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 Purpose: To identify, with noninvasive imaging, the zone of radiopharma-
ceutical uptake after combination therapy with radiofrequency 
(RF) ablation and intravenous administration of technetium 99m 
( 99m Tc) liposomal doxorubicin in a small-animal tumor model, 
and to quantify and correlate the uptake by using imaging and 
tissue counting of intratumoral doxorubicin accumulation.

 Materials and 
Methods: 

This study was approved by the animal care committee. Two 
phases of animal experiments were performed. In the fi rst ex-
periment, a single human head-and-neck squamous cell carci-
noma tumor was grown in each of 10 male nude rats. Seven of 
these animals were treated with intravenous  99m Tc–liposomal 
doxorubicin followed by RF tumor ablation at a mean tempera-
ture of 70°C  6  2 for 5 minutes, and three were treated with 
intravenous  99m Tc–liposomal doxorubicin only. Combination single 
photon emission computed tomography–computed tomography 
(SPECT/CT) was performed at 15 minutes, 4 hours, and 20 
hours after therapy. In the second experiment, two tumors each 
were grown in 11 rats, but only one of the tumors was ablated 
after intravenous administration of  99m Tc–liposomal doxorubicin. 
SPECT/CT and planar scintigraphy were performed at the same 
posttreatment intervals applied in the fi rst experiment, with 
additional planar imaging performed at 44 hours. After imaging, 
tissue counting in the excised tumors was performed. Radiotracer 
uptake, as determined with imaging and tissue counting, was 
quantifi ed and compared. In a subset of three animals, intratu-
moral doxorubicin accumulation was determined with fl uorim-
etry and correlated with the imaging and tissue-counting data.

 Results: At both SPECT/CT and planar scintigraphy, increased uptake 
of  99m Tc–liposomal doxorubicin was visibly apparent in the ab-
lated tumors. Results of quantitative analysis with both imaging 
and tissue counting confi rmed signifi cantly greater uptake in the 
RF ablation–treated tumors ( P   ,  .001). Intratumoral doxorubi-
cin accumulation correlated closely with imaging ( r  = 0.9185–
0.9871) and tissue-counting ( r  = 0.995) results.

 Conclusion: Study results show that increased delivery of intravenous lipo-
somal doxorubicin to tumors combined with RF ablation can be 
depicted and quantifi ed with noninvasive imaging.

 q  RSNA, 2010
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using human head-and-neck squamous 
cell carcinoma (SCC) xenografts, as 
previously characterized by Bao et al 
( 34 ). Cells from an established human 
tongue SCC cell line (SCC-4; American 
Type Culture Collection, Manassas, Va) 
were inoculated subcutaneously into 
one or two locations: In 14 rats, the 
SCC cell line was injected into the mid-
line of the neck dorsum. In 14 additional 
rats, two inoculations each were per-
formed on either side of the base of 
the neck. Each inoculation contained 
5  3  10 6  SCC-4 cells in 0.20 mL of saline. 
The target tumor volume for these ex-
periments was 1.5 cm 3 . According to 
previous characterization of the growth 
of this tumor ( 34 ), this size should be 
achieved 13 days after inoculation. 

 Radiolabeling Procedure 
 The procedure for labeling liposomal 
doxorubicin with  99m Tc included two 
steps ( 35 ): First,  99m Tc–N, N -bis(2-
mercaptoethyl)-N’,N’-diethylethy-
lenediamine (BMEDA) was prepared 
in our laboratory ( 36 ). Second,  99m Tc-
BMEDA was used to label 2 mL of 
commercially available liposomal doxo-
rubicin (Doxil; Ortho Biotech, East 

step is to identify a method of non-
invasively imaging drug deposition in 
combination with RF ablation. The 
purpose of this study was to identify, 
with noninvasive imaging, the zone of 
radiopharmaceutical uptake after com-
bination therapy with RF ablation and 
intravenously administered technetium 
99m ( 99m Tc) liposomal doxorubicin in a 
small-animal tumor model, and to quan-
tify and correlate the uptake by using 
imaging and tissue counting of intra-
tumoral doxorubicin accumulation. 

