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Abstract. Radio-frequency �rf� tissue fusion involves the sealing of
tissue between two electrodes delivering rf currents. Applications in-
clude small bowel fusion following anastomosis. The mechanism of
adhesion is poorly understood, but one hypothesis is that rf modifica-
tion is correlated to thermal damage and dehydration. A multimodal
monitoring system capable of acquiring tissue temperature, electrical
impedance, and optical transmittance at 1325-nm wavelength during
rf delivery by a modified Ligasure™ fusion tool is presented. Measure-
ments carried out on single layers of ex vivo porcine small bowel
tissue heated at �500-kHz frequency are correlated with observation
of water evaporation and histological studies on full seals. It is shown
that the induced current generates a rapid quasilinear rise of tempera-
ture until the boiling point of water, that changes in tissue transmit-
tance occur before impedance control is possible, and that a decrease
in transmission occurs at typical denaturation temperatures. Experi-
mental results are compared with a biophysical model for tissue tem-
perature and a rate equation model for thermal damage. © 2010 Society of
Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3323089�
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Introduction

he process of radio-frequency �rf� tissue fusion involves
lamping the tissue between two electrodes while holding op-
osing tissue faces under pressure.1 A controlled RF voltage is
hen applied so that the rf current generates heat via the Joule
ffect, and tissue transformations such as denaturation and
ehydration are induced by combined heat and pressure. The
echnology is now commonly used for hemostatic sealing of
lood vessel and arteries, and research is being carried out to
ransfer it to other tissue types �e.g., small bowel� during other
urgical procedures �e.g., bowel anastomosis�.1,2

Energy delivery or dosimetry of energy-based therapy or
urgical procedure has always been challenging, and tissue
ariability is a key difficulty. Significant improvement will
ollow from a better understanding of the tissue modifications
hat occur, not only allowing the development of effective
nergy delivery strategies but also enabling real-time feed-
ack control.

Commercial equipment �such as the LigaSure™ �Valleylab,
oulder, Colorado�, BiClamp™ �ERBE, Tubingen, Germany�,
nd Seal™ �Gyrus PK, Wokingham, United Kingdom�� often
akes use of the change in tissue electrical impedance to

ontrol rf delivery so that a reliable and reproducible seal is
enerated. However, a first important question is whether
mpedance-based feedback control suffers from any intrinsic
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ion Road, London, SW7 2BT, United Kingdom. Tel: 44-207-59-46-216; Fax:
4-207-59-46-308; E-mail: t.floume@imperial.ac.uk
ournal of Biomedical Optics 018003-
limitations, since significant impedance changes might be ex-
pected to occur only in the final stage of rf delivery when
tissue water boils. Optical measurements have been proposed
as a method of monitoring tissue coagulation during thermo-
therapy such as rf ablation3,4 or laser interstitial heating.5,6 A
second important question is therefore whether optical moni-
toring could be used to complement any deficiencies in im-
pedance monitoring. We have already described one applica-
tion of optical transmission spectroscopy in monitoring
changes in tissue optical properties.7 Here, we monitored dy-
namic changes in a broad spectrum surrounding a strong wa-
ter absorption band at 1450-nm wavelength, focusing on dif-
ferences between the absorption peak and the attenuation
baseline to extract the attenuation and hence the water con-
tent. A third important question is whether changes in trans-
mittance outside the absorption band could also be used as an
indicator of thermal damage.

We attempt to answer these three questions using a system
capable of simultaneously measuring tissue impedance, near-
infrared optical transmittance, and temperature during rf
modification of single layers of ex vivo bowel tissue. We com-
pare temperature measurements with a simple biophysical
model and transmittance measurements with a first-order
Arrhenius rate-process model widely used to describe thermal
damage in tissue,8–12 and attempt direct correlations with his-
tological examination of fused seals. We do not attempt to use
the system for optimizing seal quality in a rf fusion process,
although this is clearly an important future goal. In Sec. 2, we
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escribe the experimental arrangement used to heat tissue us-
ng rf energy, and simultaneously measure temperature, elec-
rical impedance, and optical transmission, calibration to
nown standards, a model for electrical heating, and a rate-
rocess model for transmission changes. The results of experi-
ents on ex vivo porcine small bowel tissue are presented and

ompared with theory in Sec. 3 and discussed further in Sec.
. Conclusions are presented in Sec. 5.

