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 Purpose: To characterize effects of combining radiofrequency (RF) abla-
tion with proapoptotic intravenous liposome-encapsulated pa-
clitaxel and doxorubicin on tumor destruction, apoptosis and 
heat-shock protein (HSP) production, intratumoral drug accu-
mulation, and end-point survival.

 Materials and 
Methods: 

R3230 mammary adenocarcinomas ( n  = 177) were implanted in 
174 rats in this animal care committee–approved study. Tumors 
received  (a)  no treatment,  (b)  RF ablation,  (c)  paclitaxel,  (d)  RF ab-
lation followed by paclitaxel (RF ablation–paclitaxel),  (e)  paclitaxel 
before RF ablation (paclitaxel–RF ablation),  (f)  RF ablation followed 
by doxorubicin (RF ablation–doxorubicin),  (g)  paclitaxel followed 
by doxorubicin without RF ablation (paclitaxel-doxorubicin), or  (h)  
paclitaxel before RF ablation, followed by doxorubicin (paclitaxel–
RF ablation–doxorubicin). Tumor coagulation area and diameter 
were compared at 24–96 hours after treatment. Intratumoral 
pacli taxel uptake with and without RF ablation were compared. 
Immunohistochemical staining revealed cleaved caspase-3 and 
70-kDa HSP (HSP70  ) expression. Tumors were randomized into 
eight treatment arms for Kaplan-Meier analysis of defi ned sur-
vival end-point (3.0-cm diameter).

 Results: Paclitaxel–RF ablation increased tumor coagulation over RF 
ablation or paclitaxel (mean, 14.0 mm  6  0.9 [standard deviation  ], 
6.7 mm  6  0.6, 2.5 mm  6  0.6, respectively;  P   ,  .001). Paclitaxel–
RF ablation–doxorubicin had similar tumor coagulation ( P   ,  .05), 
compared with paclitaxel–RF ablation, at 24 and 96 hours. 
Mean intratumoral paclitaxel accumulation for paclitaxel–RF 
ablation (6.76  m g/g  6  0.35) and RF ablation–paclitaxel 
(9.28  m g/g  6  0.87) increased over that for paclitaxel (0.63  m g/g  6  
0.25,  P   ,  .001). Paclitaxel substantially increased apoptosis and 
decreased HSP70 expression at coagulation margin. Mean end-
point survival for paclitaxel–RF ablation–doxorubicin (56.8 days  6  
25.3) was greater, compared with that for paclitaxel–RF ablation 
or RF ablation–paclitaxel (17.6 days  6  2.5), RF ablation–
doxorubicin (30.3 days  6  4.9,  P   ,  .002), or paclitaxel-doxorubicin 
(27.9 days  6  4.1,  P   ,  .001).

 Conclusion: Selecting adjuvant liposomal chemotherapies (paclitaxel, dox-
orubicin) to target cellular apoptosis and HSP production ef-
fectively increases RF ablation–induced tumor coagulation and 
end-point survival, and combined multidrug approach results in 
even better outcomes.

 q  RSNA, 2010
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treatment with a combination of RF ab-
lation and liposomal paclitaxel might be 
better than other treatment strategies, 
including RF ablation with liposomal 
doxorubicin. Despite this mechanistic 
rationale, to our knowledge, intratumoral 
uptake for liposomal paclitaxel combined 
with RF ablation and the potential ef-
fects on apoptosis, tumor destruction, 
and survival are unknown. Further-
more, researchers in prior studies have 
demonstrated the infl uence of key pa-
rameters, such as the timing between 
the administration of adjuvant lipo-
somal doxorubicin therapy and RF ab-
lation, both in terms of the amount of 
intratumoral drug uptake and tumor 
coagulation ( 27 ). Hence, further char-
acterization of the parameters for the 
new treatment adjuvant (liposomal pa-
clitaxel) is also required. 

 Accordingly, the purpose of our 
study was fourfold:  (a)  to characterize 
and compare tumor necrosis induced 
by various treatment regimens com-
bining RF ablation with or without li-
posomal paclitaxel and/or doxorubicin, 
 (b)  to determine whether RF ablation 
increases intratumoral accumulation 
of liposomal paclitaxel;  (c)  to explore 

margin of the target ablation zone. One 
potential strategy to overcome the cur-
rent limitations of performing RF abla-
tion alone is the addition of adjuvant 
treatments, such as chemotherapy or ra-
diation therapy ( 12–14 ). Indeed, inves-
tigators in several studies ( 15–18 ) have 
demonstrated complementary interac-
tions when they combined RF ablation 
and concurrent administration of the 
chemotherapeutic agent doxorubicin, 
particularly in the form of a liposomal 
preparation. Researchers in mechanis-
tic studies ( 19–21 ) have further shown 
that liposomal doxorubicin increases ef-
fectiveness of ablation, in part by cellu-
lar stress leading to apoptosis, but also 
produces heat-shock proteins (HSPs), 
such as 70-kDa HSP (HSP70), which 
have been shown to limit tissue dam-
age. Therefore, other compounds that 
have greater apoptosis potential and/or 
HSP suppression hold the potential to 
further increase RF ablation–induced 
tissue coagulation. 

 Along these lines, paclitaxel is one 
possible agent for use in combination 
with RF ablation, as it is an increas-
ingly used chemotherapeutic agent with 
low toxicity in clinical practice that has 
confi rmed strong apoptotic effects, as 
well as inhibition of HSP formation, and 
can be incorporated into a liposomal 
preparation ( 22–26 ). Thus, we hypoth-
esized that increased tumor coagula-
tion and hence end-point survival after 

             Radiofrequency (RF) ablation of 
solid tumors has been progres-
sively adopted widely into clinical 

practice for small ( , 3.0-cm-diameter) 
tumors because of its high effectiveness 
and low risk of complications ( 1–4 ). 
However, a key limitation of this tech-
nique remains the incomplete treat-
ment of larger tumors, which often 
leads to local tumor recurrence ( 5–7 ). 
Specifi cally, researchers in several stud-
ies ( 8–11 ) have reported residual tumor 
growth, suggesting the persistence of 
microscopic foci of viable tumor at the 

 Implication for Patient Care 

 The results of our study under- n

score the potential role and ulti-
mate clinical benefi t of combining 
RF ablation with tailored adjuvant 
nanoparticle-encapsulated chemo-
therapies that target and modu-
late specifi c cellular mechanisms. 

 Characterizing potential adjuvant  n

agents that target separate path-
ways alone and in combination 
may ultimately allow for an inter-
ventional oncology strategy that 
includes administering multiple 
drugs with synergistic effects to 
maximize tumoricidal effect and 
improve overall clinical treatment 
effectiveness. 

 Advances in Knowledge 

 Radiofrequency (RF) ablation  n

combined with nanoparticle-
delivered adjuvant chemothera-
peutic agents, such as liposomal 
paclitaxel, can be successfully 
used to target specifi c cellular 
pathways, such as apoptosis 
enhancement and heat-shock 
protein (HSP) suppression, to 
increase tumor destruction and 
animal end-point survival. 

 Administration of adjuvant intra- n

venous (IV) liposomal paclitaxel 
in combination with RF ablation 
increases the amount of apopto-
sis observed in periablational 
zone tissue that has been previ-
ously shown to recover from 
reversible cellular injury from 
exposure to sublethal 
hyperthermia. 