 Materials and Methods 

 Animal and Tumor Model 
 All authors had control of the study data. 
The experiments performed in this 
study were approved by the animal care 
committee of the University of Texas 
Health Science Center at San Antonio 
and were compliant with National Insti-
tutes of Health animal care guidelines 
( 33 ). During all procedures, the animals 
were anesthetized with 1%–3% isofl u-
rane (IsoSol; VedCo, St Joseph, Mo) in 
100% oxygen with use of an anesthesia 
inhalation unit (Vapomatic; A.M. Bick-
ford, Wales Center, NY). 

 Experiments were performed in 
28 athymic nude male rats (Hsd:RH-
 Foxn1 rnu  ; Harlan, Indianapolis, Ind) by 

             Radiofrequency (RF) ablation and 
other thermal therapies are in-
creasingly being used for focal tu-

mor therapy in various organs, includ-
ing the liver ( 1–3 ), kidneys ( 4,5 ), lungs 
( 6 ), bone ( 7,8 ), and breasts ( 9,10 ). 
Clinical study results have shown limi-
tations of these therapies in larger 
tumors and suggest incomplete treat-
ment, especially at the tumor margins 
(1–5,9). Methods to overcome this limi-
tation have been explored in research. 
Prior work has revealed the potential 
usefulness of combining thermal thera-
pies with intravenous and intraarterial 
chemotherapy to facilitate increased tu-
mor necrosis ( 11–24 ), reduced tumor 
growth, and/or increased local tumor 
control ( 22,25–31 ). Furthermore, in-
creased drug deposition has been ob-
served, particularly in the tumor tissue 
surrounding the primary ablation zone 
( 16–18,32 ). The drug deposition patterns 
in combination therapies have thus 
far been characterized by using invasive 
methods such as histopathologic analy-
sis and drug extraction and quantifi -
cation. Therefore, the next necessary 

 Implications for Patient Care 

 Combination thermal ablation– n

radiolabeled liposomal doxorubi-
cin chemotherapy may be able to 
potentiate the treatment of solid 
cancers in human patients by 
means of increased drug 
delivery. 

 It also may be a useful means of  n

noninvasively assessing treatment 
response over time with multi-
modality imaging. 

 Potential chemodosimetry of  n

liposomal drugs with use of non-
invasive imaging methods may 
yield prognostic information 
regarding the success of tumor 
treatment and the necessity of 
repeat treatment. 

 Advances in Knowledge 

 The increased delivery of lipo- n

somal doxorubicin to tumors—
when this agent is administered 
intravenously in combination with 
radiofrequency (RF) ablation—
can be depicted and quantifi ed 
with noninvasive imaging. 

 Both combination single photon  n

emission computed tomography–
computed tomography and 
planar scintigraphy can depict 
the increased uptake of techne-
tium 99m ( 99m Tc) liposomal doxo-
rubicin in ablated tumors. 

 The results of quantitative analy- n

sis with tissue counting and both 
imaging modalities confi rmed the 
signifi cantly greater uptake of 
 99m Tc–liposomal doxorubicin in 
RF-ablated tumors. 

 Intratumoral doxorubicin accu- n

mulation correlated closely with 
the  99m Tc activity measured with 
imaging and tissue counting. 
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 Tumor Ablation 
 RF ablation was performed with a spe-
cialized 21-gauge non–internally cooled 
straight-needle electrode with a 1-cm ex-
posed tip. The electrode was powered by 
a 500-kHz, 200-W RF generator (CC-1; 
Valleylab [now Covidien], Boulder, Colo). 
To complete the electrical circuit, the an-
imal was placed on a standard grounding 
electrode (Valleylab), with contact en-
sured by using electrolytic gel. Because of 
the subcutaneous location of the tumor, 
the needle tip was easily placed in the 
center of the tumor by means of visual-
ization and palpation. RF energy was ap-
plied for 5 minutes at a mean tempera-
ture of 70°C  6  2. This ablation protocol 
was adapted from previously published 
animal studies ( 11–13,16–18,26,32 ). 

