Liver Tumor Gross Margin Identification
and Ablation Monitoring during Liver
Radiofrequency Treatment

Christopher P. Hsu, MD, Mahmood K. Razavi, MD, Samuel K. So, MD,
Ilian H. Parachikov, and David A. Benaron, MD

PURPOSE: To determine whether tissue visible light spectroscopy (VLS) used during radiofrequency (RF) ablation of
liver tumors could aid in detecting when tissue becomes adequately ablated, locate grossly ablated regions long after
temperature and hydration measures would no longer be reliable, and differentiate tumor from normal hepatic tissue
based on VLS spectral characteristics.

MATERIALS AND METHODS: Studies were performed on human liver in vivo and animal liver ex vivo. In three ex
vivo cow livers, RF-induced lesions were created at 80°C. A 28-gauge needle embedded with VLS optical fibers was
inserted alongside an RF ablation array, and tissue spectral characteristics were recorded throughout ablation. In one
anesthetized sheep in vivo, a VLS needle probe was passed through freshly ablated liver lesions, and ablated region
spectral characteristics were recorded during probe transit. In two human subjects, a VLS needle probe was passed
through liver tumors in patients undergoing hepatic tumor resection without ablation, and tumor spectral character-
istics were recorded during probe transit.

RESULTS: In bovine studies, there was significant change in baseline absorbance (P < .0001) as a result of increased
light scattering as liver was ablated. Liver exhibited native differential absorbance peaks at 550 nm that disappeared
during ablation, suggesting that optical spectroscopy detects markers of tissue altered during ablation. In sheep, liver
gross ablation margins were clearly defined with millimeter resolution during needle transit through the region,
suggesting that VLS is sensitive to gross margins of ablation, even after the temperature has normalized. In humans,
absorbance decreased as the needle passed from normal tissue into tumor and normalized after emerging from the
tumor, suggesting that absence of native liver pigment may serve as a marker for the gross margins and presence of
tumors of extrahepatic origin.

CONCLUSIONS: In human subjects, VLS during RF liver tumor ablation depicted gross hepatic tumor margins in real
time; in animal subjects, VLS achieved monitoring of when and where RF ablation endpoints were achieved, even
long after the tissue cooled. Real-time in vivo monitoring and treatment feedback may be possible with the use of
real-time VLS sensors placed along side of, or embedded into, the RF probe, which can then be used as an adjunct to
standard imaging during tumor localization and RF ablation treatment.
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Abbreviations: RF = radiofrequency, MR = magnetic resonance, US = ultrasound, VLS = visible light spectroscopy

PERCUTANEOUS radiofrequency (RF)
ablation is an emerging palliative treat-

adenocarcinoma (1). The primary mode
of tumor destruction is a thermal coag-
ulation necrosis (2). Unfortunately, even
with intraprocedural monitoring, coag-
ulation necrosis does not lend itself to
quantitative, real-time feedback. First, it

ment for advanced hepatic carcinoma,
most commonly arising from metastatic

From Santa Clara Valley Medical Center (C.P.H.),
San Jose; Department of Interventional Radiology
(M.K.R.), Department of General Surgery (5K.S.),
and Department of Pediatrics (D.A.B.), Stanford
University Medical Center, Palo Alto; and Spectros
Corporation, Portola Valley, California. Received
November 1, 2004; revision requested December 22;
revision received and accepted July 8, 2005. Address
correspondence to D.A.B., 4370 Alpine Rd., Suite
108, Portola Valley, CA 94028; E-mail: dbenaron@
spectros.com.

MKR. is a member of the Spectros Corporation
Advisory Board and receives equity compensation.
LP. and D.A.B. are Employees of Spectros Corpora-
tion and receive financial and equity compensation.
None of the other authors have identified a conflict
of interest.