 RF ablation combined with two  n

adjuvant IV liposomal drugs 
(paclitaxel and doxorubicin) fur-
ther improves animal end-point 
survival compared with the use 
of either agent alone, suggesting 
a synergistic inhibitory effect of 
combination liposomal paclitaxel 
and doxorubicin on tumor 
growth. 

 Greater suppression of 70-kDa  n

HSP expression is seen with lipo-
somal paclitaxel compared with 
doxorubicin, suggesting that an 
additional benefi t of paclitaxel to 
combination therapy may also be 
an effect of HSP suppression. 

  Published online before print  
 10.1148/radiol.10100500 
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 IHC = immunohistochemistry 
 IV = intravenous 
 RF = radiofrequency 

 Author contributions: 
 Guarantors of integrity of entire study, M.A., S.N.G.; study 
concepts/study design or data acquisition or data analysis/
interpretation, all authors; manuscript drafting or manuscript 
revision for important intellectual content, all authors; ap-
proval of fi nal version of submitted manuscript, all authors; 
literature research, W.Y., M.A., M.E., V.P.T., S.N.G.; clinical 
studies, M.E.; experimental studies, W.Y., M.E., T.S.L., R.R.S., 
S.S., M.C., V.P.T., S.N.G.; statistical analysis, W.Y., M.A., M.E., 
S.N.G.; and manuscript editing, W.Y., M.A., M.E., V.P.T., S.N.G. 

 Funding: 
 This research was supported by the National Cancer Insti-
tute, National Institutes of Health (grants R01CA133114, 
R01 CA100045, and 2R01 HL55519). 

 Authors stated no fi nancial relationship to disclose. 



Radiology: Volume 257: Number 3—December 2010 n radiology.rsna.org 687

 EXPERIMENTAL STUDIES:  Increasing Tumor Coagulation and Survival at Ablation Yang et al

intrahepatic liposomal doxorubicin up-
take occurred 24 hours after RF abla-
tion ( 27 ). The remaining three animals 
with single tumors did not receive any 
treatment and served as negative con-
trols. On the basis of initial results, to 
enable determination of intratumoral 
paclitaxel when paclitaxel was given 
alone (ie, without RF ablation), it was 
necessary to give an additional three 
animals a double dose (1.0 mL) and 
double concentration (0.24 mg/mL) in 
a repeat experiment, with linear esti-
mation (ie, dividing by four) to approxi-
mate the standard-dose intratumoral 
drug uptake. 

 Phase 3: IHC characterization of dis-
tribution and expression of apoptosis 
and HSP production.—  On the basis of 
the results above, we used 32 represen-
tative tumor samples from the experi-
ments above harvested at 4 or 24 hours 
after the last treatment from three treat-
ment groups and one control group for 
IHC staining ( n  = 3–5, each subgroup). 
These groups included:  (a)  paclitaxel 
alone,  (b)  paclitaxel–RF ablation,  (c)  
paclitaxel–RF ablation–doxorubicin, and 
 (d)  no treatment. In addition, 16 recut 
samples from RF ablation alone and RF 
ablation–doxorubicin groups ( n  = 3–5, 
each subgroup) from a previously gen-
erated tissue bank in this model were 
used as supplemental control groups. 
As an additional control to ensure uni-
formity of staining, whenever direct 
comparisons were made, IHC staining 
was repeated with all relevant compar-
ative slides stained at the same time. 
Tissues were stained with hematoxylin-
eosin for gross histopathologic analysis 
and with cleaved caspase-3 (Cell Sig-
naling Technology, Danvers, Mass) for 
apoptosis and HSP70 (Stressgen HSP70 
ELISA kit; Assay Designs, Ann Arbor, 
Mich) for heat-shock analysis, as previ-
ously described ( 28 ). 

 Phase 4: Tumor growth rates and 
end-point survival.—  To investigate end-
point survival and tumor growth from 
different treatment strategies, 64 tumors 
or rats (one tumor per rat) were random-
ized into the same eight experimental 
groups used in phase 1 ( n  = 8 each, 
described in detail above):  (a)  no treat-
ment,  (b)  RF ablation alone,  (c)  paclitaxel 

ablation (hereafter referred to as pacli-
taxel-doxorubicin); and  (h)  IV liposomal 
paclitaxel administered 24 hours before 
RF ablation, followed 15 minutes later by 
administration of IV liposomal doxorubi-
cin (hereafter referred to as paclitaxel–
RF ablation–doxorubicin). The coagula-
tion data for the RF ablation alone and 
RF ablation–doxorubicin groups were 
obtained from tumors stored in a tumor 
bank of the same tumor model treated 
under similar conditions ( 28 ), whereas 
the coagulation data for the RF ablation–
paclitaxel and paclitaxel–RF ablation 
groups came from the time course study 
above. Therefore, an additional 36 tumors 
were used (groups: no treatment, pa-
clitaxel alone, paclitaxel-doxorubicin, 
paclitaxel–RF ablation–doxorubicin;  n  = 3 
for sacrifi ce at 4 hours,  n  = 6 for sac-
rifi ce at 24 hours). An additional 10 
tumors were treated with paclitaxel–RF 
ablation and paclitaxel–RF ablation–
doxorubicin to permit comparison of 
tumor coagulation at 96 hours after the 
last treatment. For all groups, gross his-
topathologic analysis and comparison of 
tumor coagulation were performed. 

 Phase 2: Quantifi cation of intratu-
moral paclitaxel accumulation.—  We 
performed quantitative analysis of the 
amount of intratumoral paclitaxel achieved 
from administration of liposomal pacli-
taxel with and without RF ablation. A 
total of 15 tumors in 12 rats were used 
for this phase. Four groups were used 
( n  = 12 tumors, nine animals):  (a)  con-
trol (no treatment),  (b)  paclitaxel alone, 
 (c)  paclitaxel–RF ablation, and  (d)  RF 
ablation–paclitaxel. For three animals 
with two paired tumors each, one tu-
mor of each pair was treated with RF 
ablation–paclitaxel, whereas the other 
tumor was used as an internal control 
that was not treated with RF ablation. 
The tumor to be treated with RF abla-
tion was randomly selected to minimize 
potential selection bias. Three ani-
mals with single tumors were treated 
with paclitaxel–RF ablation. These six 
animals were sacrifi ced at 24 hours 
following RF ablation (for paclitaxel–
RF ablation–treated tumors, this is 
48 hours after drug injection). This time 
was selected because fi ndings in prior 
studies demonstrated that maximum 

the potential effects of these regimens 
on RF ablation–induced apoptosis and 
HSP formation with immunohistochemi-
cal (IHC) staining, and  (d)  to investigate 
the benefi t of combination treatment on 
end-point survival in a small-animal tu-
mor model. 

 Materials and Methods 

 Experimental Overview 
 Approval of the Institutional Animal 
Care and Use Committee (Beth Israel 
Deaconess Medical Center, Boston, 
Mass) was obtained before the start of 
our study. This study was performed in 
four phases to systematically investigate 
the potential synergistic effects of RF 
ablation with adjuvant liposomal pacli-
taxel and/or doxorubicin. A total of 177 
tumors in 174 animals were used. 