 Imaging Protocol 
 For all animals that received an intravenous 
 99m Tc–liposomal doxorubicin injection, 
fused single photon emission computed 
tomographic and computed tomographic 
(SPECT/CT) images were obtained at 
three time points after the injection (15 
minutes, 4 hours, and 20 hours) by using 
a dual-modality system (X-SPECT/CT; 
Gamma Medica, Northridge, Calif). 
SPECT projection data were acquired 
by using a 56  3  56 image matrix size 
with dual gamma cameras equipped 
with low-energy parallel hole collimators 
for 32 projections, at 20 seconds per 
projection for the 15-minute and 4-hour 
time points and at 40 seconds per projec-
tion for the 20-hour time point. CT data 
were acquired at a voltage of 75–80 kVp 
and at a tube current of 0.25 mA in the 
fl y mode and were reconstructed to form 
a volumetric image in a 512  3  512  3  512 
matrix size by using a reconstruction 
 algorithm  provided by the camera man-
ufacturer. In addition, in phase 2, ante-
rior and posterior planar scintigraphic 
images were  obtained at the same time 
points (1-minute image acquisition 
time for the  15-minute and 4-hour time 
points, 3-minute image acquisition for 
the  20-hour time point) and at 44 hours 
(10-minute image acquisition) after the 
 99m Tc–liposomal doxorubicin injection 
by using the two gamma cameras of the 
same system. 

 Phase 2: two-tumor model.—  A total 
of 14 rats (28 tumors) were included. 
In 11 of these animals, one of the two 
tumors was treated with RF ablation 
within 5 minutes after the intravenous 
administration of  99m Tc–liposomal dox-
orubicin ( Fig 1b ). The nonablated tu-
mor served as a same-animal control. 
In three additional control animals, one 
of the two tumors was treated with 
RF ablation but no intravenous drug 
administration. 

  99m Tc–Liposomal Doxorubicin 
Administration 
 Liposomal doxorubicin labeled with 
 99m Tc was administered via a tail vein. 
Each dose was formulated to provide 
6.5 mg of doxorubicin and 52 mg of 
lipid per kilogram of body weight. The 
clearance of  99m Tc–liposomal doxoru-
bicin is biphasic, with half clearance 
times of 2.2 and 26.2 hours in normal 
rats. The amount of injected  99m Tc–
liposomal doxorubicin remaining in the 
circulation is approximately 50% at 
13 hours and 20% at 44 hours ( 35 ). These 
values are similar to those reported for 
nonlabeled liposomal doxorubicin ( 37 ). 

Bridgewater, NJ) by means of incubation 
at 37°C for 1 hour. The resultant  99m Tc-
doxorubicin liposomes were separated 
from unencapsulated  99m Tc-BMEDA by 
way of disposable columns (Sephadex G-25; 
GE Healthcare Bio-Science, Uppsala, 
Sweden) and eluted with phosphate-
buffered saline at a pH of 7.4. 

 Experimental Design 
 The study consisted of two phases. 
Phase 1 was performed in animals 
bearing a single subcutaneous tumor. In 
phase 2, each animal had two tumors. 
Both phases were designed to study 
the effect of combined RF ablation–
intravenous  99m Tc–liposomal doxorubicin 
therapy. 

 Phase 1: single-tumor model.—  A total 
of 14 rats (14 tumors) were included. 
The tumors in one cohort of seven rats 
were treated with RF ablation within 
5 minutes after the intravenous admin-
istration of  99m Tc–liposomal doxorubicin 
( Fig 1 a ). A second cohort of three rats 
were treated with intravenous  99m Tc–
liposomal doxorubicin only. A third set 
of four control rats were treated with 
RF ablation only. 

