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Abstract. Resection is not a viable treatment option for the majority of
liver cancer patients. Alternatives to resection include thermothera-
pies such as radio-frequency ablation; however, these therapies lack
adequate intraoperative feedback regarding the degree and margins of
tissue thermal damage. In this proof of principle study, we test the
ability of fluorescence and diffuse reflectance spectroscopy to assess
local thermal damage in vivo. Spectra were acquired in vivo from
healthy canine liver tissue undergoing radio-frequency ablation using
a portable fiber-optic-based spectroscopic system. The major ob-
served spectral alterations on thermal coagulation were a red shift in
the fluorescence emission peak at 480 nm, a decrease in the overall
fluorescence intensity, and an increase in the diffuse reflectance from
450 to 750 nm. Spectral changes were quantified and correlated to
tissue histology. We found a good correlation between the proposed
spectral correlates of thermal damage and histology. The results of this
study suggest that fluorescence and diffuse reflectance spectroscopy
show strong potential as tools to monitor liver tissue thermal damage

intraoperatively. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1779627]
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1 Introduction measurements are of limited predictive value if they are not
considered in a broader context, such as the Arrhenius model.
fUItrasound“‘lGand light transmissidr'®have also been pro-
fposed as ways to assess tissue thermal damage intraopera-
tively. However, both of these approaches are hampered by

Currently, one of the limitations of cancer treatment modali-
ties that use heat to achieve tumor necrosis is the lack o
intraoperative feedback regarding the degree and margins o
tissue thermal damage. These theraféeg., radio-frequency ; : L
ablation are being used increasingly in the treatment of liver problems such as poor spatial resolution and sensitivity.

) . . Previously, we reported on the fluorescence and diffuse
0,
cancer patients, since 80 tp 95% of them are not CanOIIOIl"‘tesreﬂectance spectral alterations that occur in liver tissue during
for standard surgical resectiof Local tumor recurrence rates

! . thermal coagulatiorin vitro.® In that study, the observed
are one measure of the efficacy of these therapies. For ex-cnanges in spectral features were correlated to theoretical
ample, local tumor recurrence rates of 4 to 19% have beenherma| damage predictions made using the Arrhenius thermal
r_eported for radio-frequency ablatidiRFA) of unresectable damage modéf The time courses of the spectral features
liver tumors!~’ The development of a feedback system that generally agreed with the model-predicted thermal damage
provides clinicians with an objective therapeutic endpoint time courses. The goal of the current study is to validate the
could potentially improve local tumor recurrence rates and, spectral changes associated with thermal coagulatioitro
consequently, long-term patient survival rates. in anin vivo setting. To that end, fluorescence and diffuse
Several feedback systems for liver tumor thermotherapies reflectance spectra were acquired from liver tissue being co-
have been proposed and investigated in the past. Thermo-agulated using RFAn vivo, and spectral changes were corre-
couple systenfs’ and intraoperative MR?~*?use local tem-  lated to histological evaluations of the optical interrogation
perature measurements as a metric of thermal damage. Thersites. Results obtained from this study indicate that fluores-
are already some RFA systems using thermocouples embed<cence and diffuse reflectance spectroscopy can assess the ex-
ded in the electrode arrays to monitor local tissue tempera- tent of tissue thermal damage vivo and therefore have the
tures and modulate ablation power to achieve large ablation potential to monitor liver thermotherapies such as RFA.
zones. However, according to the Arrhenius mdd¢hermal ]
damage is a rate process that depends not only on the loca® Materials and Methods
temperature-time history of the tissue, but also on tissue- 2.1 Spectroscopic System

specific empirical constants. Therefore, local temperature a portable fiber-optic-based spectroscopic systdepicted in
Fig. 1) was used to acquire fluorescence and diffuse reflec-
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Computer Probe Geometry
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Fig. 1 The spectroscopic system and the geometry of the fiber optic probe. The shaded areas represent the core of the fibers and the dashed lines
delineate the thickness of the cladding and protective buffer of the fibers. The 200-um core fibers in the probe carry the excitation light, while the
other fibers are used for collection.