 Phase 1: Characterization of tumor 
destruction in combination therapy with 
liposomal paclitaxel and/or doxorubicin.—
  A total of 98 tumors in 98 animals were 
used in this phase. For our fi rst experi-
ment, the time course of coagulation 
from two different liposomal paclitaxel 
administration strategies was deter-
mined. Fifty-two tumors randomly re-
ceived standardized RF ablation (1-cm 
tip, 5 min, 70°C) and intravenous (IV) 
liposomal paclitaxel (volume, 0.5 mL; 
dose, 0.06 mg) 24 hours before RF ab-
lation (hereafter referred to as pacli-
taxel–RF ablation) or 15 minutes after 
RF ablation (hereafter referred to as 
RF ablation–paclitaxel). The animals in 
these two groups were sacrifi ced at 0, 
4, 24, 72, and 96 hours after the last 
treatment ( n  = 5–6 in each subgroup). 

 Next, we compared tumor coagula-
tion 4 and 24 hours after the last treat-
ment for eight experimental groups:  (a)  
no treatment;  (b)  RF ablation alone;  (c)  
administration of IV liposomal paclitaxel 
alone;  (d)  RF ablation–paclitaxel;  (e)  
paclitaxel–RF ablation;  (f)  RF ablation, 
followed 15 minutes later by admin-
istration of IV liposomal doxorubicin 
(volume, 0.5 mL; dose, 1 mg) (hereafter 
referred to as RF ablation–doxorubicin); 
 (g)  administration of IV liposomal pa-
clitaxel, followed by administration of 
IV liposomal doxorubicin without RF 
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(57.25:37.57:5.18 mol %, respectively) 
solutions in chloroform, and a lipid fi lm 
was formed in a round-bottom fl ask by 
using solvent removal on a rotary evapo-
rator. The lipid fi lm was then rehydrated 
with 1 mL of phosphate-buffered saline, 
pH 7.4, and the preparation was probe-
sonicated (Sonic Dismembrator model 
100; Fisher Scientifi c, Pittsburgh, Pa) at a 
power output of 7 W for 30 minutes. To 
remove any titanium particles that may 
have been shed from the tip of the probe 
during sonication, the sample was centri-
fuged for 10 minutes at 2000 rpm ( 32 ). 
The agent was injected within 24 hours of 
formulation, during which time it was 
maintained at room temperature. The 
drug concentration was not measured 
at the time of injection. 

 Intravenous Administration of 
Liposomal Agents 
 Liposomal paclitaxel was injected slowly 
(0.5-mL IV dose per animal for 30 
seconds via a 27-gauge needle) into the 
tail vein at the selected administration 
time (either 24 hours before RF abla-
tion or 15 minutes after RF ablation) 
at the maximum liposomal saturation 
dose (0.12 mg paclitaxel). Liposomal 
doxorubicin was injected with the same 
approach 15 minutes after RF ablation 
in the combined-therapy group. The 
doxorubicin dose was 1 mg (0.5-mL 
IV dose of a 2 mg/mL concentration 
preparation). 

 Measurement of Intratumoral Paclitaxel 
 At sacrifi ce and excision, tumors were 
embedded immediately in optimum cut-
ting temperature compound (Fisher Sci-
entifi c, Pittsburgh, Pa), frozen in liquid 
nitrogen, and stored at  2 80°C prior 
to paclitaxel uptake analysis. Tumor 
samples were homogenized (Yamato 
Laboratory Stirrer; Yamato Scientifi c 
America, Santa Clara, Calif) in 0.5 mL 
of deionized water. The drug was then 
extracted into 1 mL of  tert -butyl meth-
ylether by vortexing for 30 minutes. 
After centrifugation at 13 500 rpm for 
5 minutes, the clear supernatant (0.8 mL) 
was removed and evaporated under a 
gentle stream of nitrogen. The residue was 
then dissolved by 0.2 mL of mobile phase, 
centrifuged at 13 500 rpm for 1 minute, 

1.2–1.6 cm in the largest diameter were 
used for this study. Tumors were grown 
for 14–21 days until the desired size 
was achieved, at which point they were 
randomized to one of the treatment 
arms. In addition, after enrollment in 
survival studies, tumor diameters were 
measured every day in the longitudinal 
and transverse directions with mechan-
ical calipers (W.Y., M.E.). Accuracy of 
the fi nal measurement was verifi ed by 
the senior author (S.N.G.), who was 
blinded to treatment group. 

 RF Application 
 Conventional monopolar RF ablation 
was applied by using a 500-kHz RF ab-
lation generator (model 3E; Radionics, 
Burlington, Mass). To complete the RF 
circuit, the animal was placed on a stan-
dardized metallic grounding pad (Radi-
onics). Contact was ensured by shaving 
the animal’s back and by liberally apply-
ing electrolytic contact gel. Initially, the 
1-cm tip of a 21-gauge electrically insu-
lated electrode (SMK electrode; Radi-
onics) was placed at the center of the 
tumor. RF current was applied for 5 min-
utes with the generator output titrated 
to maintain a designated mean tip tem-
perature (70°C  6  2), with a mean cur-
rent of 90.2 mA  6  22.8 and a range of 
49–157 mA. This standardized method 
of RF ablation application has been 
demonstrated previously to provide re-
producible coagulation volumes with use 
of this conventional RF ablation system 
( 17,30 ). 

 Liposomal Agent Preparation 
 We used a commercially available prepa-
ration of liposomal doxorubicin (Doxil; 
Alza Pharmaceuticals, Palo Alto, Calif). 
For this study, we purposefully used the 
taxol derivative formulation that could 
be maximally concentrated into lipo-
somal vehicles similar to previously used 
liposomal doxorubicin. The paclitaxel 
liposomes were prepared such that the 
lipid composition in these liposomes was 
identical to that of liposomal doxorubi-
cin, as has been described in previous 
work ( 30 ). Briefl y, 0.12 mg of paclitaxel 
(10 mg/mL solution in methanol) was 
added to a mixture of egg phosphati-
dylcholine, cholesterol, and PEG2000-PE 

alone,  (d)  RF ablation–paclitaxel,  (e)  
paclitaxel–RF ablation,  (f)  RF ablation–
doxorubicin,  (g)  paclitaxel-doxorubicin, 
or  (h)  paclitaxel–RF ablation–doxorubicin. 
The survival end point was a tumor di-
ameter of 30 mm or survival of 90 days, 
whichever was reached fi rst. Secondary 
end points were rate of tumor growth 
and local control (ie, no visible tumor on 
the chest wall). 

 Animal Model 
 For all experiments and procedures, an-
esthesia was induced with intraperito-
neal injection of a mixture of ketamine 
(Ketaject; Phoenix Pharmaceutical, St 
Joseph, Mo) at a dose of 50 mg/kg and 
xylazine (Bayer, Shawnee Mission, Kan) 
at 5 mg/kg. Animals were sacrifi ced 
with an overdose of pentobarbital so-
dium (Nembutal; Abbott Laboratories, 
Chicago, Ill) at a dose of 0.2 mL/kg. 