 Figure 1 

  
  Figure 1:  Experimental setup of single- and two-tumor models.  (a)  RF ablation needle electrode is inserted 
into a single-tumor xenograft (arrow) in the back of the neck of a nude rat. A ground electrode covered in 
aluminum foil is placed underneath the rat.  (b)  RF ablation needle electrode is inserted into one of two tumor 
xenografts (arrowhead and arrow) on either side of the base of the neck.   
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One-way ANOVA was used to compare 
the gross ablation sizes between all 
groups. 

 Linear regression and Pearson cor-
relation analyses were used to char-
acterize the relationship between the 
quantity of doxorubicin extracted from 
the tumors and the corresponding data 
obtained at image analysis and tissue 
counting. All reported  P  values were 
calculated by using two-sided tests. 
 P   ,  .05 was considered to indicate a 
signifi cant difference. Statistical analy-
ses were performed by using statistical 
computer software (SAS, release 9.1, 
SAS Institute, Cary, NC; Prism 5, ver-
sion 5.01, GraphPad Software, San Di-
ego, Calif; and Excel 2007, Microsoft, 
Redmond, Wash). 

 Results 

 Radiolabeling 
 The mean initial  99m Tc activity was 1.5 
GBq  6  0.3 (standard deviation) (range, 
1.1–1.9 GBq), and the mean label-
ing effi ciency was 64.7%. The mean 
 99m Tc activity injected per rat was 
0.23 GBq  6  0.05 (range, 0.18–0.36 
GBq). The mean volume of  99m Tc–
liposomal doxorubicin injected per rat 
was 2.0 mL  6  0.3 (range, 1.6–2.5 mL), 
with a mean lipid dose per injection of 
12.1 mg  6  2.0 (range, 8.3–15.9 mg). 

 Imaging and Tissue Counting Analyses 
 One rat used in phase 2 was excluded 
from SPECT/CT image analysis owing to 
faulty image acquisition 15 minutes after 
 99m Tc–liposomal doxorubicin administra-
tion. Another rat in phase 2 was excluded 
from planar image analysis because it 
died before the 44-hour acquisition. 

 A visually striking increase in  99m Tc–
liposomal doxorubicin accumulation 
was observed in all of the tumors (those 
in the rats used in both phases) treated 
with combination therapy; the increased 
uptake was readily apparent at both 
SPECT/CT and planar scintigraphy at 
all time points ( Fig 2 a, 2b ). A three-
dimensional reconstructed SPECT/CT 
image obtained in the two-tumor model 
also demonstrates this difference (Movie 
[online]). Analysis of the SPECT/CT 

pathologic analysis, hematoxylin-eosin 
staining and subsequent examination 
with light microscopy were performed 
on specimens from representative tu-
mors in each group. 

 Doxorubicin Quantifi cation 
 For three animals used in the phase 
2 experiments, the six excised tumors 
(two tumors each from three rats) were 
not studied at pathologic analysis after 
 99m Tc measurement; rather, they were 
frozen at –20°C. These tumors were 
homogenized in acid alcohol (0.3N hy-
drochloric acid, 70% ethyl alcohol), and 
doxorubicin was extracted for 24 hours 
at 4°C. Aliquots of extracted samples 
were pipetted into a 96-well microplate. 
To quantify doxorubicin, fl uorimetry 
was performed with a microplate reader 
(BioTek, Winooski, Vt) at an excitation 
wavelength of 470 nm and an emission 
wavelength of 590 nm by using a stan-
dard curve of doxorubicin concentra-
tions ranging from 0.0 to 0.05 mg/mL 
( 16,17,32 ). 