tance spectra from liver tissue undergoing RFA. The fluores- conducted on adult dogs. Induction and maintenance of anes-
cence excitation light source used was a nitrogen laser emit-thesia were accomplished using sodium pentotimaluction,
ting at 337 nm and operated at a repetition rate of 20 Hz intravenous injection, 15 mg/kgand isofluorane(mainte-
(High Pressure Nitrogen Dye Laser, Oriel Corporation, Strat- nance, inhalation, 1.5 to 2.5% i@,). Following a midline
ford, Connecticut The average pulse energy of the laser was laparotomy, control measurements were made in which fluo-
approximately 5QuJ (standarddeviation=15%) at the tissue rescence and diffuse reflectance spectra were acquired every 5
surface. The selection of this excitation wavelength was baseds over a 5-min period with the fiber-optic probe inserted into
on previous excitation-emission matrix studies that indicated a deep region of parenchymal liver tissue, but without rf en-
that the fluorescence emission of native and coagulated liverergy being delivered. Then, the RFA prot&tarBurst Electro-
tissue differed significantly at 337-nm excitatithThe dif- surgical Device, RITA Medical Systems, Mountain View,
fuse reflectance excitation light source was a 150-W halogen California) was inserted into a different deep region of liver
lamp (Fiber Lite, Model 180, Edmund Industrial Optics, Bar- tissue and deployed such that an ablation zone of 2 to 3 cm
rington, New Jersey diam could be achieved. Using palpation of the liver surface
A multifiber probe built in the Biomedical Optics Lab at and visual cues, such as the angle of insertion of the RFA
Vanderbilt University was used for light delivery and collec- probe, the fiber-optic probe was inserted into the expected
tion. The probe consists of two 2Qan core excitation fibers,  zone of ablation, as shown in Fig. 2. The RFA generator
and two 400xm and one 50Q:m core collection fibersUV (Model 1500X, RITA Medical Systems, Mountain View, Cali-

Enhanced Silica Optical Fibers, Polymicro Technologies,
Phoenix, Arizona that are encased in a pointed 17-gauge
stainless steel cannula with a 1.47-mm outer diameter. The
collection fibers are coupled directly to a spectrometer
(S2000-FL Spectrometer, Ocean Optics, Dunedin, Florida
with a spectral range of 350 to 1000 nm sampled nonlinearly
over 2048 pixels. The spectrometer utilized in tiisvivo
study was equipped with a 2Q@am slit at its entrance port,
which yielded a spectral resolution ef10 nm. A long-pass
filter with a cutoff at 385 nm is installed at the entrance to the
spectrometer to prevent reflected fluorescence excitation light
from reaching the detector. The spectrometer interfaces with
an A/D converter that connects to a laptop computer via a
USB interfacl ADC1000-USB A/D Converter, Ocean Optics,
Dunedin, Florida Proprietary softwarédOOIBase32, Ocean
Optics, Dunedin, Floridawas used to control the spectrom-
eter and acquire the data. An integration tinid & was used
throughout the study, which provided sufficient signal-to-
noise ratios. An interval fo5 s between spectral acquisitions
was used, which was found to provide adequate temporal
sampling of the ablation process that usually lasted 2 to 5 min.

2.2 Experimental Procedure

Acute RFA studies approved by the Vanderbilt University In-
stitutional Animal Care and Use Committé ACUC) were

Journal of B

fornia) was operated in a constant power m@éé W) with
the temperature-feedback control feature of the system dis-
abled.

Ablation was performed at up to six sites per animal. At
any given ablation site, either fluorescence or diffuse reflec-
tance spectra were acquired continuously at a fixed point in-
side the estimated zone of ablation over the entire ablation

Ablation
Probe

Fig. 2 The placement of the optical probe within the electrode array
of the RFA probe.
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Table 1 Tissue thermal damage scoring system.

Microhistology Gross histology Composite score
Feature Score Position of probe tip Score
Hemorrhage Tor2
Blood 3 Inside ZOA (high- 2
coagulation grade)
Sinusoidal 1 Edge of ZOA 1 Microhistology score/3
dilatation (intermediate-grade) +

Gross histology score

Vacuole 1 Outside ZOA 0
formation (undamaged/low-
grade)
Tissue 1

fragmentation

time course. Spectral data acquisition was also performed dur-ing ablation. Next, prominent spectral changes were analyzed
ing the cooling phase to account for any reversible optical as a function of ablation time to determine appropriate metrics
property changes induced by tissue heaftthg. of those changes.