 Experiments were performed with 
a well-characterized established R3230 
mammary adenocarcinoma cell line 
used in multiple prior studies ( 29–31 ). 
In total, 174 Fischer rats with R3230 
tumors were used in this study. Fresh 
tumor was initially harvested from a 
live carrier. Within 30 minutes of this 
tumor explantation, the tumor was ho-
mogenized with a tissue grinder (model 
23; Kontes Glass, Vineland, NJ) with 
an aseptic technique and suspended in 
7 mL of Roswell Park Memorial Insti-
tute (RPMI) 1640 medium (Biomedi-
cals, Aurora, Ill). One or two tumors 
(as specifi ed above) were implanted 
into each animal with direct visual-
ization by using 0.3–0.4 mL of tumor 
suspension injected slowly via an 18-
gauge needle into the mammary fat pad 
of female Fischer rats (mean weight, 
120 g  6  20 [standard deviation]; age 
range, 13–14 weeks) obtained from a 
supplier (Taconic Farms, Germantown, 
NY); the strain of animals used in the 
experiments was the same as that from 
which this tumor was derived initially. 
Animals were maintained on an ad 
lib diet (standard rodent chow 8664; 
Harlan-Teklab, Baltic, Conn) and were 
monitored every 2–3 days to measure 
tumor growth. Only solid, nonnecrotic 
tumors (as determined at ultrasonogra-
phy at the time of treatment) that were 
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parameter and were assigned scores in 
a blinded fashion to remove observer 
bias. Accuracy of the fi nal data was ver-
ifi ed by the senior author (S.N.G.), who 
was blinded to treatment group. 

 Statistical Analysis 
 Software (SPSS 13.0; SPSS, Chicago, Ill) 
was used for statistical analysis in the 
current study. All data were provided as 
the mean  6  standard deviation. Pacli-
taxel uptake, tumor destruction, and IHC 
staining results were compared by using 
analysis of variance and the Student 
 t  test. The Kaplan-Meier method and log-
rank test were used for end-point sur-
vival analysis. Mean and median times 
were used for end-point survival analy-
sis. Differences with  P  values of less 
than .05 were considered signifi cant. 

 Results 

 Phase 1: Characterization of Tumor 
Destruction in Combination RF Ablation 
Therapy with Liposomal Paclitaxel and/or 
Doxorubicin 
 Paclitaxel–RF ablation increased tumor 
coagulation over RF ablation or pacli-
taxel alone at 24 hours (mean, 14.0 mm  6  
0.9, 6.7 mm  6  0.6, and 2.5 mm  6  0.6, 

detect cleaved caspase-3, a marker of 
apoptosis ( 36 ), and HSP70, a key product 
of the HSP chain ( 37 ). Sections were 
incubated with primary antibodies at 
room temperature for 60 minutes and 
washed with phosphate-buffered saline. 
Sections were then incubated with species-
matched secondary antibodies at room 
temperature for 30 minutes. Nuclear 
counterstaining was performed lightly 
with hematoxylin-eosin. Sections were 
dehydrated, and cover slips were ap-
plied by using mounting medium (Per-
mount; Richard-Allan Scientifi c, Kala-
mazoo, Mich). 

 Stained slides were imaged and ana-
lyzed by using a microscope (Micromas-
ter I; Westover Scientifi c, Mill Creek, 
Wash) with imaging software (Micron; 
Westover Scientifi c). Temporal evolution 
of cellular morphologic characteristics 
and the spatial distribution of protein 
expression were determined in relation 
to the central zone of RF coagulation 
and to one another. Quantitative analy-
sis was performed by using two met-
rics: the average thickness of the rim of 
staining and the percentage of cells that 
stain per high-power ( 3 40) fi eld within 
the defi ned zone ( 28 ). Five random 
high-power fi elds were analyzed for a 
minimum of three specimens for each 

and injected onto a high-performance 
liquid chromatography column. A high-
performance liquid chromatography 
system equipped with a diode array and 
fl uorescence detector (D-7000; Hitachi, 
Tokyo, Japan) and column that was 4.6  3  
250 mm (Spherisorb ODS2; Waters, 
Milford, Mass) were used. The column 
was eluted with an acetonitrile-water 
reagent (65:35 vol/vol) at 1.0 mL/min. 
Paclitaxel was detected at 227 nm. The 
injection volume was 50  m L ( 33 ). 

 Gross Histopathologic Analysis 
 As previously reported, staining was per-
formed to assess tumor destruction via 
assessment of mitochondrial enzyme ac-
tivity by incubating thin tissue sections 
in 2% 2,3,5-triphenyltetrazolium chlo-
ride (Fisher Scientifi c, Fairlawn, NJ) for 
30 minutes ( 29,34 ). With this assess-
ment method, viable tissue with intact 
mitochondrial enzyme activity is stained 
red, while ablated tissue does not have a 
red color ( 35 ). The extent of visible co-
agulation was measured in two separate 
and perpendicular dimensions with cali-
pers. The coagulation diameter (ie, lon-
gest measurement perpendicular to the 
inserted electrode) in all tissue samples 
was determined in a blinded fashion by 
three authors (W.Y., M.E., S.N.G., with 
2, 2, and 12 years of experience, re-
spectively). For histopathologic analysis, 
tumors were sectioned perpendicularly 
to the direction of electrode insertion 
and placed in cassettes containing the 
central section of tumor. All tissue was 
fi xed in 10% formalin overnight at 4°C, 
embedded in paraffi n, and sectioned at 
a thickness of 5  m m. 

 IHC Staining 
 The 5- m m sections were placed on posi-
tively charged microscope slides (Super-
frost Plus; Fisher Scientifi c, Pittsburgh, 
Pa) and incubated overnight at 37°C and 
for 1 hour at 58°C. At paraffi n removal 
and tissue rehydration, slides were 
heated with a microwave oven at 97°C 
for 10 minutes for retrieval of antigenic 
activity. Sections were incubated with 
hydrogen peroxide at room temperature 
for 5 minutes to inactivate endogenous 
peroxidase. IHC assays were performed 
by using antibodies on each sample to 

 Figure 1 

  
  Figure 1:  Comparison of effect of paclitaxel  (PTXL)  timing (either before RF 
ablation  [pre-RF]  or after RF ablation  [post-RF]  ) on tumor coagulation over time. 
Tumor coagulation increased over time for both groups (paclitaxel–RF ablation 
and RF ablation–paclitaxel) to a similar maximum amount at 96 hours ( P  = .16). 
More rapid response was observed for paclitaxel–RF ablation, which had the 
greatest rate of mean increase in coagulation area occurring earlier (4–24 hours, 
352.5 mm 2   6  81.2) compared with that at later time (24–72 hours, 258.9 
mm 2   6  158.9) for RF ablation–paclitaxel.   
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tumors treated with liposomal pacli-
taxel alone, there was no increase in 
staining for apoptosis or HSPs in a 
defi ned spatial distribution pattern. 
However, for the RF ablation combi-
nation groups, IHC staining revealed 
bands of discrete cleaved caspase-3 
situated adjacent to the zone of coag-
ulation and a ring of HSP70 immedi-
ately peripheral to the rim of cleaved 
caspase-3 staining. 

 Compared with RF ablation alone, 
both paclitaxel–RF ablation and RF 
ablation–doxorubicin independently sub-
stantially increased apoptosis at the 
margin of coagulation, but peak apop-
totic expression occurred at different times 
(4 hours for RF ablation–doxorubicin 

accumulation compared with that for 
paclitaxel–RF ablation ( P  = .01). Of note, 
initial measurements of intratumoral 
paclitaxel for tumors treated with pa-
clitaxel alone were below our 0.1  m g/mL 
detection level. Therefore, as noted in 
Methods, an additional three animals 
were administered a double dose and 
double concentration. This in creased drug 
dose resulted in a mean of 2.53  m g/g  6  
1.01, corresponding to an estimated 
0.63  m g/g  6  0.25. 