 Statistical Analysis 
 For the phase 1 and phase 2 experi-
ments, radiotracer uptake was com-
pared at SPECT/CT image analysis 
and mixed-model analysis of variance 
(ANOVA) for repeated measures, 
with subsequent multiple comparisons 
performed by using the ANOVA error 
term. Ablation status (ablated versus 
nonablated tissue) was the between-
subject factor, and time after injection 
was the within-subject factor. Model as-
sumptions of  homogeneity of variance 
and bell-shaped distribution were ex-
amined to ensure valid analyses. These 
criteria were better met by using the 
standard logarithmic transformation of 
the raw data. The same method was 
used to compare radiotracer uptake 
at planar scintigraphic analysis in the 
phase 2 experiments. For phase 1, un-
paired  t  tests were used to compare the 
radiotracer uptake measured according 
to tissue count and gross ablation size 
in all 10 animals (10 tumors) treated 
with  99m Tc–liposomal doxorubicin. For 
phase 2, paired  t  tests were used to 
compare the radiotracer uptake mea-
sured with tissue counting in 11 animals. 

 Image Analysis 
 SPECT/CT images were reconstructed 
as three-dimensional images and as-
sessed at manual volumetric region-
of-interest analysis by using Amira 3.1 
computer software (TGS, San Diego, 
Calif). Manually drawn regions of inter-
est on planar images were analyzed by 
using ASIPro VM software (Concorde 
Microsystems, Knoxville, Tenn), with 
the geometric mean of the counts ob-
tained from the anterior and posterior 
images taken into account. 

 Tissue Counting 
 For all animals that received intrave-
nous  99m Tc–liposomal doxorubicin, the 
radioactivity of all excised tumors was 
quantifi ed by using a gamma well coun-
ter (Wallac 1480 WIZARD; Perkin-
Elmer, Boston, Mass). The percentages 
of injected  99m Tc activity per whole tumor 
and per gram of tumor tissue were cal-
culated by using a previously described 
method ( 35 ). 

 Gross Pathologic and Histopathologic 
Analyses 
 After being imaged, the rats were eu-
thanized by means of pentobarbital-
phenytoin (Euthasol; Virbac Animal 
Health, Fort Worth, Tex) overdose and 
cardiac exsanguination while still anes-
thetized. Their tumors were excised, 
weighed, and measured with calipers. 
With the exception of the tumors in 
three rats that received the combination 
treatment in the phase 2 experiments 
and were used for doxorubicin quanti-
fi cation, which were not sectioned, the 
tumors in all animals were sectioned 
perpendicular to the needle track into 
2–3-mm slices. The tumor slices were 
bathed in 2% triphenyltetrazolium chlo-
ride (Sigma, St Louis, Mo) for 30 min-
utes. With this method, viable tissue 
with intact mitochondrial activity stains 
red and there is no staining of ablated 
tissue, which indicates irreversible cel-
lular injury ( 38 ). Gross-specimen cali-
per measurements were performed in-
dependently in a masked fashion by two 
investigators (H.W.H., A.B.). The max-
imal diameter of the nonstained zone 
perpendicular to the needle track was 
considered the ablation size. For histo-
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used in phase 2, the mean tumor weight 
and mean tumor diameter were 2.07 g  6  
1.28 (range, 0.40–5.72 g) and 13.8 mm  6  
3.2 (range, 8.0–20.0 mm), respectively. 
At gross-specimen inspection and dissec-
tion, the ablation zones in the tumors 
treated with RF ablation, with or with-
out  99m Tc–liposomal doxorubicin, had 
well-demarcated nonstained areas, which 

per whole tumor and per gram of tumor 
tissue ( Table 1  ). 