Material and Methods
.1 Experimental Apparatus
igure 1�a� shows the complete experimental arrangement,
hich consists of an rf generator and heating electrodes, an

mpedance measurement system, a temperature measurement
ystem, and a near-infrared transmission spectroscopy system.

ig. 1 �a� Experimental arrangement for simultaneous measurement o
inescent diode �1325 nm� is collimated and chopped before being

hown in �b�. Transmitted light is detected by a Germanium detec
emperature and impedance are recorded simultaneously on a PC. �b�
n both jaws at the location of the knife slot and thermocouple. Note
ournal of Biomedical Optics 018003-
2.1.1 Radio-frequency delivery, impedance readout,
and calibration

The rf generator is a prototype developed by Valleylab �Boul-
der, Colorado�1 capable of delivering a constant sinusoidal
voltage �10, 15, and 20 V� and operating at 487 kHz. At this
frequency, neuromuscular stimulation and electrocution are
avoided. A blood vessel sealing tool, the LigaSure™ Atlas
�Valleylab, Boulder, Colorado�, was connected to the genera-
tor and used to apply pressure and rf heating to tissue clamped
between its jaws, as shown in Fig. 1�b�. To allow light trans-
mission, 0.8-mm-wide slits were cut in both jaws at the loca-
tion of the integrated knife slot normally used to divide blood
vessels after sealing. Since the slot is narrow, this modifica-
tion only affects the nontissue contacting parts of the jaw and
not the electrode geometry. A compression spring in the
handle guarantees constant pressure. The tissue within which

e transmittance and temperature. Light from a fiber-coupled superlu-
in the tissue held between the jaws of the modified Atlas instrument

d lock-in detection is used to improve signal-to-noise ratio. Tissue
ed Atlas LigaSure™ instrument �Valleylab, Tyco Healthcare� with slits
sition of the thermocouple, just above the electrode surface.
f tissu
passed
tor, an
Modifi
the po
January/February 2010 � Vol. 15�1�2
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ight propagates and temperature is measured is only pressur-
zed at the edges.

The rf generator continuously monitors both the rms volt-
ge and the current delivery to the instrument. The electrical
mpedance is then simply obtained by dividing the voltage
eadout by the current readout. Such processing enables the
xtraction of the “effective” tissue impedance only. Therefore,
he measured impedance is the modulus of the potentially
omplex impedance of the instrument/tissue system, and the
erm “tissue impedance” is used to describe this quantity
hroughout. The electrical readout was calibrated using a set
f high power resistors �50, 100, 200, and 400 �� and soft-
are linear correction. Good overall linearity was obtained.

.1.2 Temperature measurement and observation
of tissue water vaporization

issue temperature was measured using a fine �0.005-in.�
ire Teflon-insulated J-type thermocouple �5TC-TT-J-36-36,
mega Engineering, Bridgeport, New Jersey�, which was in-

erted through one of the slits and glued in place at the top of
he slit so that its tip emerged 0.25 mm above the electrode
urface. In this way the thermocouple is in contact with the
issue surface without piercing it, and is insulated from the
lectrode. The use of an electrical sensor in a high rf field is
ontroversial. A strict calibration of temperature readout was
herefore carried out using saline solution and cellulose phan-
oms. The use of a thermocouple was further validated by
omparing its reading to results obtained with a thermal cam-
ra �FLIR Thermovision A40, Infrared System, Reno, Ne-
ada�. Similar results were obtained with the two modalities,
uggesting that the thermocouple can be used without inter-
erence from rf currents. Similar heating patterns were ob-
erved with and without the thermocouple. Because the use of
thermal camera is cumbersome, subsequent measurements
ere carried out with the thermocouple alone.

To discuss the evolution of measurements during rf fusion,
t is essential to consider the onset of tissue water evaporation.

simple arrangement was therefore used to investigate the
iming of evaporation. A clean microscope slide was held just
bove the instrument to condense escaping steam, and the
ime between the start of rf delivery and the moment at which
ondensation is first observed was measured.

.1.3 Transmittance measurement
ear-infrared tissue transmittance changes were measured at
325-nm wavelength. This wavelength is outside the strong
bsorption band of water in tissue at 1460 nm, and this trans-
ittance can be seen as the attenuation baseline of the trans-
ission spectra in Ref. 7. The light source was a fiber-coupled

uperluminescent diode �Superlum, Moscow, Russia� with a
andwidth of 50 nm. Light from the diode was coupled via a
ingle-mode optical fiber to a 20� microscope objective,
hich formed a quasicollimated Gaussian beam of �0.7-mm
ode field diameter.
The light beam was passed through the tissue held between

he electrodes of the modified Atlas™ instrument to a detector
Fig. 1�a��. To improve dynamic range, the detection appara-
us used is different from that in Ref. 7, where transmitted
ight was coupled into an optical fiber via a microscope ob-
ective. Instead, a 1-mm-diam germanium photodetector,
ournal of Biomedical Optics 018003-
based on a commercial photodiode with a response to 1.6-�m
wavelength and a custom transimpedance amplifier, was used.
The detector was placed 10 cm behind the tissue, resulting in
a detection angle of 10 mrad. This angle guarantees that a
negligible amount of diffusely transmitted light is detected
and consequently the measured signal is proportional to the
collimated transmitted light.