©SIR, 2005
DOI: 10.1097/01.RVI.000017833.30967.39

is difficult to assess when the RF elec-
trode properly encompasses the tumor.
Second, when multiple and overlapping
ablation treatments are planned to treat
a large or irregularly shaped tumor, the
gross margin of destruction is poorly
visualized by current intraoperative im-
aging methods.
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To monitor the adequacy of abla-
tion, two endpoints have been com-
monly used: (i) documentation of
tissue temperature or impedance-de-
termined hydration status during and
immediately after ablation and/or (ii)
definition of the extent of coagulation
tissue with imaging (3). With regard to
temperature, sensors can be inserted
into the ablation site to measure focal
point temperatures and magnetic res-
onance (MR) thermometry have been
shown to correlate with temperature
in rabbits. Similarly, impedance is a
reflection of tissue hydration status
during and after ablation. However,
temperature and water content change
with time after ablation, limiting the
utility of these values in clinical prac-
tice (4,5). With regard to imaging,
many imaging strategies have been
evaluated with limited success, in-
cluding MR or computed tomography
with or without contrast agent enhance-
ment (3), hyperechogenicity with ul-
trasonography (US), optical coherence
tomography (6,7), and electrical im-
pedance tomography (8).

The inability to perform accurate,
predictive, real-time intraoperative ab-
lation monitoring reduces the efficacy
of the procedure, lengthens treatment
times, and forces extensive postproce-
dural imaging and follow-up to eval-
uate tumor destruction. In addition,
follow-up imaging to determine the
extent of residual or recurrent tumor is
less than ideal.

Light-based tissue spectroscopy has
been proposed for use as an ablation
endpoint (9,10). It is known that in
vivo optical properties reflect tissue
structure (cell shape and number), tis-
sue composition (concentration-de-
pendent chemical absorbance), and
tissue function (hemoglobin, myoglo-
bin, and cytochrome oxygenation
states).

The purpose of the present study
was to determine if visible light tissue
spectroscopy could be used during ab-
lation of liver tumors to (i) aid in de-
termining when tumors were ade-
quately ablated, (ii) differentiate
between tumor and normal tissue
based on spectral signatures, and (iii)
locate ablated regions long after tem-
perature and hydration measures
would have become unreliable. Our
hypothesis was that the chemical and
structural changes undergone by tis-
sue during thermal ablation, which are

sufficient to be seen clearly by the na-
ked eye after the liver is resected and
sectioned, can provide a reliable signal
for quantitative, real-time feedback
during the ablation process.

MATERIALS AND METHODS
Visible Light Spectroscopy Monitor

The visible light spectroscopy
(VLS) monitor consisted of a 28-gauge
fiber-embedded needle (FireFly; Spec-
tros, Portola Valley, CA), which has
been described previously (11), con-
nected to a Food and Drug Adminis-
tration—approved VLS monitor (TStat;
Spectros) in which white light from a
probe placed on, in, or near tissue is
used to illuminate the tissue under
study. A fiberoptic strand in the nee-
dle collects light returning to the
probe. The volume of sample of the
needle is approximately 125 uL lo-
cated forward of the tip of the needle.
Tissue contact is not required for the
VLS measurement. The VLS monitor
separates collected light by wave-
length into 2,048 bins, measured si-
multaneously (12). The TStat monitor
was used in research mode to collect
all spectral data recorded from the tis-
sue during the ablation procedure.

Ablation Monitoring Ex Vivo

Fourteen ex vivo bovine livers
weighing an average of 2 kg were
studied. A multiple-tip RF ablation de-
vice (Starburst; Rita, Fremont, CA)
was used for the ablation procedure.
This probe was inserted into ex vivo
liver and deployed alongside a 28-
gauge fiber-embedded needle (Fig 1)
parallel to but without contact with
the Rita probe and fiber-embedded nee-
dle. The fiber-based needle was con-
nected to the VLS monitor as described
earlier. The Rita probe has multiple tem-
perature-monitoring thermistors, in-
cluding a thermistor located on the end
of the central tine nearest the fiber
probe. Ablation was performed accord-
ing to standard treatment protocols be-
ginning at 24°C to a maximum temper-
ature of 80°C, as measured by
temperature sensors embedded on the
Starburst probe (Fig 2). The tempera-
ture at the central tine closest to the
fiber probe was used for temperature
correlation. All ablation performed
reached target ablation temperatures,

Figure 1. Left: Prototype 10-cm, 28-gauge
solid needle embedded with optical fibers
for real-time spectroscopy. Right: Multiple-
tip RF ablation device.