Temperatures were monitored using readings from the
thermocouples embedded in the electrode tips, but were not2.4 Histological Processing and Analysis

used to control or guide therapy. Typical maximum tempera- After each animal was euthanized, the tissue around each ab-
tures achieved during ablation ranged from 60.1® °C. At lation zone was excised and sliced along a plane that exposed
least one set of fluorescence and diffuse reflectance data fokhe optical probe track. A gross histology picture of the zone
each dog was acquired during a “partial ablation,” in which of aplation(ZOA) was taken and the location of the optical
the delivery of rf energy was terminated before the spectral probe tip was registered using a small needle inserted perpen-
features of intereste.g., peak intensifyreached a plateau. dicular to the optical probe track. The tissue sample was then
After each ablation, the location of the optical probe tip trimmed and fixed in a 10% formalin solution for at least 48 h
was registered Using a small amount of India ink delivered via before being sent to patho|ogy for routine Sectioning, hema-
a hypodermic needle that was inserted along the optical probetoxylin and eosin staining, and evaluation.
track. Following the last ablation site, the dog was euthanized  For each ZOA, a representative tissue secti@, sampl
using sodium pentobarbitall25 mg/kg, intravenous injec-  was selected and a 4-mm-diameter circle was drawn on the
tion). The surgical time for each dog study was 1 to 2 h. The microscope slide around the needle hole marking the optical
data presented in this work are from six dog studies that jnterrogation site. This diameter was selected due to the inac-
yielded a total of 15 sets of fluorescence data and 14 sets ofcyracies inherent in the optical interrogation site registration

diffuse reflectance data. technique(see Discussion in Sec.).4Within this circle, an
) ) experienced pathologist searched for hallmarks of tissue ther-
2.3 Spectral Processing and Analysis mal damage visible under a light microscope, including hem-

The fluorescence and diffuse reflectance spectra were postproerrhage, blood coagulation, sinusoidal dilatation, extracellular
cessed to reduce spectral noise using a third-order Savitzky-vacuole formation, and tissue fragmentattén.
Golay filter?! The window size of the filter was selected so as An arbitrary scoring system was established based on the
not to smooth over important spectral features such as thegross and micro-histological features of the ablated liver
absorption peaks of oxyhemoglobin at 414, 542, and 576 samples(see Table ) therefore, their degrees of thermal
nm?? Additionally, adjacent data points in the spectra were damage could be quantified. In this system, each sample re-
averaged to create 2-nm spacing along the wavelength axisceived a “microhistology score” on a scale from 0 to 6 points,
and thereby made the size of the data array more manageablebased on the microscopic markers of thermal damage. Ac-
The final wavelength ranges with adequate signal-to-noise ra-cording to our definition, blood coagulation presupposes hem-
tios were found to be 400 to 650 nm and 450 to 750 nm for orrhage; therefore, samples could only receive points for one
the fluorescence and diffuse reflectance spectra, respectivelyfeature or the other, but not both. In samples where both hem-
To account for the wavelength-dependent sensitivity of the orrhage and blood coagulation were present, the dominant
spectroscopic system, all measured spectra were corrected usi.e., most pervasiyefeature was scored. In addition, each
ing a set of calibration factoirSg(\) derived from a standard ~ sample was also given a “gross histology score” based on the
calibration procedur& Diffuse reflectance spectra were fur- location of the fiber-optic probe tip relative to the ZOA. Fi-
ther calibrated to account for the wavelength-dependent emis-nally, the microhistology score was scaled to a maximum
sivity of the halogen lamp® All calibrated spectra were then  value of 2 and was added to the gross histology score to yield
analyzed to identify the dominant changes that occurred dur- a composite thermal damage score on a scale of 0 to 4 points.
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Fig. 3 The complete spectral time course for representative (a) fluo-
rescence and (b) diffuse reflectance ablation sites. The arrows in (a) o | | | ‘ . |
and (b) denote the cessation of rf current to the tissue. (cu
(b) ( 450 500 550 600 650 700 750

= calibrated units.)
Wavelength (nm)

(b)

The composite scores were used to determine the degree of
correlation between the observed spectral changes and tissuéig- 4 The initial and final (a) fluorescence and (b) diffuse reflectance
thermal damage. spectra for the same ablation sites as in Fig. 3. (cu=calibrated units.)