 Phase 3: IHC Characterization of 
Distribution and Expression of Apoptosis 
and HSP Production 
 Although minimal scattered cellular 
apoptosis was seen at 24 hours in 

respectively;  P   ,  .001 for all comparisons). 
Similarly, paclitaxel–RF ablation resulted 
in a greater area of tumor coagulation 
(mean, 488.4 mm 2   6  48.7) compared 
with that for RF ablation alone (mean, 
138.8 mm 2   6  12.7;  P   ,  .001). Both RF 
ablation–paclitaxel and paclitaxel–RF 
ablation resulted in equivalent coagula-
tion area at 96 hours (mean, 589.4 mm 2  
 6  108.7 and 490.5 mm  6  92.6, respec-
tively;  P  = .16). However, significant 
differences were seen between the 
rapidity of response between the two 
dosing regimens, with a greater rate of 
increase in coagulation area occurring 
earlier for paclitaxel–RF ablation (from 
4 hours to 24 hours: mean, 352.5 mm 2   6  
81.2), compared with a later time frame 
for RF ablation–paclitaxel (from 24 hours 
to 72 hours: mean, 258.9 mm 2   6  
158.9) ( Fig 1  ). Paclitaxel–RF ablation–
doxorubicin resulted in a maximum co-
agulation diameter similar to that for 
paclitaxel–RF ablation (mean, 14.3 mm  6  
1.1 and 14.0 mm  6  0.9, respectively; 
 P  = .563) but resulted in greater over-
all area of coagulation at 24 hours after 
treatment (mean, 595.9 mm 2   6  80.9 
and 488.4 mm 2   6  48.7, respectively; 
 P  = .016) (Fig E1 [online]). However, 
at 96 hours after treatment, no differ-
ence was seen between paclitaxel–RF 
ablation–doxorubicin and paclitaxel–RF 
ablation for either coagulation diameter 
(mean, 14.5 mm  6  1.0 and 15.2 mm  6  
0.8, respectively;  P  = .24) or area (mean, 
587.5 mm 2   6  83.8 and 575.6 mm 2   6  
93.5, respectively;  P  = .83). 

 Phase 2: Quantifi cation of Intratumoral 
Paclitaxel Accumulation 
 We observed a substantial increase in 
intratumoral drug uptake in tumors 
treated with RF ablation combined 
with paclitaxel compared with tumors 
that received the drug alone ( Table 1  ). 
RF ablation sharply increased the intra-
tumoral paclitaxel accumulation in RF 
ablation–paclitaxel (mean, 9.28  m g/g  6  
0.87) and paclitaxel–RF ablation (mean, 
6.76  m g/g  6  0.35), compared with the 
estimated intratumoral paclitaxel con-
centration of paclitaxel alone (mean, 
0.63  m g/g  6  0.25;  P   ,  .001). Between these 
two combination groups, RF ablation–
paclitaxel had higher intratumoral drug 

 Table 1 

 Increase in Intratumoral Accumulation of Liposomal Paclitaxel with RF Ablation 

Group Dose (mL) Time after Paclitaxel (h) Paclitaxel Uptake ( m g/g) * 

Control 0.5 ... 0
Paclitaxel alone 0.5 24 Undetectable
PaclitaxeL alone  †  0.5  †  24 0.63  6  0.25
Paclitaxel–RF ablation 0.5 48 6.76  6  0.35
RF ablation–paclitaxel 0.5 24 9.28  6  0.87

Note.—RF ablation increased intratumoral liposomal paclitaxel accumulation for any dosing regimen (24 hours before and 
15 minutes after RF ablation) over paclitaxel alone ( P   ,  .001, all comparisons). Intratumoral liposomal paclitaxel accumulation 
was signifi cantly greater for liposomal paclitaxel administered 15 minutes after RF ablation compared with liposomal paclitaxel 
administered 24 hours before RF ( P  = .01).

* Data are the means  6  standard deviations unless otherwise specifi ed.

 †  The intratumoral drug concentration for a regular dose of IV liposomal paclitaxel administered alone was initially undetectable 
and was subsequently estimated after higher dosing, as detailed in Materials and Methods   where phase 2 is discussed.

 Table 2 

 Quantitative IHC Staining for Apoptosis 

Group

4 Hours 24 Hours

Rim Thickness (mm) Positive Cells (%) Rim Thickness (mm) Positive Cells (%)

Paclitaxel ... ... ... ...
RF ablation 0.49  6  0.12 48.9  6  7.0 No rim No rim
RF ablation–doxorubicin 0.70  6  0.13 * 71.6  6  2.8 * 0.18  6  0.08 45.2  6  9.2
Paclitaxel–RF ablation 0.54  6  0.16 56.1  6  5.6 0.90  6  0.57 * 81.3  6  7.8 * 
Paclitaxel–RF 
 ablation–doxorubicin

0.58  6  0.05 60.2  6  6.8 0.26  6  0.11 50.7  6  4.2

Note.—Data are the means  6  standard deviations unless otherwise specifi ed. RF ablation–doxorubicin and paclitaxel–RF 
ablation signifi cantly increased cleaved caspase-3 staining over RF ablation alone, with peak apoptotic expression at different 
times (4 hours for RF ablation–doxorubicin and 24 hours for paclitaxel–RF ablation [ P   ,  .001, both comparisons]). Cleaved 
caspase-3 rim thickness was greatest (0.9 mm), but had the most variability ( 6  0.57 mm) for paclitaxel–RF ablation at 24 hours. 
Cleaved caspase-3 was higher with paclitaxel–RF ablation–doxorubicin than with RF ablation alone at both times, but lower than 
RF ablation–doxorubicin at 4 hours ( P   ,  .005) and paclitaxel–RF ablation at 24 hours ( P   ,  .001).

* Signifi cantly greater values compared with values for all other treatments listed ( P   ,  .05)  .
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the addition of paclitaxel (paclitaxel–RF 
ablation–doxorubicin) ( Table 3  ,  Fig 3  ). 
There was no obvious rim or minimal 
staining for both paclitaxel–RF ablation 
and paclitaxel–RF ablation–doxorubicin 
groups at 4 hours, suggesting increased 
suppression at early times. By 24 hours, 
persistent HSP70 was detected in RF abla-
tion alone and RF ablation–doxorubicin 
groups (mean rim thickness, 0.71 mm  6  
0.18 and 0.64 mm  6  0.17, respec-
tively; mean percentage of positive cells, 
78.3%  6  3.9 and 67.4%  6  4.3, respec-
tively). A variable but comparatively di-
minished rim of staining of HSP70 did 
develop in three of fi ve paclitaxel–RF abla-
tion tumors and in all paclitaxel–RF 
ablation–doxorubicin tumors at 24 hours 
(mean rim thickness, 0.37 mm  6  0.24 

ablation–doxorubicin group was lower 
than that for the paclitaxel–RF ablation 
group at 24 hours (rim thickness, 0.26 
mm  6  0.11 and 0.90 mm  6  0.57, re-
spectively; percentage of positive cells, 
50.7%  6  4.2 and 81.3%  6  7.8, respec-
tively;  P   ,  .001). 