Noise was minimized by chopping the light beam before it
entered the tissue and measuring the photodiode signal with a
lock-in amplifier �Princeton Applied Research, model 5209,
Oak Ridge, Tennessee�. Temperature, impedance, and the
transmittance signal from the lock-in amplifier were acquired
synchronously at 100 Hz by a data acquisition system �DAQ-
pad 5062e, National Instruments, Austin, Texas�, connected to
a standard personal computer via a Labview �National Instru-
ments� interface.

2.1.4 Tissue preparation, statistical analysis,
and histology

Samples of porcine small bowel tissue �15 cm long� were
obtained from a slaughterhouse washed and frozen at -17 °C.
Samples frozen for no more than 4 weeks were used. Samples
were thawed at room temperature and washed again to elimi-
nate any remaining luminal content. The bowel samples were
then dissected along the connection to the mesentery. Pre-
pared bowel samples were kept hydrated between humidified
gauze before use. A single thickness of the porcine small
bowel wall was held between the jaws of the modified vessel
sealing instrument.

Because tissue is intrinsically variable, it is hard to obtain
truly reproducible results. A statistical analysis was therefore
carried out on 20 repeat experiments to obtain significant in-
formation on the correlations between the different measure-
ment evolutions. Whenever possible, the times between si-
multaneous measurements made on a single sample were
compared, as it reduced in part the sample-to-sample variabil-
ity, and also because when feedback control is envisaged, it is
the correlation in each sample that matters. To determine the
degree of temporal correlation between physical processes,
both the average and standard deviations of the time differ-
ence between pairs of events were determined.

To assess the structural changes inflicted to the tissue
qualitatively, histological examination of rf-fused tissue was
carried out. Samples of porcine small bowel were fused and
histological sections were taken before and after fusion. The
samples were dissected and conserved in formaldehyde,
stained with hematoxylin and eosin, and slices transversal to
the seal were prepared on microscope slides.

2.2 Theoretical Models
Two simple models were developed to understand the conse-
quence of rf heating: a biophysical model of temperature evo-
lution, and a rate equation model of damage.

2.2.1 Biophysical model of tissue temperature
To describe the initial phase of tissue heating, we use a sim-
plified lumped thermodynamical model accounting for heat
exchange between the tissue and the surrounding instrument.
We assumed that heat is deposited in the tissue by rf current
dissipation and lost only by solid conduction with the instru-
January/February 2010 � Vol. 15�1�3
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ent electrode. We neglected the effect of heat convection
nside the tissue and at the tissue-air interface, although in a
urgical setting with in vivo tissue, the presence of blood flow
ill almost certainly further increase heat loss. We also as-

umed that the tissue temperature is uniform and that the in-
trument temperature stays constant at room temperature �Tr�
or the duration of the experiment �i.e., that the tissue is
eated more rapidly than the instrument itself�. The variation
f thermal energy of the tissue per unit volume is then given
y:

�CT
�T

�t
=

U2

RelecV
−

�S

V
�T�t� − Tr� , �1�

here � and CT are the tissue density and specific heat capac-
ty. U is the applied voltage, and Relec and V are the electrical
esistance and volume of the tissue, respectively. The first
erm on the right-hand side of Eq. �1� is the power generated
n the tissue per unit volume due to rf dissipation. The second
erm in Eq. �1� accounts for heat exchange between the tissue
t temperature T and the instrument at temperature Tr. � is the
verall thermal conduction coefficient �W . °C−1 .M−2� at the
issue/instrument interface of surface S �M2�, which is a func-
ion of its thermal conduction properties.

By solving Eq. �1�, one obtains the following expression
or the temperature elevation:

T�t� = Tr +
��U2/RelecV� + ��S/V�Tr�

�S/V �1 − exp�−
�S

V�CT
t�	 .