Based on their gross histology score alone, the samples
were divided into three grades of thermal damage. Samples
with a score of 0 were classified as undamaged/low grade,
samples with a score of 1 were classified as intermediate
grade, and samples with a score of 2 were classified as high
grade. This allowed for a statistical analysis of the spectral
data within and among various grades of thermal damage.

damage gradually induced several alterations in both fluores-
cence and diffuse reflectance spectra from liver tissue. At
these particular optical interrogation sites, the peak fluores-
cence intensity at 480 nm decreased by 45% and the peak
location shifted to 508 nm, whereas the diffuse reflectance
increased between 110 and 165% between 600 and 750 nm.
Several other line shape changes were noted as well. A de-
3 Results pression between 600 and 700 nm appeared in the diffuse
Fluorescence and diffuse reflectance spectra were measured reflectance signal at around the same time that the peak inten-
vivo from healthy canine liver tissue undergoing RFA. Time sity was achieved. Finally, it was noted that the shoulder at
courses of fluorescence and diffuse reflectance spectra from610 nm in the fluorescence spectra became more pronounced
two cases of severéhigh-grade thermal damage, as con- as the ablation progressed; however, the intensity at this

firmed by histology, are shown in Figs(&3 and 3b), respec- wavelength remained relatively stablstandarddeviation
tively. The corresponding initidii.e., native and final(i.e., at =12% of mean intensity.
the end of the data recording perjapectra from each set of Three spectral correlates of thermal damage were defined

data are plotted in Figs(d and 4b). The advance of thermal based on the observed major spectral changes. For the fluo-
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rescence data, two correlates were defined. To track the inten-
sity decrease in the fluorescence emission peak, the ratio of
the intensity at 610 nm to the intensity at 480 (Ra,/Fsg0)

was used. To track the fluorescence peak shift, the ratio of the
intensity at 510 nm to the intensity at 480 rfffy; o/ Fagg) Was
used. For the diffuse reflectance data, the intensity at 720 nm
(Rdy50 was selected to represent the increase in absolute in-
tensity observed across the entire spectral rgdgé to 750

nm). The selection oRd;,, was made based on the fact that
the optical absorption of blood between 600 and 750 nm is 1
to 2 orders of magnitude less than the absorption between 450
and 600 nm. Therefore, the selection of an interrogation
wavelength in a region of relatively weaker blood absorption
allowed for detection of changes that were presumably related
to the damage of hepatic tissue rather than damage to blood or
changes in perfusion or oxygenation.

Fs10/Faso, Fs10/ Fago, andRd;,q were analyzed as a func-
tion of ablation time. Representative time courses of the spec-
tral correlates of thermal damage are shown in Figa). &nd
5(b). All data points in a given time course were normalized
to the initial (i.e., native point for that dataset, which facili-
tated quantitative comparison among samples. In cases of se-
vere thermal damade.g., data plotted in Figs(& and 3b)],
the time courses of all three spectral correlates of thermal
damage exhibited two distinct phases: an initial ramp-up
phase and a rapid increase phase. For cases of “full ablation,”
the spectral correlates often plateaued prior to termination of
rf ablation. This plateau phenomenon, however, was not ob-
served in the cases of “partial ablation.” The dynamic range
of the three normalized spectral correlates identifieduxi-
mum value—minimum valyevaried. As seen in Fig. (8),
normalizedFg,/F4g0 has a dynamic range five times that of
normalizedFs;o/F,g9, €ven though both reach a stable pla-
teau at around the same time. However, because the distance
between the optical probe and the electrodes in the rf array
was not fixed, the time to reach a stable plateau varied sig-
nificantly from ablation site to ablation site. Due to this and
other sources of variability, such as differences in tissue com-
position and local blood perfusion, histology was used as the
standard against which the spectral correlates of thermal dam-
age were evaluated.

To determine the degree of correlation between the spectral

/F
610" 480

and F

/F
510 480

Normalized F

20

Normalized Rd7

—o—F_IF

300
Time (s)

(a)

I ] I I | |
150 200 250 300

Time (s)

(b)

Fig. 5 The Fs510/F450, Fe10/Fago, and Rd;,, time courses for the same
ablation sites as in Fig. 3. The arrows in (a) and (b) denote the cessa-

and histological data, scatter plots were created in which the tion of rf current to the tissue. All data points in (a) and (b) are nor-

final values of normalizedrs;o/Fsg9, Fs10/Fago, and Rdysg
and the composite thermal damage scores of the samples were
compared(see Fig. 6. In general, the scatter plots indicate
that the changes in spectral correlates, especkly/Figo

malized to the initial data point.