 Gross Pathologic Analysis 
 For the rats used in phase 1, the mean 
tumor weight and mean tumor diameter 
were 3.19 g  6  1.12 (range, 1.98–5.94 g) 
and 16.9 mm  6  2.4 (range, 14.4–
22.2 mm), respectively. For the animals 

and planar images revealed signifi cant 
differences in  99m Tc–liposomal doxoru-
bicin uptake at all time points, with an 
initial sharp increase ( Fig 2c–2e ). For 
all animals that received intravenous 
 99m Tc–liposomal doxorubicin, these imag-
ing fi ndings were confi rmed with tissue 
counting in terms of percentage accu-
mulation of injected radiotracer dose 

 Figure 2 

  
  Figure 2:  Increased uptake of  99m Tc–liposomal doxorubicin in RF-ablated tumors.  (a)  Transaxial (left) and coronal (right) SPECT/CT images acquired at three 
time points after intravenous administration of  99m Tc–liposomal doxorubicin in rat with two tumors. Right tumor (arrows) was also treated with RF ablation. Left 
tumor (arrowheads) was not ablated. Color map represents SPECT pixel values from 0 to an arbitrary maximal value of 100, indicating percent relative  99m Tc 
activity.  (b)  Posterior scintigraphic images acquired at four time points after intravenous administration of  99m Tc–liposomal doxorubicin in different rat with 
two tumors. Left tumor (arrow) was also treated with RF ablation. Right tumor (arrowhead) was not ablated.  (c)  Graph illustrates percentages of injected  99m Tc 
activity per cubic centimeter of tumor tissue at three time points, as determined at SPECT/CT analysis of single tumors in seven rats treated with combined RF 
ablation–intravenous  99m Tc–liposomal doxorubicin and three rats treated with intravenous  99m Tc–liposomal doxorubicin only.  (d)  Graph illustrates percentages of 
injected  99m Tc activity per cubic centimeter of tumor tissue at three time points, as determined at SPECT/CT analysis of rats with two tumors each, one of which 
was treated with RF ablation after intravenous  99m Tc–liposomal doxorubicin.  (e)  Graph illustrates percentages of injected  99m Tc activity per whole tumor at four 
time points, as determined at scintigraphic analysis of rats with two tumors each, one of which was treated with RF ablation after intravenous  99m Tc–liposomal 
doxorubicin. In  c – e , center points indicate means and error bars indicate 95% confi dence intervals.  P  values were calculated at two-way ANOVA after logarithmic 
transformation of raw data.   
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 Discussion 

 The use of adjuvant chemotherapy to in-
crease the effectiveness of thermal abla-
tion treatment of solid tumors has been 
well demonstrated in animal models and 
with use of several drugs. In the case of 
RF ablation, these treatments include, in 
addition to liposome-encapsulated doxo-
rubicin therapy, treatments with intrave-
nous liposomal cisplatin ( 18 ), liposomal 
5-fl uorouracil ( 18 ), arsenic trioxide ( 20 ), 
and hydralazine ( 24 ); intravenous and 
intratumoral Pluronic block copolymers 
( 28 ); intratumoral ethanol ( 11,39 ) and 
unencapsulated doxorubicin ( 12 ); intra-
peritoneal arsenic trioxide ( 20 ); inter-
stitially implanted 5-fl uorouracil–laden 
polymer rods ( 27 ); oral sorafenib ( 21 ); 
and  transarterial chemoembolization 
( 19,23 ). In human trials, the benefi ts of 
combined RF ablation–intratumoral eth-
anol therapy ( 30,40,41 ) and combined 
RF ablation–transarterial chemoembo-
lization ( 15,22,25,29,31,42 ) have been 
shown. 

 The synergistic effect of combined 
RF ablation–chemotherapy has been 
best established with intravenous lipo-
somal doxorubicin. Goldberg et al have 
shown that intravenously administrated 
liposomal doxorubicin increases the 
size of the coagulation zone induced by 
RF ablation, as demonstrated by means 
of pathologic assessment in animal 
tumor models (13,16–18) and by means 
of CT follow-up in human patients ( 14 ). 
In a rat breast tumor model, equivalent 
ablation zone sizes were observed when 
liposomal doxorubicin was adminis-
tered 3 days before to 24 hours after 
RF ablation ( 13 ). 