 In regard to HSP70 expression, 
adjuvant paclitaxel resulted in a reduc-
tion in HSP70 staining (no obvious or 
minimal staining) at 4 hours compared 
with that for RF ablation alone; in com-
parison, increased HSP70 staining was 
observed with RF ablation–doxorubicin 
(mean rim thickness, 0.68 mm  6  0.07 
vs 0.43 mm  6  0.04; mean percent-
age of positive cells, 60.2%  6  5.4 vs 
35.6%  6  4.3;  P   ,  .001), but this was 
substantially diminished at 4 hours with 

and 24 hours for paclitaxel–RF abla-
tion) ( Table 2  ). The cleaved caspase-3 
rim thickness was greatest (0.9 mm) 
but had the most variability ( 6  0.57 
mm) for paclitaxel–RF ablation at 24 
hours where intense positive staining 
was seen, even extending to the margin 
in one tumor with a 1.98-mm thickness 
( Fig 2  ). The mean value for cleaved 
caspase-3 was higher in the paclitaxel–RF 
ablation–doxorubicin group than in the 
group with RF ablation alone at both 
times but lower than that for the RF 
ablation–doxorubicin group at 4 hours 
(rim thickness, 0.58 mm  6  0.05 and 
0.70 mm  6  0.13, respectively; percentage 
of positive cells, 60.2%  6  6.8 and 71.6%  6  
2.8, respectively;  P   ,  .005), and 
the mean value for the paclitaxel–RF 

 Figure 2 

  
  Figure 2:  Apoptosis following combined RF ablation and liposomal chemotherapy.  A–H,  Photomicrographs show rim staining of cleaved caspase-3 (arrows) surrounding 
zone of coagulation. (Original magnifi cation,  3 4.)  A–D,  Sections from tumors excised at 4 hours.  E–H,  Sections from tumors excised at 24 hours.  A, E,  RF ablation alone. 
 B, F,  RF ablation–doxorubicin.  C, G,  Paclitaxel–RF ablation.  D, H,  Paclitaxel–RF ablation–doxorubicin. At 4 hours, RF ablation–doxorubicin demonstrated the strongest 
staining for cleaved caspase-3 expression. At 24 hours, paclitaxel–RF ablation demonstrated the greatest overall staining, seen extending to tumor margin on  G .   
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10 days, respectively;  P   ,  .02, all com-
parisons). However, animals that received 
combined RF ablation–doxorubicin sur-
vived longer than did animals that received 
combined RF ablation and paclitaxel 
( P   ,  .005). There was no signifi cant 
difference in mean end-point survival 
between earlier (24 hours before) and 
later (15 minutes after) paclitaxel ad-
ministration. Overall, triple therapy 
(paclitaxel–RF ablation–doxorubicin) 
showed the greatest end-point survival 
(mean and median, 56.8 days  6  25.3 
and 45.5 days, respectively) ( Fig 4  ), 
with corresponding slower tumor growth 
rates ( Fig 5  ). The latter value was sig-
nifi cantly greater than it was for RF ab-
lation combined with either paclitaxel 
(mean, 17.6 days  6  2.5 and 18.9 days  6  
3.4, respectively;  P   ,  .001, all compari-
sons) or doxorubicin (30.3  6  4.9 days, 
 P   ,  .002). In addition, local control 
occurred in two tumors treated with 
paclitaxel–RF ablation–doxorubicin but 
not in tumors in any other treatment 
groups (Fig E2 [online]). 

 Discussion 

 Several investigators have reported the 
use of pharmacologic agents as adju-
vants to RF ablation in an attempt to 
increase treatment volumes and im-
prove clinical outcomes. In particular, 

RF ablation–paclitaxel, or RF ablation–
doxorubicin) were greater (mean and 
median, 18.9 days  6  3.4 and 18 days, 
17.6 days  6  2.5 and 17.5 days, and 
30.3 days  6  4.9 and 30 days, respectively) 
than they were for rats that received RF 
ablation alone (mean and median, 
14.9 days  6  1.8 and 15 days, respectively), 
paclitaxel alone (mean and median, 
13.1 days  6  2.5 and 12 days, respec-
tively), or for rats in the control group 
(mean and median, 10.4 days  6  1.5 and 

and 0.52 mm  6  0.22, respectively; mean 
percentage of positive cells, 43.2%  6  
32.2 and 53.7%  6  24.2, respectively; 
 P   ,  .005). The other two of fi ve tumors 
in the paclitaxel–RF ablation group had 
virtually no HSP70 staining at 24 hours. 

 Phase 4: Tumor Growth Rates and 
End-Point Survival 
 Mean and median survival for rats 
that received RF ablation and single-
agent therapy (paclitaxel–RF ablation, 

 Table 3 

 Quantitative IHC Staining for HSP Expression 

Group

4 Hours 24 Hours

Rim Thickness (mm) Positive Cells (%) Rim Thickness (mm) Positive Cells (%)

Paclitaxel ... ... ... ...
RF ablation 0.43  6  0.04 35.6  6  4.3 0.71  6  0.18 78.3  6  3.9
RF ablation–doxorubicin 0.68  6  0.07  *  60.2  6  5.4  *  0.64  6  0.17 67.4  6  4.3
Paclitaxel–RF ablation ...  †  ...  †  0.37  6  0.24    ‡    43.2  6  32.2    ‡    
Paclitaxel–RF ablation–
 doxorubicin

...  †  ...  †  0.52  6  0.22    ‡    53.7  6  24.2    ‡    

Note.—Data are the means  6  standard deviations unless otherwise specifi ed. Increased HSP70 staining was observed with RF 
ablation–doxorubicin compared with RF alone ( P   ,  .001), and was substantially diminished at 4 hours with the addition of 
paclitaxel (paclitaxel–RF ablation–doxorubicin) ( P   ,  .005  ).

* Signifi cant increase of RF ablation–doxorubicin compared with RF ablation alone.

 †  There was no rim or minimal HSP70 expression for both paclitaxel–RF ablation groups and paclitaxel–RF ablation–doxorubicin 
at 4 hours, suggesting increased suppression at early times.

 ‡  By 24 hours, persistent HSP70 was detected in RF ablation alone and RF ablation–doxorubicin groups, with reduced staining 
for paclitaxel–RF ablation and paclitaxel–RF ablation–doxorubicin ( P   ,  .005).

 Figure 3 

  
  Figure 3:  HSP production following combined RF ablation and liposomal chemotherapy.  A–D,  Photomicrographs show rim staining of HSP70 (arrows) 
surrounding zone of coagulation on sections from tumors excised at 24 hours. (Original magnification,  3 4.)  A,  RF ablation alone.  B,  RF ablation–doxorubicin. 
 C,  Paclitaxel–RF ablation.  D,  Paclitaxel–RF ablation–doxorubicin. HSP70 staining was substantially diminished in tumors treated with paclitaxel–RF ablation, 
with a comparatively less intensely positive rim observed for paclitaxel–RF ablation–doxorubicin.   
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RF ablation resulted in a larger amount 
of coagulation at 24 hours after treat-
ment compared with administration of 
paclitaxel immediately after performing 
RF ablation. Nevertheless, ultimately, 
both methods of administration resulted 
in a similar amount of coagulation at 
96 hours, such that the later administra-
tion of paclitaxel (15 minutes after RF 
ablation) increased tumor destruction 
in a delayed fashion (ie, in the 24–72-
hour range). This may have occurred 
either through increased apoptosis or 
mitotic spindle inhibition. Regardless, 
this result suggests that paclitaxel likely 
requires 24 hours to increase cellular 
susceptibility to heat-related injury, re-
gardless of the regimen. Such differences 
in optimal drug administration time 
likely refl ect the different drug mecha-
nisms and time required to increase 
cellular susceptibility (ie, priming the 
tumor cells for combination therapy). 