Figure 2. Close-up of needle tip with em-
bedded emitter (bright) and detector (dark)
fibers.

and the procedures were terminated
10 minutes after the target tempera-
tures were reached. Real-time ablation
spectra were recorded from 375 nm
(ultraviolet) to 900 nm (infrared) at a
rate of one full spectrum per second,
which resulted in approximately 8,000
data points per sample. All data points
for a given temperature were aver-
aged to provide the result graphs. The
absorbance spectra were calibrated
and referenced to a lipid suspension
(2% Intralipid solids [Pharmacia, Clay-
ton, NC] in saline solution by weight).
Calibration against the lipid suspen-
sion was performed before VLS use
and provided a constant extinction co-
efficient throughout the entire experi-
ment. Spectral raw data were saved to
disk under personal computer control.
Temperature readings from the ther-
mistor within the RF device were also
recorded, and time was correlated
with the saved spectra (Figs 3,4).

Ablation Localization In Vivo

One sheep weighing approximately
50 kg was used and the procedure was
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Figure 3. Bovine liver cross-section ob-
tained after optically monitored ablation
showing (A) a deep brown unablated area,
(B) a pale central ablated area, and (C) the
VLS probe in situ.

performed under general anesthesia.
Induction of anesthesia was achieved
with an intramuscular injection of 100
mg of ketamine hydrochloride. The
animal was intubated and 1.0%-2.0%
halothane was administered via endo-
tracheal tube at a rate of 10 L /min. The
animal was placed in the supine posi-
tion after adequate anesthesia was
achieved; the right upper quadrant
and epigastrium were shaved, and the
surface was sterilized. One thigh was
shaved and the grounding pad was
placed. A Starburst multiple-tip RF ab-
lation device was used and ablation
was performed according to standard
treatment protocols to a maximum
temperature of 80°C, as measured by
temperature sensors embedded on the
Starburst probe. After ablation, a 28-
gauge fiber needle embedded with a
VLS emitter and receiver was placed
through the original ablation tract un-
der US guidance. Real-time ablation
spectra were recorded from 375 m to
900 m at a rate of one full spectrum per
second as the probe was inserted in a
continuous motion. Depth was esti-
mated by correlating the time of the
sample with the crossing of markings
on the side of the VLS needle, with
interpolation between distance marks.
Similar to the aforementioned bovine
liver ablation monitoring study, the
probes were calibrated as before. Ap-

proval for this study was obtained
from the animal institutional review
board.

Tumor Localization In Vivo

Approval for this study was ob-
tained from the institutional review
board, with written informed patient
consent obtained prior to each study.
Two human subjects, 69 and 72 years
old respectively, were studied. Both
patients were undergoing scheduled
liver resection for metastatic colorectal
adenocarcinoma. Spectra were ob-
tained as a fiber-enabled needle was
inserted into the liver under US guid-
ance. Later, pathology correlation was
made to correlate probe depth with
tumor location. Real time ablation
spectra were recorded from 375 urn to
900 urn at a rate of one full spectrum
per second. Again, needle depth was
estimated by correlating the time of
the sample with the crossing of mark-
ings on the side of the VLS needle,
with interpolation between distance
marks. Similar to the previous studies,
the probes were calibrated against a
lipid solution, and all spectral data
were saved to disk.

Statistics

Mean and SD values were calcu-
lated from each data set. The normal
distribution of optical values in tissue
had been previously demonstrated. A
small-sample two-tailed ¢ test was ap-
plied to determine differences be-
tween mean values for baseline and
peak absorbance values at different
temperatures, with SD values based
on intrasample variability with re-
peated measures.

RESULTS
Ablation Monitoring Results

Pooled spectra obtained from bo-
vine liver during RF ablation are
shown in Figure 4. There was a signif-
icant change in baseline absorbance
during ablation. Absorbance at 700 nm
decreased from —0.66 = 0.03 at 27°C to
~1.29 * 0.01 at 79°C (P < .0001).

An absorbance peak at 555 nm was
observed at all temperatures. At 27°C,
the absorbance at this peak was —0.13
(relative to the lipid standard). This
absorbance decreased as the tissue

temperature increased, from —0.25 at
45°C to —0.60 at 65°C and then to —0.87
at 73°C. Finally, at that temperature,
the absorbance peak stabilized and re-
mained at —0.87 as the tissue temper-
ature increased from 73°C to 79°C. A
decreased absorbance indicates that
the tissue is becoming more optically
reflective as it thermally denatures,
whereas a stable absorbance at the
highest temperature range suggests
that the denaturation process has com-
pleted and the thermal endpoint has
been reached.