The average final values of normalizeBs;o/Fago,

and Fe10/ F4g0, increase as the degree of thermal damage el- Fy, /F,q,, andRd,,, and their corresponding standard devia-
evates. This is consistent with the trend derived from the dy- tions (SD) were computed for each grade of thermal damage
namics of fluorescence and diffuse reflectance spectra showrgs defined in Sec. 2. Note that the values of normalized
in Fig. 3. In these scatter plots, two fluorescence samples andr.,,/F,q, and Fg;o/ F450 Were computed from the same set of
three diffuse reflectance samplésutliers, within dashed  ablation sites, whereas the values of normaliRet,, were
squarepare found vastly deviated from this trend. Based on computed from a completely different set of ablation sites.
the in vitro observations reported previoushthe dynamics The results are shown in Table 2. The Student’s t-tese-

of fluorescence and diffuse reflectance spectra illustrated intailed, two-sample, unequal varianagas used to determine
Fig. 3, and the inherent shortcomings of our optical interro- if the meanFs;o/Fag0, Fe10/Fago, @ndRd;,qin the high-grade
gation site registration procedure, we suspect that the spectragroup were significantly greater than those in the
and histological data for these samples may not be recordedintermediate-grade and the undamaged/low-grade group, and
from the same point in the ablation zofie., the location of if the intermediate-group means were significantly greater
the optical probe tip was incorrectly identified than the undamaged/low-grade means. Fory/Fsg0 and
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Fig. 6 The spectral feature versus histology plots for (a) Fs;¢/F4s0 , (b) Fe10/480, and (c) Rd;,0 . The outliers, situated in dashed squares, were included
in the data analysis.

Fe10/Fago. the significance levels for the high-grade group similar peak locationg490 nmin vitro, 480 nmin vivo);
versus undamaged/low-grade group and intermediate-gradehowever, the full width at half maximurtFWHM) of thein
group werep<<0.05.For Rd;,q, only the comparison between  vivo fluorescence peak was 90 nm as compared to a FWHM
the high- and intermediate-grade groups yielded a significanceof 145 nm for thein vitro peak[Fig. 7(a)]. The major differ-
level of p<0.1. ence between the native diffuse reflectance spectra was a
Lastly, the line shape of native and coagulated liver tissue mqre pronounced valley between 500 and 600 nm obsénved
spectra obtainech vivo was compared to those obtaingd ;4 [Fig. 7(b)]. A noticeable difference in line shape was

. 19 . - . _
\{ltro. Figures 7 and 8 .show this comparison for representa found between the coagulated fluorescence spERiga8(a)];
tive fluorescence and diffuse reflectance spectra, respectlvely.th in Vivo one show ndar K at 600-nm emission
To help understand the differences between the nativéro Aef ho one s IO ZZ%GCO a}ly peax a . heﬁ sston.
and in vivo spectra, the absorption spectra of oxy- and /S for the coagulated diffuse reflectance spectra,inevo

deoxy-hemoglobiff were plotted along with the liver tissue ~On€ possessed a valley-ab50 nmthat was not seen in the
spectra. The native fluorescence spectra were found to havevitro one[Fig. 8(b)].
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Table 2 Spectral correlates of thermal damage. { PREVR—
—E— in Vivo Native F
. ) =— = Oxy-Hb Ab: i
Normalized final F5;0/F 450 P S D:Z)Xy_Hb :g;pc:r'gzon ‘
Grade Value SD n P
> 08
Undamaged/low 1.09 0.17 5 @
]0.0Q E
Intermediate 1.24 0.14 5 0.006 T 08
)003 y
High 1.39 007 5 £ /
2 04
Normalized final Fg;0/Fa450
Grade Valuee SD n P 0.2
Undamaged/low 1.48 0.71 5 '\‘\_____,/"‘\_—\’\\\
}0.1 o Rtchad ‘ N ‘
Intermediate 202 063 5 0.006 400 450 500 550 600 650
}O 3 Wavelength (nm)
High 275 036 5

(a)

Normalized final Rd,,,

( ‘ —@— In Vitro Native Rd
| —&— In Vivo Native Rd
Grade Valve SD n — = Oxy-Hb Absorption

ffff Deoxy-Hb Absorption

Undamaged/low 2.03 0.54 3 !
]0.03

Intermediate 1.92 037 ¢ 0.2
]voo ' 2 08

High 244 094 5 5
% 06 f

X

©

£
5 ,
z 0.4 I

4 Discussion

In summary, we found that the dominant changes in the fluo-
rescence spectiia vivo upon thermal coagulation were a de- 02 |- 3
crease in the peak fluorescence intensity and a shift in the - Ve
peak toward longer wavelengths. The dominant change in the Trel
diffuse reflectance spectra was an increase in intensity across 0
the entire spectral range in question. Spectral features quanti- 460 %0 850 600 &0 700 750
fying these changes were found to correlate well with histol- Wavelength (nm)
ogy, suggesting that optical spectroscopy is a suitable tech- (b)
nique for assessing tissue thermal damage.

