vertical length and thickness
(3 mm). The tissue has a more translucent, yellowish hue
and desiccated texture.

At higher power, a ``popping'' phenomenon is observed
(31 W/cm2, Fig. 4). Figure 4a shows the specimen before
irradiation. After 28 seconds of laser exposure, expansion
of the NP on the nonirradiated surface together with what
seems to be bubble formation within the tissue matrix as
indicated by the arrow (Fig. 4b). Two seconds later
(Fig. 4c), this bubble bursts, resulting in a loud popping

Fig. 2. Schematic of experimental setup.

Fig. 3. Montage of stop-action video images at 20 W/cm2. a:
At 0 seconds, the initial morphology of the specimen before

irradiation is shown. b: After 30 seconds of irradiation, the

gradual shape changes along with a slight decrease in

specimen length indicated by the distance between the two

hemostats. c: At 60 seconds, further changes in shape and

volume as irradiation continues. d: At 100 seconds, specimen

volume decreased, as indicated by shorter vertical length and

thickness (5 mm in frame a to 3 mm in frame d).
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noise and the release of water vapor. The rupture or
``popping'' can be observed in the third frame as indicated
by the arrow. Three seconds after the popping (Fig. 4d), the
bubble gradually de¯ates as the vapor continues to escape
through the ruptured opening. Seven seconds after the
popping (Fig. 4e), the bubble volume appears further
reduced. Between Figure 4a and e, the specimen thickness
has reduced from 5 to 3 mm.

Figure 5 depicts changes in Sc(t), T(t), and I(t) during
laser irradiation for 100 seconds (14 W/cm2). Sc(t) initially
increases at the onset of the irradiation with a high heat-
ing rate (d(Sc(t))/dt � 5�C/sec). This heating rate gradually
decreases until the temperature stabilizes and plateaus
(steady state) after 18 seconds. Both d(Sc(t))/dt and steady
state plateau temperature increase with higher power
density. T(t) begins to increase when Sc(t) reaches 63.4�C
(at 11 seconds). At this same time, I(t) increases, peaks,
and decreases (despite sustained irradiation). Inasmuch
as the observed peak in I(t) is coincident with the onset of
increase in tissue tension, this noncontact optical mea-
surement may be used to monitor dynamic changes in NP
mechanical properties. With termination of laser irradia-
tion, Sc(t) cools to ambient temperature and T(t) decreases
from the peak down to a new equilibrium value (higher
than the initial baseline). This sustained increase in tissue
tension is observed and is consistent with specimen
shortening, volume reduction, and mass loss.

Multiple peaks in the light scattering (I(t)) curves are
occasionally observed (particularly at higher power) and
coincide with abrupt shape or position changes in the
specimen caused by tearing or rotation. When multiple

peaks are observed as in Figure 6, the ®rst peak correlates
with the previously described changes in Sc(t) and T(t).
The ``popping'' phenomenon accompanying high power
irradiation (illustrated in Fig. 4) is accompanied by discon-
tinuities in Sc(t), T(t) and I(t). At popping, Sc(t) abruptly
falls from 111�C to 93�C as hot vapor rapidly escapes
through the opening on the surface, and then Sc(t) starts to
increase again as irradiation continues. T(t) falls abruptly
and then slowly increases in the same manner as Sc(t) as
the released vapor suddenly relieves the pressure within
the bubble and relaxes the specimen momentarily. I(t), on
the other hand, suddenly increases past its initial starting
point as the popping creates rapid shifts in position. I(t)
resumes its descent again once the specimen becomes
stable.

Before irradiation or air-drying (at ambient tempera-
ture), both treatment and control specimens are soft and
opaque. After irradiation, focal volume reduction in the
laser target site is observed and the irradiated regions on
the surface feel stiffer and brittle and appear more trans-
lucent and yellow than the nonirradiated areas. Irradia-
tion also causes ``dimpling'' of the NP, which results in the
creation of a biconcave disc as the nonirradiated periph-
eral regions of the NP retain all their initial charac-
teristics; the degree of dimple formation increases with
increasing power density. Nonirradiated specimens
allowed to dry at ambient temperatures for 24 hours show
uniform volume reduction and yellowish discoloration
with a brittle, desiccated texture throughout, but return
to their native appearance and texture after immersion in
saline (48 hours). When laser irradiated specimens are