�2�

Assuming now that the term �St /V�CT is small �i.e., that
he interface between tissue and electrodes is quasiadiabatic�,
his result can be approximated as:

T�t� = Tr +
1

�CT
� U2

RelecV
+

�S

V
Tr�t . �3�

The rate of temperature rise RT as a function of the applied
oltage and the electrical and thermal characteristic of the
issue is then given by:

RT =
1

�CT
� U2

RelecV
+

�S

V
Tr� . �4�

RT therefore varies linearly with U2, a feature that should
e experimentally verifiable.

.2.2 Rate equation model of tissue damage
revious studies where changes in the optical properties of

issue are compared with a rate-process model generally in-
olve heating the tissue at a constant temperature and measur-
ng changes after or during heating.11–13 An implicit assump-
ion is often that the rate constant is fixed, and the effect of the
ise from room temperature to the operating temperature is
gnored when fitting the experimental data. If important modi-
cations of measured properties occur during this phase, the

emperature dependence of the rate constant must be taken
nto account. Henriques9 was first to propose an Arrhenius
ormulation for a dimensionless degree of damage � as:
ournal of Biomedical Optics 018003-
���� = − ln� c���
c�0�	 =


0

�

k�t�dt =

0

�

A exp�− Ea/RT�t��dt ,

�5�

where c��� represents the concentration of undamaged tissue
at time � and c�0� is the initial concentration. k�t� is the rate
constant of the transformation at time t. A is the frequency
factor �s−1� and Ea �J� is the activation energy. R is the gas
constant and T�t� is the temperature in degrees Kelvin. A and
Ea can be expressed in terms of molar entropy �S
�J mol−1 K−1�, and molar enthalpy �H �J mol−1� of the
reaction13 as:

Ea = �H ,

A =
kBT

h
exp��S/R� , �6�

where kB is Boltzmann’s constant �1.381�10−23 J K−1� and
h is Planck’s constant �6.626�10−34 J s�. The degree of dam-
age can then be rewritten as:

���� = − ln� c���
c�0�� =


0

� kbT�t�
h

exp��S/R�exp�− Ea/RT�t��dt .

�7�

In this form, the influence of temperature is fully ac-
counted for. The damage fraction fd, defined as the ratio of the
concentration of damaged tissue to the initial concentration,
can be written as:14

fd�t� =
c�0� − c�t�

c�0�
= 1 − exp�− ��t�� . �8�

Thus fd varies from 0 when there is no tissue damage, to 1
for complete damage.

This model can be related to transmittance measurement as
follows. The intensity of detected light I�t� is given by the
Beer-Lambert law:

I�t� = I0 exp�− ��s�t� + �a�t��d� . �9�

Here I0 is the light intensity incident on the tissue, �s�t�
and �a�t� are the scattering and absorption coefficient of the
tissue at time t, and d is the optical path length in the tissue.
Numerous studies have shown that thermal damage mainly
results in an increase of the scattering coefficient of the tissue,
and that scattering is more important than absorption.12,15 As-
suming that changes in transmittance are mainly due to
changes in scattering, the following model can be used to
describe the changes in scattering coefficient:

�s�t� = �s�0��1 − fd�t�� + ��s�0� + ��s�fd�t�

= �s�0� + ��sfd�t� . �10�

Here �s�0� is the undamaged tissue scattering coefficient
and ��s is the increase of scattering coefficient due to heat-
ing. Defining the normalized transmittance T as the ratio
norm

January/February 2010 � Vol. 15�1�4
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f the intensity detected at time t to the intensity before rf
pplication, and using Eq. �10� to express the changes in scat-
ering, Tnorm can be expressed as:

Tnorm�t� = exp�− fd�t���sd� . �11�

This result provides a clear connection between the dam-
ge fraction and the optical transmittance, and was used to fit
xperimental data. Matlab �Natick, Massachusetts� was used
o determine fd�t� numerically, based on the experimental re-
ording of the temperature evolution and assumed values of
S and �H. Unfortunately, the experimental setup did not
ave sufficient dynamic range to allow measurement of the
ormalized transmission when fd approached 1, which would
ave enabled calculation of ��sd directly. To overcome this

ig. 2 Temperature measurements during rf application with the in-
trument immersed in saline.

Table 1 Summary of timing measurements on
reaching 100 °C, and the start of impedance ris
and the start of impedance rise.