The reasonably strong correlation betweEg,o/Fago, Fig. 7 The compari.son of representative in vitro and l:n viyo (a)l fluo-
Fe10/ Fag0, andRdy,and the composite thermal damage score _rre;cenc.e and (b) d.lffuse reflectance spectra from native I!ver tissue.

S . e optical absorption spectra of oxy- and deoxyhemoglobin are plot-

of the samples is significant because it shows that the_Ob'ted for reference purposes, as many of the features and interspectral
served spectral changes are linked to well-understood histo-differences in the liver spectra can be explained by blood absorption.
logical markers of tissue thermal damage, such as hemor-All spectra are normalized to their peak intensities in this wavelength
rhage, blood coagulation, and tissue whiterfifidditionally, region.
the results from the t-test analysis indicate that these spectral
correlates of thermal damage are able to differentiate between
various histological grades of thermal damage with a reason-
able level of confidence. Also, the t-tests reveal that there areond, there is a resolution mismatch between histology and
performance differences amortgs;o/Fago, Fe1o0/Fago, and optical spectroscopy in assessing tissue thermal damage. Spe-
Rd;,, albeit in this limited sample set. For example, cifically, the histological technique we used was only capable
Fs10/ Fago @and Fg10/ Fago @appear to be able to differentiate be- of separating samples into a few discrete grades of thermal
tween the intermediate-grade and undamaged/low-gradedamage, whereas the spectral features we identified could as-
groups better than Rgl; however, this finding has to be vali- sume a continuous range of values as the tissue progressed
dated in a large-scale study. from the native condition to a state of severe thermal damage

The comparison of spectral and histological data, however, [as shown in Figs. &) and 3b)]. A histological technique
is hampered by several problems. First, there is no standard-with better accuracy and resolutigne., the ability to cor-
ized histological scoring system to grade thermal injury. Sec- rectly differentiate more grades of thermal damag®uld
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[ e o periphery of the necrotic core. As noted previously, incorrect
n Vitro Coagulated F . . . . . . .

—B— In Vivo Coagulated F identification of the probe tip location led to large inconsis-
tencies between the histological and spectral data for several
fluorescence and diffuse reflectance samples. However, the
clear correlation between the histological and spectral data, in
spite of the error in localizing the probe tip and the shortcom-
ings of the histological technique and scoring system, testifies
to the strength of using optical spectroscopy to assess tissue
thermal damage.

One of the key goals of this research is to determine the
values ofFs10/Fago, Fe1o0/Fagg, and Rdy,q (0r other spectral
correlate$ that correspond to tissue death. We suspect that
these spectral cut-off values may lie well below the plateau
region, which corresponds to the necrotic core of the zone of
ablation according to gross histology. The spectral cut-off val-
ues would then be used to signify the death of local tissue,
0 L l ‘ ' ‘ and hence determine the endpoint for thermotherapy of liver
400 450 500 550 600 650 tumors. However, due to patient-to-patient variability, the ab-

Wavelength (nm) solute value of the spectral correlate may need to be consid-
@) ered, together with other factors such as its time rate of
change. The current study shows that in a complete ablation,
the spectral correlate does eventually reach a plateau. There-
—@— In Vitro Coagulated Rd fore, a feedback algorithm could be developed in which the
—&— In Vivo Coagulated Rd i ¢
value of the spectral correlate must rise above a certain
threshold as well as approach a stable platéau, a region
where its derivative is near zero or below some cut-off value
before therapy is terminated. Animal survival studies are nec-
essary to estimate the spectral correlate value corresponding
to tissue death, and to develop and test different algorithms to
predict the final volume of coagulative necrosis.