Fig. 4. Montage of stop-action video images at 31 W/cm2. a: At

0 seconds, the initial morphology before irradiation is shown.

b: At 28 seconds, the expanding bubble is indicated by the big

arrow. c: At 30 seconds, the bubble bursts, releasing hot vapor

through the opening. d: At 33 seconds, the bubble de¯ates

after bursting. e: At 40 seconds, the de¯ated bubble and

overall specimen thickness decrease from 5 mm in a to 3 mm

in e.
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immersed in saline for 48 hours, the changes in the laser-
irradiated regions are still readily apparent while non-
irradiated regions (and all control specimens) return to
their initial shape, color, and texture. Changes in speci-
men mass after laser irradiation (Fig. 7) support these
®ndings. Figure 7 also shows that the amount of mass
change upon irradiation is directly proportional to power
density. Air-dried specimens (ambient temperature, 100
seconds) show a small reduction in mass of 3.6%.

DISCUSSION

In this study, we attempted to characterize various bio-
physical changes in the NP accompanying laser-mediated
volume reduction. Indirect methods for measuring volume
changes were used, because the irregular shape and
viscoelasticity of the NP do not allow direct measurement

techniques, and the high water absorbent nature precludes
the use of techniques based on Archimedes' principle.
Hence, we measured tissue tension T(t), which increases
with reduction in specimen length and volume and corre-
lates with observed morphologic changes recorded on
video. The mass reduction measurements demonstrate
that specimen volume decreases with increasing incident
laser power density as observed in clinical studies [15,16].
Both evaporation of water and NP matrix denaturation
contribute to specimen volume reduction. Inasmuch as
laser-irradiated specimens did not return to their original
shape, texture, or appearance after rehydration (48 hours),
the volume reduction process seems irreversible and domi-
nated by the denaturation of tissue matrix proteins.

Sc(t) and I(t) measurements provide additional insight
into the nature of laser-mediated volume reduction. The
presence of a phase transition is suggested by the observa-
tion of a peak in I(t) corresponding to surface temperature
of approximately 60 to 70�C and the onset of increased

Fig. 5. Simultaneous measurements of Sc(t), I(t), and T(t) at

14 W/cm2 by using 454-g cell. Note the temporal coincidence of

the ®rst (if there is more than one) peak in I(t) with the

beginning of the rise in T(t). This peak in I(t) also corresponds

to Sc(t) of 60±70�C. The steady-state surface temperature at

the plateau increases with increasing power density. I(t) and

T(t) are adjusted to values between 0 and 1, and the units are

labeled as arbitrary units (a.u.).

Fig. 6. Simultaneous measurements of Sc(t), I(t), and T(t) at

31 W/cm2 by using 2.27-kg cell. Note the discontinuities in

Sc(t), I(t), and T(t) re¯ecting the popping of vapor bubbles. I(t)

and T(t) are adjusted to values between 0 and 1, and the units

are labeled as arbitrary units (a.u.).
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tissue tension (T(t)). This ®nding is similar to observations
of temperature-dependent stress relaxation in septal
cartilage tissues during laser-mediated cartilage reshap-
ing [17].

Shape and volume changes in NP specimens vary
dramatically depending on the laser irradiations as illu-
strated in Figures 3 and 4, and the accompanying tension
changes occur over a wide dynamic range. Hence, two load
cells with different sensitivities (maximum load 454 g and
2.27 kg) were used for the measurement of small and large
changes in tension, which correspond to low and high
power laser irradiation, respectively. A 454-g load cell was
adequate for a power density up to 14 W/cm2, but the
``popping'' phenomenon at 31 W/cm2 created a tension
change that went beyond the capacity of the 454-g cell.
Therefore, a 2.27-kg cell was used for the high power
experiments involving the ``popping'' phenomenon.