Sample
Voltage

�V�
Number of

samples

Average o
temperatur
rise �°C s−1

Saline 10 20 0

“ 15 20 8.1

“ 20 20 11.31

Cellulose
+saline

10 20 9.35

“ 15 20 11.3

“ 20 20 14.8

Bowel
tissue

10 20 8.8

“ 15 20 10.2

“ 20 20 14.1
ournal of Biomedical Optics 018003-
limitation, measurement of the time t36% at which Tnorm
reached 36% of its initial value was used. fd�t36%� was then
calculated using the fitting parameters �S and �H. Equation
�11� was then used to fit measured data, in the modified form:

Tnorm�t� = exp�− fd�t�/fd�t36%�� . �12�

This result allows matching to experimental measurements
of Tnorm based on the two constants �S and �H only.

3 Results
3.1 Temperature Evolution in Saline and Cellulose

Phantoms
Figure 2 shows typical temperature measurements obtained
during rf deposition in saline. The temperature evolution typi-
cally consists of a quasilinear increase until the boiling point
is reached. However, the temperature sometimes rose above
100 °C for a short period, presumably because of superheat-
ing. Similar experiments carried out on wet cellulose
�surgical-grade paper�, to investigate if the presence of a solid
body between the jaws of the instrument and contacting the
thermocouple affects the measurement, showed more variabil-
ity. However, the temperature evolution was similar, with a
rapid quasilinear increase until boiling, at which point steam
escape was observed. Results obtained from 20 samples are
summarized in the first rows of Table 1 in terms of rate of
temperature rise. No change in temperature was observed
when rf power was applied with the jaws of the instrument
held open.

3.2 Temperature Evolution in Bowel Tissue
Figure 3 shows typical measurements of normalized transmis-
sion, impedance, and temperature as a function of time during
rf heating for three bowel tissue samples. The temperature

toms and tissue. � is the time between tissue
the time between observation of stream escape

verage
ration �

Standard
deviation

of �
Average

duration ��

Standard
deviation

of ��

X X X X

X X X X

X X X X

X X X X

X X X X

X X X X

X X X X

6.8 1.9 3.9 1.8

5.2 1.05 3.1 1.6
phan
e �� is

f
e
�

A
du
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volution again consists of a quasilinear increase from room
emperature �20 °C� to approximately 100 °C for all three
oltages considered. After reaching 100 °C, the temperature
tays constant. In this stage, phase transfer consumes most of
he rf energy delivered to the tissue.

ig. 3 Simultaneous measurements of tissue normalized transmittanc
oltages of �a� 10, �b� 15, and �c� 20 volts. Left column: normalized
econds. Right column: Tissue impedance �left axis� and temperature
ournal of Biomedical Optics 018003-
The rate of the initial temperature rise increases with the
applied rf voltage. Linear regression performed during the
initial phase �below 100 °C� for 20 tissue samples at each
voltage gives an average rate of temperature increase of
8.8 °C s−1, 10.8 °C s−1, and 14.1 °C s−1 for 10, 15, and

�, temperature, and impedance during rf heating at three different rf
ittance �left axis� and tissue temperature �right axis� against time in
xis� against time in seconds.
e �Tnorm
transm
�right a
January/February 2010 � Vol. 15�1�6
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0 V, respectively. Figure 4 shows the variation of these val-
es with the square of the applied voltage. The linearity as-
umed by Eq. �4� is clearly verified. Linear regression gives a
-intercept of 6.1. This suggests that �STr /V�CT
6.1 K. s−1, which in turn shows that the assumption made

n Eq. �3� ��St /V�CT�1� is valid for a time t�Tr /6.1. For
293 K room temperature, this translates into t�47 s, which

s again verified experimentally, as the temperature rise took
lace in less than 10 s. These conclusions validate the as-
umptions of the model.

.3 Impedance Evolution in Bowel Tissue
igure 3 also shows the typical evolution of tissue tempera-

ure and impedance during rf delivery. The final rise of im-
edance is a strong function of the applied voltage. At low
oltage �10 V�, significant changes are not observed. The im-
edance decreases slightly as the temperature rises, and then
tays constant at a low value of about 10 �. For higher ap-
lied voltages �15 and 20 V�, the impedance evolution is dif-
erent. At both voltages, the impedance initially decreases
lightly �as at lower voltage� and then dramatically increases
after about 16 and 10 s, at 15 and 20 V, respectively�. In the
0 repeated experiments, it was found that the increase of
mpedance always follows the leveling of the temperature at
00 °C. Furthermore, the faster the tissue reaches the boiling
oint, the faster the impedance increase occurs. The rate of
ncrease and final level of impedance is also generally a func-
ion of the applied voltage: the higher the voltage, the faster
nd larger the impedance rise.