System performance considerations were a factor in select-
ing appropriate spectral correlates of tissue thermal damage.
The pulse-to-pulse energy fluctuation of the nitrogen laser, as
well as the pulsed nature of its output, led us to select ratios of
fluorescence intensities to represent the observed spectral
changes. Using a laser energy meter, it was found that the
standard deviation of 1200 laser pul$28 pps for 1 minwas

0 ! : ‘ ‘ * ) approximately 15% of the mean pulse energy. Furthermore,
450 500 550 600 850 700 750 because the data acquisition software was not synchronized
Wavelength (nm) with the laser trigger, the number of pulses binned during the
(b) integration period likely varied by a pulse or two. Stability
tests were also performed on the halogen lamp in which its
Fig. 8 The comparison of representative in vitro and in vivo (a) fluo- emission spectrum was recorded every 15 s for 5 min. Be-
rescence and (b) diffuse reﬂectance spectra frgm co_a.gulgted .Iiver tis- tween 500 and 750 nm, the standard deviation of the intensity
fg:‘tﬁ”r:piz%"a are normalized to their peak intensities in this wave- was found to be less than 1%. Therefore, it seemed reasonable
gih resion. to use the diffuse reflectance intensity at a single wavelength
(e.g., 720 nmto represent the increase in diffuse reflectance
caused by tissue thermal damage. Finally, in aurvitro
have likely improved the degree of correlation in the spectral studiest® we usedRd;s, to quantify the changes in the diffuse
feature versus histology plot&ig. 6). reflectance spectra. However, in the current system, the com-

Another reason for the scatter in the spectral feature versusbination of poor spectrometer sensitivity and weak halogen
histology plots was the inherent inaccuracy of the method lamp emissivity in the near-infrared region led to poor signal-
used for registering the location of the optical probe tip. The to-noise ratios beyond 750 nriRd;,, was more stable and
India ink used to register the location of the tip tended to was therefore used.
diffuse and ended up staining tissue several millimeters be- The observed increase in the diffuse reflectance intensity is
yond the immediate vicinity of the tip. Furthermore, the ther- consistent with ouin vitro results and can be explained by
mal damage process and the mechanical deformation intro-thermally induced changes in tissue optical properties. Data
duced by the excision and slicing of the ablation zones tendedfrom our lab* as well as numerous other published
to damage the optical probe track. A registration error of sev- studies>>?’indicate that the dominant change in liver tissue
eral millimeters could mean the difference between a location optical properties upon thermal coagulation is an increase in
in the hemorrhagic margin of the zone of ablation and the the reduced scattering coefficiefy;). This increase inu.

Normalized Intensity

Normalized Intensity
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reflects changes occurring on a cellular and intracellular level, course, control measurements were made during each dog sur-
such as protein denaturation, hyalinization of collagen, cy- gery.Fg10/F4g0 cONntrols showed no clear trend over the acqui-
toskeleton collapse, and cell membrane rupture, some ofsition period and were found to fluctuate very little, with a
which are known to occur at onset temperatures between 45standard deviation equal to 3 to 4% of the mean. Similar
and 90 °C22 These thermally induced structural changes all results were obtained fd#s,o/ F4g0 andRd; 5 controls. Again,
affect the size and distribution of scattering particles in the no clear trends over time were observed and the standard
tissue and, consequently, the light distribution. The exact cor- deviations ofFs5,o/ F4g0 cOntrols were found to be less than 2%
relation between these morphological changes and alterationf the mean, whereas the standard deviatioRady,, controls
in tissue optical characteristics has not yet been determined. were less than 3% of the mean. These results directly support
The decrease in the peak fluorescence intensity may bethe assertion that the changesHRgyo/Fag0, Fe10/Fago, and
explained by a decrease in penetration depth and local fluenceRd;,q are primarily due to tissue thermal damage.

rate at the excitation wavelengtB37 nn). Using ourin vitro The observed differences in line shape betweervitro
optical property measuremeritspenetration depths for native  and in vivo native and coagulated spectra can be primarily
and coagulated liver tissue were estimated to~H&17 and attributed to increased blood absorptionvivo. Hemoglobin