 We also observed markedly greater 
(more than 10-fold) intratumoral pacli-
taxel when RF ablation was added to 
liposomal paclitaxel alone. This corre-
sponds to prior work demonstrating in-
creased intratumoral liposomal doxoru-
bicin accumulation when it is combined 
with RF ablation. For example, Goldberg 
et al ( 18 ) and Monsky et al ( 30 ) doc-
umented up to a 5.6-fold increase in 
intratumoral doxorubicin accumulation 
following RF ablation in rat breast adeno-
carcinoma tumor. Several mechanisms 
have been proposed to explain this 
observed effect, including hyperthermia-
induced increased vascular perme-
ability likely as a result of endothelial 
injury and increased reperfusion after 
reversible vascular stasis in the zone 
of tissue immediately surrounding the 
central ablation (a peripheral zone that 
has been shown to undergo exposure 
to sublethal temperatures) ( 27,38,40 ). 
Interestingly, our results also highlight 
the balance needed between the timing 
of delivery of the agent (ie, providing 
suffi cient time to sensitize tumor cells 
prior to RF ablation) versus achieving 
maximal intratumoral concentrations. 
Indeed, waiting 15 minutes after RF ab-
lation to administer paclitaxel resulted 
in the greatest intratumoral drug accu-
mulation, refl ecting matched peak drug 

and HSP production. As a next step, in 
our study, we investigated the potential 
role of liposomal paclitaxel, with known 
proapoptotic and anti-HSP effects, in 
RF ablation–induced tumor coagulation, 
intratumoral drug accumulation, and 
tumor growth. Our study represents 
an attempt to investigate the potential 
role of a specifi c modifi er of cellular 
stress pathways, such as paclitaxel, as 
an adjuvant for tumor ablation and to 
achieve a more mechanistic-based, se-
lective effectiveness. 

 Our study demonstrates that adju-
vant liposomal paclitaxel increases RF 
ablation–induced tumor coagulation 
over RF ablation alone, with gains simi-
lar to those observed when RF ablation 
and liposomal doxorubicin are com-
bined ( 18 ). In addition, our fi ndings 
also confi rm that the timing of drug and 
RF ablation administration can affect 
coagulation and that timing varies in 
an agent-specifi c manner. For example, 
paclitaxel administered 24 hours before 

hyperthermia has been used to increase 
the effectiveness of chemotherapy by 
increasing blood fl ow, membrane per-
meability, local drug uptake, and me-
tabolism in solid tumors ( 38,39 ). For 
example, we and others ( 16,18 ) have 
described the coadministration of intra-
venous liposomal doxorubicin with RF 
ablation in multiple tumor types, animal 
models, and a pilot clinical series. Ben-
efi ts of this combination therapy over ei-
ther RF ablation or liposomal doxorubi-
cin alone include increased coagulation 
necrosis, increased intratumoral drug 
delivery predominantly in the periph-
eral periablation zone where sublethal 
tissue heating occurs, and increased 
animal end-point survival ( 15,27 ). Most 
recently, Solazzo et al ( 28 ) investigated 
the potential mechanisms underlying 
this observed synergy between RF abla-
tion and IV liposomal doxorubicin, and 
by using IHC staining, they identifi ed 
various levels of increased apoptosis, 
oxidative and nitrative cellular stress, 

 Figure 4 

  
  Figure 4:  Kaplan-Meier analysis of animal end-point survival following treatment with RF ablation  (RF)  
alone, paclitaxel  (PTXL)  alone, RF ablation–paclitaxel  (RF-PTXL)  or paclitaxel–RF ablation  (PTXL-RF) , RF 
ablation–doxorubicin  (RF-DOX) , paclitaxel and doxorubicin combined  (PTXL-DOX),  and paclitaxel – RF ablation–
doxorubicin  (PTXL-RF-DOX) . Animal end-point survival was defi ned as tumor diameter greater than 3.0 cm, 
or survival to 90 days, whichever came fi rst. Graph was truncated at 60 days, as the fi nal two animals had 
complete local control or   tumor regression and survived beyond 90 days. Mean survival for animals that 
received RF ablation and single-agent therapy (paclitaxel–RF ablation, RF ablation–paclitaxel, or RF ablation–
doxorubicin) was greater than that for animals that received RF ablation alone (14.9 days  6  1.8), for animals 
that received paclitaxel alone (13.1 days  6  2.5), or for control group animals (10.4 days  6  1.5;  P   ,  .02, all 
comparisons). Greatest mean end-point survival was observed with paclitaxel–RF ablation–doxorubicin 
(56.8 days  6  25.3;  P   ,  .002, all comparisons).   
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zone. Induction of HSP production has 
been associated with increased cellular 
resistance and thermotolerance, and 
paclitaxel has been shown to inhibit 
expression of certain HSP production 
over other antineoplastic agents. In this 
study, paclitaxel suppressed HSP70 pro-
duction early (approximately 4 hours) 
compared with increases seen with 
doxorubicin here and in other studies, 
with less HSP suppression at later time 
points (approximately 24 hours). There 
are several possible explanations for 
this fi nding. First, the HSP suppressive 
effect of paclitaxel may be temporally 
limited. Early HSP suppression by pa-
clitaxel may not have been able to keep 
up with progressive increases in HSP 
production, suggesting a role for either 
longer-acting HSP suppression or a 
multiple-dosing algorithm to maximize 
paclitaxel’s proapoptotic and HSP-
suppressive effects. In addition, liposome 
deposition occurs predominantly within 
the periablational tumor, such that HSP 
suppression may be limited by lack of 
signifi cant deposition farther away from 
the RF ablation zone. Nevertheless, the 
presence of residual HSP production at 
all times suggests that further investi-
gation into additional methods of HSP 
suppression is still warranted. 

 Significant differences in animal 
end-point survival were identifi ed for 
RF ablation combined with paclitaxel 
over RF ablation alone. Surprisingly, 
longer survival was more commonly 
seen with regimens that included lipo-
somal doxorubicin compared with lipo-
somal paclitaxel (with or without RF 
ablation), despite differences in apopto-
sis, HSP70 production, and coagulation 
that would have seemed to favor pacli-
taxel. This signifi cant survival benefi t for 
liposomal doxorubicin over liposomal 
paclitaxel is likely multifactorial. Both 
agents have different mechanisms of 
action, and doxorubicin is likely more 
effective in this particular tumor type 
(a breast adenocarcinoma, for which 
doxorubicin is a fi rst-line therapy in hu-
mans). Increased coagulation and ani-
mal end-point survival for RF ablation 
combined with liposomal doxorubicin 
treatments compared with RF ablation 
combined with paclitaxel despite its 

paclitaxel (greatest effect at 24 hours 
after RF ablation). One possible expla-
nation of this observed temporal vari-
ability is the difference in the mecha-
nism of action between doxorubicin and 
paclitaxel. Specifi cally, doxorubicin pre-
vents resealing of the DNA double helix 
and, therefore, replication during the 
interphase portion of the cell cycle ( 41 ). 
Paclitaxel, on the other hand, inter-
feres with the normal function of mi-
crotubule breakdown during the mitosis 
phase ( 42 ). Differences in the time re-
quired to see peak antiapoptotic effects 
may represent differences in hyperther-
mic repair mechanisms (ie, DNA repair 
occurs earlier and microtubule repair, 
later). 