The results of all experiments are again summarized in
able 1. For all voltages, the average time between the points
t which impedance starts to rise and the temperature reaches
00 °C �defined as �� is 6 s, with a standard deviation of
.5 s. Since the standard deviation is small compared to �,
here must be a strong causality between tissue water boiling
nd impedance rising. These results are compared with the
ime between the points at which the impedance rise starts and
team is observed �defined as ���. There is again a strong
orrelation, confirming that impedance changes are due to a
eduction in water content following boiling.

ig. 4 Experimental values of rate of temperature rise against the
quare of the applied voltage.
ournal of Biomedical Optics 018003-
In fact, we believe that the rapid increase of impedance is
the combined result of water loss due to evaporation, and the
formation of steam vacuoles in the tissue and at the tissue/
electrode interface, which results in the formation of noncon-
ductive domains. The first phenomenon explains why the im-
pedance rise always closely follows the tissue reaching the
boiling point of water. The second could explain the fact that
the overall impedance change is more significant at a higher
voltage when more thermal energy is delivered into the tissue
and the rate of steam generation may be more important. The
reason that changes in impedance are not observed at 10 V
could be that at this voltage, the rate of steam generation is
insufficient to drive water away from the seal. In fact no
steam escape was observed during such experiments.

3.4 Transmittance Evolution in Bowel Tissue
The left column of Fig. 3 also shows the evolution of tissue
temperature and normalized transmittance during rf delivery
at the three voltages. The transmitted intensity starts to de-
crease dramatically during the phase of temperature rise. The
faster the temperature increases, the faster the transmittance
decreases. Explanation may be provided by consideration of
thermal damage. Damage results from several tissue transfor-
mations, including protein denaturation and coagulation, and
modification of the tissue microstructure, such as shrinkage of
collagen fiber16 and deformation of mitochondria.17 It gener-
ally occurs at temperatures above 60 °C. When the tempera-
ture rise is slow �10 V rf�, the decrease of transmittance con-
tinues when the boiling temperature is reached, whereas for
faster temperature rises �15 and 20 V�, the decrease is quasi-
complete when the temperature reaches 100 °C.

An increase of transmittance can also be seen in Figs. 3�b�
and 3�c� after 18 and 12.5 s, respectively. This increase oc-
curs after the temperature reaches 100 °C, and in each case
follows closely the rapid impedance rises at 16 and 10 s, re-
spectively. This increase in transmittance may be attributed to
dehydration. As water is the principal absorber at the wave-
length considered, a decrease of water content due to evapo-
ration must reduce the absorption coefficient, resulting in an
increase of transmittance. Lin, Motamedi, and Welch18 also
suggested that dehydration may enhance the forward scatter-
ing of the cell, which may cause an increase of the total trans-
mission. Tissue shrinkage may also result in an increase in
transmittance, since it decreases the optical path. However, no
noticeable shrinkage was observed during our experiments. It
has also been suggested that denser packing of cells can be
induced by dehydration, and results in a decrease of the re-
fractive index mismatch in the tissue and therefore a reduction
of its scattering properties.

3.5 Comparison with Thermal Damage Model
Figure 5 shows measurements of normalized transmittance
from the three samples of Fig. 3 and fitted curves calculated
using the rate process model in Sec. 2.2. The temperature
evolutions measured at each voltage were used to calculate
the variation of the damage fraction with time. �S and �H
were iteratively changed to maximize the agreement between
fitted curves and experimental data, using values reported by
Jacques13 as a starting point.
January/February 2010 � Vol. 15�1�7
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Figure 5 compares the prediction of the rate-process model
nd the experimental data using the rate coefficients
�S=−82.9 J mol−1 K−1 and �H=7.18�104 J mol−1� deter-
ined experimentally by Skinner et al.12 for the changes in

he reduced scattering coefficient of ex vivo rat prostate. All
bserved trends are predicted well. This qualitative agreement
uggests that the changes in transmittance could be mainly
ue to an increase of the reduced scattering coefficient of the
issue, and that the thermal damage inflicted on porcine bowel
uring our experiments is similar to that observed in Skinner’s
tudy.

.6 Histological Studies
igure 6 shows histological results that demonstrate important
hanges in tissue structure arising during rf fusion. Figure 6�a�
hows a section of porcine small bowel. The demarcation be-
ween structurally different bowel layers �i.e., mucosa, sub-

ucosa, and serosa� is clearly apparent. Figure 6�b� shows a
ection of an rf-induced seal. Comparison with Fig. 6�a�
hows that fusion induces significant changes in the tissue
tructure. The delimitation between submucosa and mucosa is
ess clear, and the mucosa layer has reduced considerably in
hickness. Finally, structurally noticeable features apparent in
ig. 6�a� have disappeared and are replaced by a more homo-
eneous coagulum.