Ablation Localization Results

A typical plot of absorbance at one
wavelength, obtained as the needle
passed into and through an ablated
liver section, is shown in Figure 5a.
There was a stable baseline absorbance
in the infrared (870 nm, 0.39 = 0.01)
and visible (490 nm, 0.48 = 0.01) wave-
lengths while traversing intact native
liver; however, when the needle was
advanced into region of ablated liver
(at approximately 9.5 cm depth), the
relative absorbance decreased to —0.30
+0.00 (870 nm; P < .0001) and —0.09 =
0.00 (490 nm; P < .0001), each of which
represents a fourfold increase in re-
flective intensity at the respective
wavelengths (given the base-10 loga-
rithmic scale of absorbance).

Both regions of increased reflec-
tance corresponded with the gross lo-
cation and size of the ablation area as
measured photographically when the
tissue was sectioned after completion
of the study. This suggests that the
gross margins of ablated regions, and
the maximum temperature reached,
can be mapped with use of VLS spec-
troscopy after the ablation has been
completed.

Tumor Localization Results

A typical plot of first-derivative dif-
ferential absorbance, obtained as the
needle passed into and through a colo-
rectal metastasis in human liver, is
shown in Figure 5b. There was a sta-
ble maximum absorbance as the nee-
dle traversed intact, native liver, with
a differential absorbance of 0.96 = 0.00
at 650 nm; however, when the needle
advanced into regions of metastatic
cancer (at approximately 9 mm depth),
the differential absorbance decreased
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Figure 4. Changes in tissue absorbance over the visible wavelength range during RF
ablation. (a) With absorbance plotted in first differential absorbance, which reduces the
effect of tissue coupling and light scattering, some peaks appear to be destroyed during
heating while others are thermostable. The stable peak does not correspond to known
hemoglobin species. (b) Absorbance plotted as effective absorbance, in which changes in
tissue scattering with temperature dominates the baseline, especially above 650 nm.
Scattering increases with temperature, depressing the baseline effective absorbance, as the

tissues are thermally ablated.

to —0.03 = 0.00 (P < .001). The differ-
ential absorbance was stable through-
out the tumor until the VLS needle
passed through the posterior margin
of the tumor, returning to a greater
value after emerging from the distal

margin of the tumor at approximately
25 mm depth. With deeper insertion,
differential absorbance returned to
within 0.08 absorbance units of that of
normal liver parenchyma. This sug-
gests that the gross margins of meta-

static liver tumors (ie, of extrahepatic
origin) can be mapped with use of VLS
spectroscopy with millimeter preci-
sion.

DISCUSSION

This study demonstrates that tissue
undergoes optical changes with abla-
tion and that these changes may allow
for measurements of the degree and
extent of ablation that is detectable
with VLS, even after the tissue has
cooled. Persistence of the ablation
measures is not a feature of previous
measures such as electrical resistance
or temperature. In addition, the opti-
cal differences between native liver
and metastatic tumors may allow for
the detection and localization of he-
patic tumors with precise real-time lo-
calization of gross tumor margins. To-
gether, this may allow for ablation to
be better controlled and targeted with
use of optical VLS feedback.

Previous work by Otten et al (9)
looked at changes in light scattering by
tissue ex vivo during cryoablation and
showed that noninvasive optical imag-
ing is possible, whereas Swartling et al
(13) looked at changes in myocardial
tissue light absorbance during abla-
tion in pigs and found that metmyo-
globin, formed in ablated tissue, could
yield a spectral marker of ablation.
Others have looked at changes well
into the infrared spectrum, where pro-
tein chemistry and absorbance lines
can be explored and exploited (14).
Some groups are investigating the use
of light to image ablation progress. For
example, optical coherence tomogra-
phy, an imaging technology, has been
suggested in monitoring tissue abla-
tion (6,7).