 On the basis of prior work identify-
ing increased HSP production periph-
eral to the coagulation zone, we also 
investigated the potential role of modu-
lating HSP production. Solazzo et al 
( 28 ) previously demonstrated increased 
staining for HSP production (HSP70, 
specifi cally) peripheral to the treatment 

circulation levels and hyperthermic tissue 
effects (ie, greatest endothelial leaki-
ness). Nevertheless, despite the fact 
that paclitaxel administered 24 hours 
before RF ablation (paclitaxel–RF abla-
tion) resulted in increased but com-
paratively lesser amounts of intratu-
moral drug, more rapid coagulation was 
observed. Regardless, similar amounts 
of overall coagulation and animal end-
point survival were observed for both 
groups. This suggests that there may 
be a threshold effect for both drug con-
centration and geographic intratumoral 
drug distribution, beyond which only 
limited gains in coagulation or end-
point survival are seen despite larger 
amounts of drug delivery. 

 In our study, we investigated and 
compared the effect of both liposomal 
paclitaxel and doxorubicin on RF ablation–
induced apoptosis and HSP production. 
Our results identifi ed different peak 
times and intensities for apoptosis pro-
duction for doxorubicin (predominantly 
early after RF ablation) compared with 

 Figure 5 

  
  Figure 5:  Tumor growth following treatment with RF ablation and/or intravenous adjuvant liposomal che-
motherapy (doxorubicin or paclitaxel). Scatterplot shows mean (and fi nal standard deviation) tumor diameter 
to sacrifi ce at 3.0-cm diameter. Combination RF ablation and a single adjuvant therapy (paclitaxel–RF 
ablation, RF ablation–paclitaxel, RF ablation–doxorubicin) resulted in slower tumor growth and longer survival 
compared with untreated or RF ablation alone groups ( P   ,  .02). RF ablation–doxorubicin and paclitaxel-
doxorubicin groups had greater survival compared with paclitaxel–RF ablation or RF ablation–paclitaxel 
groups. Paclitaxel–RF ablation–doxorubicin showed the greatest survival benefi t, with mean end-point 
survival of 56.8 days  6  25.3 ( P   ,  .002, all comparisons). Graph was truncated at 50 days after treatment 
(similar survival is observed for the surviving animals from 60 to 90 days). Keys are the same as for Figure 4.   
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cellular mechanisms such as apoptosis 
and HSP production can be targeted to 
increase overall tumor destruction. In 
addition, we believe there is potential in 
clinical practice for combining RF abla-
tion with multiple adjuvant agents that 
have different mechanisms of action to 
improve tumor treatment over the use 
of a single agent alone. 
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between doxorubicin- and paclitaxel-
based regimens likely refl ect underlying 
tumor susceptibility to each of these 
agents for this particular model. Thus, 
further confi rmation of these fi ndings 
will be required in other models. Never-
theless, given the number of reports 
in existing literature about the use of 
hyperthermia in cancer therapy ( 43 ), 
the interaction of heat-based tissue ef-
fects and cellular reparative mecha-
nisms will likely have a protean mani-
festation across multiple tumor cell 
lines. In addition, although we dem-
onstrated the potential importance of 
drug delivery timing as it relates to RF 
application by using single-drug dosing 
regimens, further investigation into us-
ing multidose regimens and identifying 
the optimal balance between achiev-
ing high intratumoral drug concentra-
tions and maximum drug effects is still 
required. 

 In conclusion, RF ablation combined 
with adjuvant liposomal drugs can take 
advantage of apoptosis and HSP inhi-
bition to achieve more complete tumor 
treatment and greater survival. Our 
results demonstrate that combining RF 
ablation with adjuvant liposomal drug 
therapies increases intratumoral drug 
delivery and tumor coagulation over RF 
ablation or drug therapies alone. Use 
of a liposomal agent such as paclitaxel 
to target specifi c cellular mechanisms 
to increase apoptosis and suppression 
of HSP production can increase tumor 
coagulation. Our study also highlights 
the potential signifi cant end-point sur-
vival benefi t by combining an increas-
ing number of adjuvant therapies (ie, 
two nanodrugs with RF ablation as op-
posed to single adjuvant agents), given 
that the greatest tumor coagulation and 
end-point survival were produced with 
three combined therapies. This under-
scores the potential synergy between 
administering adjuvant liposomal doxo-
rubicin and paclitaxel together in com-
bination with RF ablation. 

   Practical applications:   Combining 
RF ablation with single or multiple adju-
vant liposomal chemotherapies has the 
potential for further improving the role 
of combination therapies in interventional 
oncology. Our results suggest specifi c 

increased apoptosis, suggests that alter-
nate mechanisms in addition to apoptosis 
are important in achieving slower tumor 
growth rates and/or complete tumor 
death following ablation. Interestingly, the 
greatest survival occurred with paclitaxel–
RF ablation–doxorubicin compared with 
all other therapies. Paclitaxel-induced 
HSP suppression may be at least par-
tially responsible for the synergy ob-
served between doxorubicin and pacli-
taxel. Regardless, the use of two agents 
that target separate portions of the cell 
cycle may be an effective strategy owing 
to both the potential synergy and lim-
ited cross-resistance between them. 

 As noted, one fi nding in our study 
was the discordance in results between 
tumor coagulation, intratumoral drug 
accumulation, and end-point animal 
survival, underscoring the need to care-
fully address the most relevant end 
points. This again underscores that end-
point survival and delayed evaluation of 
tumor coagulation must be viewed as 
primary outcome measures. Thus, al-
though early evaluation of coagulation 
diameter can help identify temporal 
differences between groups, the actual 
time it takes for a full effect to take 
place may vary. Hence, the determina-
tion of a full dose-response curve likely 
needs to be tailored for each agent and 
may make comparisons between differ-
ent drugs even more diffi cult. Similarly, 
differences between intratumoral drug 
accumulation and coagulation demon-
strate that identifying the drug concen-
tration required for a threshold effect 
requires continued investigation. 

 There were several limitations in our 
study. Although this tumor model was 
selected because it is a well-characterized 
vascular solid adenocarcinoma ( 16,29 ), 
careful interpretation of the results 
is required. Although we purposefully 
selected a liposomal paclitaxel formu-
lation that allowed us to make optimal 
comparisons with liposomal doxorubi-
cin, a liposomal paclitaxel formulation 
similar to the one used in our study is 
not currently available in a Food and Drug 
Administration–approved form for clini-
cal use, making rapid translation of our 
results into clinical practice more diffi -
cult. In addition, the differences identifi ed 
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