Figures 6�c�–6�f� show views at 10� magnification of his-
ological sections of tissue after undergoing rf heating at 20 V
or 5, 10, 15, and 20 s, respectively. These results show that
he mucosal layer seems to disintegrate during RF fusion. Its
hickness �see mark M in Figs. 6�c� and 6�d�� first reduces,
nd the mucosal layer then seems to disappear or mix with the
ubmucosal layer �white arrows in Figs. 6�e� and 6�f��. Our
hawed tissue sample does not enable a detailed histological
xamination. However, comparison of Figs. 6�c�–6�f� shows
he gradual disappearance of structural features leading to the
ormation of a homogeneous amalgam of tissue residues.

Discussion
he motivation of this study was to investigate the evolution
f and correlations between tissue temperature, impedance,
nd transmittance during rf heating, and their implications for
he monitoring of tissue fusion. This enables us to investigate

ig. 5 Experimental and fitted curves of normalized transmittance dur-
ng rf delivery at different constant voltage, as indicated in the legend.
ournal of Biomedical Optics 018003-
further limitations of impedance feedback and to examine the
significance of using optical measurement for the real-time
assessment and control of thermal damage. The results of our
experiments enable us to discuss the dynamics of the bio-
physical processes taking place during rf fusion. We now con-
sider each of these points.

4.1 Rate-Process Model of Transmittance Change
Several authors have investigated the change in optical prop-
erties due to thermal damage. Derbyshire, Bogen, and
Unger,19 and Splinter et al.20 studied thermally induced optical
property changes of myocardium tissue. They demonstrate ir-
reversible changes between 60 and 75 °C, the temperature
range within which extracellular proteins and collagen dena-
turation are known to occur. They speculated that protein de-
naturation is responsible for the increase of scattering coeffi-
cient. Pickering et al.21 pursued this study on myocardium and
also showed that the reduced scattering coefficient of the tis-
sue increases when heated. Bosman22 used transmission elec-
tron microscopy to characterize the structural changes in-
duced by heating of Pickering’s samples. She showed that
mitochondria fragments and myofilaments start to disintegrate
into smaller granules as a result of heating. Thomsen, Jacques,
and Flock23 have described equivalent ultrastructural changes
of thermally coagulated rat myocardium: disruption of mito-

Fig. 6 Histological sections of fused and unfused porcine small bowel
tissue: �a� unfused �2.5� � and �b� fused �10� �. �c�, �d�, �e�, and �f�
show tissue fused at 20 V for 5, 10, 15, and 20 s, respectively. M on
�c� and �d� indicates mucosal layers; white arrows on �e� and �f� show
disappearance of mucosal layers.
January/February 2010 � Vol. 15�1�8
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hondria and formation of small aggregates resulting from the
enaturation of fibrillar protein and other cytoplasmic con-
tituents.

Direct correlation between tissue transmittance changes
nd microscopic thermal damage is challenging, mainly be-
ause histological examination is qualitative, and the micro-
copic origins of tissue optical properties are complex and
ultiple.24 However, we believe that our results show that

ransmittance change is a good candidate as an indirect mea-
urement of damage. First, as discussed before, it has been
hown by many authors that thermal damage results in optical
roperty changes and especially scattering increase. Second,
e observed changes in transmittance starting at temperatures
nown to damage tissue �i.e., above 60 °C�, but not at lower
emperatures. Finally, as shown in Fig. 5, measured changes
n transmittance can be modeled well by using a first-order
ate process to describe the influence of thermal damage on
cattering. Although this approach is generally used to de-
cribe damage under isothermal conditions, it can still be used
o describe dynamic changes, as in our experiments. This re-
ult further demonstrates the versatility of the model.

We do, however, note that the method used is not one of
hoice for the precise determination of the thermodynamical
arameters ��S, �H� involved. Traditional methods, consist-
ng of heating the tissue at a constant temperature for different
urations and measuring damage-related changes, are more
recise, and enable the straightforward fitting of a large quan-
ity of data obtained under known conditions by simpler
xpressions.13 Therefore, the correlations between the model
nd our measurements principally demonstrate the applicabil-
ty of modeling dynamic changes with a theoretical expres-
ion generally used to describe thermal damage.