~0.12 mm, respectively. This, in turn, would lead to a de- is the dominant chromophore in blood, and its absorption
crease in the volume of tissue being irradiated. Assuming a spectrum effectively acts as a series of bandpass filters of
uniform distribution of fluorophores, the reduction of the in- different degrees, attenuating selected regions of the emission
terrogation volume translates into a decrease in the total fluo- spectrum, and allowing complementary portions of the emis-
rescence emission. Furthermore, thermal damage leads to &ion spectrum to propagate through the tissue. In general, it is
decrease in the fluence rate of the excitation light under the expected that perfused liver tissue will exhibit stronger blood
collection fibers, according to the predictions of a Monte absorption signatures than nonperfused tissue, since there is a
Carlo simulation model for light propagation. Therefore, the higher concentration of hemoglobin molecules per unit tissue
observed decrease in fluorescence intensity may be explained/olume in the perfused case. Additionally, the trauma caused
by the synergistic effect of decreased penetration and de-by the insertion of the optical probe may cause an additional
creased local fluence rate of the excitation light. amount of blood absorption due to pooling of blood around
Decrease in fluorescence emission may also be explainedthe probe tip. However, since blood oxygenation data were
by degradation and quantity reduction of fluorophores. It is not acquired from the optical interrogation site during surgery,
believed that tissue autofluorescence at 337 nm excitation areit is impossible to know the relative contributions of oxy- and
originated primary collagen, dihydronicotinamide adenine deoxyhemoglobin absorption. Furthermore, the effect of high-
(phosphate dinucleotide[NAD(p)H], and flavin adenine di-  temperaturg50 to 100 °C) heating on the oxygenation and
nucleotide(FAD). It is also known that the fluorescence of light absorption properties of hemoglobin and blood have yet
proteins is due to the interaction of photons of a specific en- to be studied. Nevertheless, a general explanation of the dif-
ergy with specific chemical bonds.g., UV photons with col-  ferences between thi@ vitro and in vivo spectra of native
lagen crosslinks®® Thermal denaturation of proteins can samples is possible. For example, the compression along the
cause the breaking of those bonds responsible for their fluo-wavelength axis of the nativi vivo fluorescence spectrum
rescence properties. The interstitial extracellular matrix in relative to the correspondiniy vitro spectrum can be ex-
liver tissue is known to contain ten different types of collagen, plained by the strong absorption peaks of oxyhemoglobin and
including fibrillar collagens, such as collagefllt has been deoxyhemoglobin at 414 and 432 nm, respectively and the
shown that the fluorescence emission peak of collagen | atrelatively weaker absorption peaks between 540 and 580 nm
410 nm(337-nm excitationdecreases dramatically as a func- [Fig. 7(a)]. Increased blood absorption between 540 and 580

tion of thermal damag#. After 60 min of heating in &0°C nm also explains the valley in this region in the natine/ivo
water bath, a 60% decrease in the fluorescence emission atliffuse reflectance spectrufig. 8@)]. Studies are underway
410 nm relative to controls was report&dzurthermore, ther-  in our lab to investigate the effect of heating on the fluores-
mal injury alters the biophysiological function of tissue and cence and diffuse reflectance spectra of the various compo-
destroys micro-organelle@.g., mitochondripat the micro- nents of liver tissue, such as hepatocytes and blood. These
scopic level, which could lead to a reduction in N&DH and studies are necessary to further elucidate the causes of the

FAD quantity in cells and hence fluorescence intensity be- observed thermally induced spectral alterations.
tween 400- and 550-nm emission. In a couple of our recent
experimental studies, which have not yet been published, we .
found that hyperthemia induces reduction of cell fluorescence 3 Conclusion
at 337-nm excitation in a manner similar to that reported in The key findings of this study are that fluorescence and dif-
this work, and mitochondrion damage could be clearly seen in fuse reflectance spectra can be measimedvo in perfused
tissue samples losing their autofluorescence resulting fromliver tissue undergoing radio-frequency ablation and that the
thermal damage. Therefore, the observed decrease in overalbbserved spectral alterations correlate well with histological
fluorescence intensity as well as the shift in the fluorescencemarkers of thermal damage. The observed red shift of the
peak to longer wavelengths in this study may be a combined fluorescence peak, decrease in overall fluorescence, and in-
effect of thermally induced changes in tissue optics and crease in diffuse reflectance upon thermal coagulation are
degradation/quantity reduction of fluorophores. quantified usingFs10/Fago, Fs10/Fago, and Rdy,, respec-

To rule out the possibility that photobleaching or other tively. The results of this study suggest the potential of using
nonthermal factors were contributing to the changes in fluorescence and diffuse reflectance spectroscopy as feedback
Fs10/Faso: Feio/Fagp, @and Rd;,o over the ablation time  control for thermotherapies of liver tumors.
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