This study differs in several ways
from previous studies. First, in the
present study, visible light spectros-
copy was employed to demonstrate
that the absorbance spectra for each
temperature allows for differentiation
of maximum temperature reached,
which may result in algorithms reflect-
ing the tissue viability. Unlike temper-
ature monitoring with use of ther-
mistor probes or measurement of
tissue hydration, which reflect tempo-
rary effects of ablation, the persistent
measures used herein may allow the
damage to be monitored well after the
ablation has been completed. This
would permit ablation probes to be
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Figure 5. (a) Ablation Margin. Changes in absorbance at selected visible and infrared wavelengths as an optical needle approaches

and passes through an ablated region in live ovine liver shortly after ablation. The gross margins of the ablated region are clear
(asterisks). The local decreases in absorbance in ablated tissue are believed to arise from increases in tissue scattering during tissue
destruction and may therefore serve as an indicator of tissue viability. (b) Tumor Margin. Changes in absorbance at one wavelength
as an optical needle approaches and passes through hepatic tumors of extrahepatic origin in vivo in human subjects. The gross margins
of the tumors are well delineated (asterisks). The local decreases in absorbance in this unablated tumor are believed to arise from the
absence of primary liver pigments in these extrahepatic tumors.

repositioned minutes to hours after an
ablation has been performed.

Second, during ablation, the liver
spectra exhibited a well-defined first
differential isosbestic point (the point
at which the absorbance does not
change with treatment) at 555 nm.
Such an isosbestic point suggests an
interconversion between two chemical
species during ablation (15). Our anal-
ysis suggests that this is not a result of
the generation of oxidized methemo-
globin, as the 550 nm isosbestic point
does not correlate with published isos-
bestic values for methemoglobin (16).
This raises the possibility of a unique
chemical marker for ablation progress
and/or tissue viability.

Third, although decreased absor-
bance in the ablated regions was con-
sistent with the findings of earlier
studies that demonstrate a decrease in
absorbance as tissue is ablated (17), the
ability to localize this difference with-
in millimeters suggests that an algo-
rithm based on these values could re-
sult in stable, real-time tissue identifi-
cation by distinguishing when the
needle has passed through the ablated

tissue and entered back into normal
tissue.

Last, the spectral characteristics of
metastatic colorectal adenocarcinoma
are markedly different than normal
liver parenchyma and are within the
sensitivity of the VLS probe, suggest-
ing that an algorithm based on these
values could result in possible tissue
identification by distinguishing when
the needle has passed through tumor
and entered back into normal tissue.

The results agree with those of
Swartling et al (13), who studied abla-
tion in myocardial tissue and sug-
gested that the optical properties de-
scribed can be found in tissues other
than liver. The results here are of in-
terest in RF liver ablation, but from a
broader perspective, they demonstrate
the response of optical properties of
tissue to heat-induced coagulation ne-
crosis. The spectral composition of un-
ablated tissue is measurably and sig-
nificantly different than ablated tissue,
suggesting the formation of new com-
pounds that may serve as stable mark-
ers of ablation. As such, VLS may aid
the interventionalist in determining
when a particular level of ablation has

been reached. In addition, the results
demonstrate that the spectral compo-
sition of colorectal adenocarcinoma is
measurably different than liver tissue;
specifically, colorectal adenocarci-
noma demonstrates decreased relative
absorbance (ie, increased reflectance)
compared with liver tissue. This dif-
ference can be detected by the sensi-
tivity of VLS probes embedded within
the ablation instrumentation. The VLS
technology, as deployed in a needle,
can return data only along the needle
tract. Three-dimensional data can be
provided by incorporating the optical
fibers into each RF ablation tine, as has
been demonstrated in other multifiber
optical imaging approaches (9,18), to
allow mapping of the tumor (and ab-
lation) during initial deployment, fur-
ther trial extension of the tines, and
retraction. Such a multifiber approach
may further assist the interventionalist
to immediately provide gross tissue
characterizations in real time that aug-
ment the biopsy results that are usu-
ally available at a much later time.
We conclude that real-time VLS
may aid the interventionalist in iden-
tifying gross tumor margins when a
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percutaneous needle has entered tu-
mor or liver tissue and for identifying
when tissue at the site of the VLS
probe has been ablated with RF, allow-
ing for additional procedure feedback.
Further study to evaluate the full clin-
ical utility in image-guided tumor
therapy is warranted. This may lead to
a more reliable, reproducible, and safe
procedure.
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