.2 Dynamics of Tissue Transformations During
Radio-Frequency Delivery

e believe that the outcome of rf tissue fusion can be opti-
ized by guaranteeing a better control of the induced tissue

ransformations, and that controlling denaturation and dehy-
ration should lead to the formation of stronger and more
eliable seals. The agreement between our model and experi-
ents suggests that denaturation �observed as a decrease of

issue transmittance� can still occur when water evaporation
tarts �i.e., when evaporation occurs at 100 °C�, especially if
he initial heating rate is fast. Thus, a simple phenomenologi-
al model will consist of dividing the tissue transformation
nto three phases: the first when temperature increases and the
issue starts to denature, the second when water evaporates
nd denaturation is still in progress, and a possible third when
uasitotal denaturation is achieved and the tissue continues to
ehydrate.

Tissue transformations during rf application show that our
odel of thermal damage is likely to be incomplete, as it does

ot consider the interdependence between tissue denaturation
nd dehydration. For example, it is likely that the evaporation
f water will generate damage of a different type than the
ainly biochemical one described here. On the other hand,

he denaturation of macromolecules and the thermal damage
f tissue microstructure may modify its ability to desiccate
hrough evaporation. For example, coagulation of macromol-
cules may generate more free water molecules, normally
ournal of Biomedical Optics 018003-
bound to protein, that evaporate more easily. The rupture of
structural impermeable membrane, due to the mechanical
strain induced by steam expansion, may also facilitate the
evaporation of tissue water. It has been suggested that several
rate processes, with several thermodynamical parameters,
might be used.14,16

4.3 Feedback Control of Radio-Frequency Delivery
The results of Fig. 3 clearly demonstrate that the tissue im-
pedance does not change significantly during the initial tem-
perature rise. However, during this phase, denaturation is
known to occur when the temperature exceeds about 60 °C.
Therefore, the use of impedance as the sole feedback param-
eter to control RF delivery can only offer limited control in
the initial phase. From Fig. 2 we see that tissue impedance
change only occurs after the boiling point is reached, imply-
ing that impedance evolution is more likely to correlate with
tissue water loss through evaporation. However, according to
our own results �not presented here�, tissue impedance at the
end of fusion does not strongly correlate with its state of
desiccation. As a result, we conclude that the impedance rise
is most likely induced by the formation of nonconductive
steam domains in the tissue and at the tissue/electrode inter-
face. Other authors investigating RF tissue ablation have
reached similar conclusions.25

In contrast to impedance, tissue transmittance changes dra-
matically during the initial temperature rise, which makes it a
good candidate as a feedback parameter to control rf delivery
during this phase. The good results of theoretical modeling of
transmittance changes based on a first-order rate-process
model further confirm that this approach can be used for
monitoring. Protein �e.g., collagen� denaturation and cross-
linking have been suggested as the leading mechanism of tis-
sue fusion.26,27 Therefore, assessing thermal damage in real
time using transmittance changes even as an indirect measure-
ment could prove very beneficial, both to investigate experi-
mentally the role of denaturation in tissue fusion and ulti-
mately to develop control algorithms based on transmittance
measurements.

The main limitation of our experimental setup is the lim-
ited dynamic range of the optical detection system. We were
unable to measure tissue transmittance precisely when the at-
tenuation induced by thermal damage becomes too strong.
Consequently, our model describes the initial phase of dena-
turation well, but our measurement does not enable us to
verify its validity for more advanced damage. However, it is
likely that transmittance will be affected by transformations
other than the one described by our rate-process model. Water
loss is likely to decrease optical absorption, and tissue damage
induced by steam formation may further modify the scatter-
ing. Our model should therefore be improved by incorporat-
ing the contributions of those events.

5 Conclusions
We present the measurement of tissue temperature, imped-
ance, and near-infrared transmittance during rf tissue fusion.
Our results indicate that tissue impedance is largely insensi-
tive to the initial tissue denaturation, whereas tissue transmit-
tance is very sensitive. A first-order rate-process model is used
to describe the changes in transmittance during the phase of
January/February 2010 � Vol. 15�1�9
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emperature elevation. The strong correlation with experiment
uggests that a rate process can be used to model thermal
amage under nonisothermal conditions, and that initial tissue
ransmittance changes can be used as indicators of thermal
amage. Measurements of tissue temperature and impedance
how that impedance changes only occur once the boiling
oint of water is reached. Therefore, the early stage of thermal
amage cannot be controlled by using impedance as the sole
eedback parameter. Optical monitoring is a promising alter-
ative to impedance monitoring as a method for further un-
erstanding the dynamics of tissue modifications during rf
usion and for feedback control of rf delivery. This work
hould lead to the improvement of rf fusion and its transfer to
ther tissue types.
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