Motion artifacts accompanying abrupt shape changes
are responsible for the observation of multiple peaks in
I(t). Nonuniformity of specimen shape and size along with
localized heating create unpredictable patterns of volume
reduction in NP. Shearing force from rapid increases in
tension can cause tearing or stretching of thinner parts of
NP resulting in abrupt specimen movement and the
observation of multiple points of peaks in I(t) and T(t)
(Fig. 6). ``Popping'' phenomenon (illustrated in Fig. 4) is
the most extreme illustration of this change and results in
discontinuities in Sc(t), T(t), and I(t) as illustrated in
Figure 6 with power density at 31 W/cm2. As water vapor is
observed escaping from a ``burst'' bubble within the tissue
matrix, the sudden decrease in temperature accompany-
ing the rupture likely results from the loss of heated vapor.
Tension decreases as noted by the abrupt decrease in
T(t) (Fig. 6). At power densities below 20 W/cm2, bubble

formation is rarely observed, and all three variables show
continuous behavior. Still, a constant thin stream of
evaporating water is observed throughout the irradiation
(although not captured in any of the still images in Figs. 3
and 4), thereby underscoring the role of vaporization in the
laser-mediated volume reduction of nucleus pulposus.
Clinically, the popping phenomenon is undesirable. Cru-
cial structures (e.g. nerve roots and spinal cord) in proxi-
mity to the herniated NP may be injured by the sudden
release of the hot vapor. Therefore, it is critical that tissue
properties and laser power be dynamically monitored to
minimize possible injury.

Other reported complications of laser nucleotomy
include damage to the end plates between nucleus pul-
posus and adjacent vertebral bodies, although the long-
term effects are not known [18]. Still, the thermal damage
beyond the target area may be minimized by controlling
the size of the primary zone of optical energy deposition,
so-called ``optical zone,'' and the laser irradiation time [19].
The application of cryogen spray cooling is another possible
method to avoid potential injury while allowing rapid
delivery of laser energy [20]. Use of diffuse re¯ectance and
surface temperature measurements as the feedback con-
trol parameters could also minimize injury because they
closely re¯ect undergoing structural changes in the irra-
diated tissue [21].

Temperature feedback control systems are already
available. For example, the temperature of the laser-
irradiated tissues can be remotely sensed by an infrared
®ber optic radiometer, which, in turn, controls the irradia-
tion power [22]. Using a temperature probing tip inserted
in the target tissue is another effective method of feedback
temperature control [23]. In light of these advances, the
incorporation of the diffuse re¯ectance into the feedback
control system could be achieved by adding an anterograde
®ber carrying probe light to the target and a retrograde
®ber transmitting re¯ected light back to the detector. The
temperature feedback system is commercially available
(i.e., SpineCath, Ora¯ex ElectroThermal Probe, ORA-50 S
Spine Generator, Oratec, Menlo Park, CA), but the diffuse
re¯ectance has not been implemented as a laser feedback
control parameter, to our knowledge.

The advantage of laser treatment over the conventional
open discectomy is compelling, because it is done by means
of a minimally invasive technique that offers quicker
recovery and equivalent long-term results. It could be
performed percutaneously by means of a catheter by using
a guiding ¯uoroscope or possibly even an endoscope.
Quicker recovery means a shorter hospital stay; therefore,
the laser treatment also decreases health care costs.
Recently, the radiofrequency (RF) technique has gained
acceptance as another minimally invasive modality for
treating herniated discs. Whether or not one modality is
more effective than the other remains to be seen. However,
one clear advantage of a laser over RF is that it is a
noncontact modality, whereas RF requires insertion of
the electrodes into the target tissue. Furthermore, costs
of lasers are decreasing dramatically and, thus, should
compete with the RF modality at some point in the future.

Fig. 7. Mass reduction study results; the amount of mass

change upon irradiation seems to be directly proportional to

power density. The percentage of initial mass was plotted for

each power density after irradiating each specimen for 100

seconds. Controls were air-dried at ambient temperature for

100 seconds before weighing.
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CONCLUSIONS

This study demonstrates that photothermal heating
results in localized irreversible volume reduction in
nucleus pulposus. Characteristic changes in thermal,
optical, and mechanical properties re¯ect the underlying
modi®cations in the NP matrix and suggest denaturation
as the major underlying mechanism. Light scattering
measurements can be used as a temporal cue to indicate
the beginning of matrix alterations occurring in the NP.
Power densities greater than 20 W/cm2 may cause inter-
stitial vapor bubble formation, resulting in the release of
heated water vapor. In turn, this may result in thermal
injury to adjacent neural structures. Infrared radiometric
surface temperature and light scattering measurements
may provide a cost-effective means to monitor tissue
property changes, control heating, and improve the safety
of this procedure.
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