 Increased doxorubicin delivery to 
animal tumors when intravenous ad-
ministration of liposomal doxorubicin 
is combined with RF ablation also has 
been well demonstrated by these in-
vestigators ( 16–18,32 ). Although all 
of the underlying factors are not com-
pletely understood, the mechanism of 
increased drug deposition seen with RF 
ablation is thought to be the increased 
microvascular permeability and infl am-
mation caused by the thermal abla-
tion itself. This effect is thought to be 
at least partially responsible for the 

viable tumor cells encircling tiny zones 
of necrosis. We identifi ed no marked 
difference in histopathologic fi ndings 
between the tumors treated with   99m Tc–
liposomal doxorubicin only and those 
that received no treatment. 

 Doxorubicin Quantifi cation 
 Quantifi cation of the doxorubicin ex-
tracted from the tumors revealed a 
close correlation ( r  = 0.9185–0.9871) 
between the extracted doxorubicin 
levels and the percentages of injected 
 99m Tc activity in the tumor tissue, as de-
termined at analysis of the SPECT/CT 
and planar scintigraphic images at all 
time points ( Figs 5 , 6  ). The close cor-
relation between the extracted doxoru-
bicin levels and the tissue counting data 
( Fig 7  ) confi rmed this effect. 

represented ablation zones ( Fig 3  ). 
There was no signifi cant difference in 
ablation zone size between the tumors 
treated with combination therapy and 
those treated with ablation only ( P  = .735, 
ANOVA) ( Table 2  ). 

 Histopathologic Analysis 
 Histopathologic examination fi ndings 
showed the ablated tumors to have 
focal thermal injury changes that 
were absent in the nonablated tumors 
( Fig 4  ). The ablated tumors had a 
confl uent central zone of necrotic 
debris. There was no discernable dif-
ference between the ablated tumors 
treated with and those  treated without 
intravenous  99m Tc–liposomal doxoru-
bicin administration. The nonablated 
tumors showed nests and cords of intact, 

 Table 2 

 Gross-Specimen Ablation Zone Sizes 

Tumor-Treatment Group No. of Tumors Mean Ablation Size (mm) * 

Single-tumor model, combination therapy 7 10.2  6  1.9 (6.9–12.7)
Single-tumor model, RF ablation only 4 11.0  6  1.5 (8.9–12.2)
Single-tumor model,  99m Tc–liposomal doxorubicin only 3 NM
Two-tumor model, combination therapy 8 10.2  6  1.6 (8.1–12.3)
Two-tumor model, RF ablation only 3 11.3  6  1.1 (10.0–12.1)
Two-tumor model,  99m Tc–liposomal doxorubicin only 8 NM

Note.—Combination therapy refers to RF ablation combined with intravenous  99m Tc–liposomal doxorubicin therapy. In the 
single- and two-tumor models, the tumors treated with RF ablation only were considered controls. NM = not measurable.

* Data are means  6  standard deviations, with ranges in parentheses.

 Table 1 

  99m Tc–Liposomal Doxorubicin Uptake Measured with Tissue Counting 

Study Phase and Tumor 
Model *  Ablated Tumors  †  Nonablated Tumors  †   P  Value

Phase 1: single-tumor model
 Per whole tumor 2.148  6  0.625 (1.186–3.147) 0.842  6  0.225 (0.706–1.103) .009
  Per gram of tumor 

 tissue
0.891  6  0.251 (0.624–1.327) 0.388  6  0.056 (0.326–0.434) .011

Phase 1: two-tumor model
 Per whole tumor 2.264  6  0.850 (0.927–4.052) 1.086  6  0.539 (0.329–1.953)  , .001
  Per gram of tumor 

 tissue
1.961  6  0.576 (0.627–2.727) 0.833  6  0.238 (0.443–1.138)  , .001

* In phase 1 of this study, unpaired  t  tests were used to compare radiotracer uptake measured at tissue counting between seven 
rats (seven tumors) treated with ablation and three rats (three tumors) not treated with ablation. In phase 2, paired  t  tests were 
used to compare radiotracer uptake measured with tissue counting between the RF-ablated and non–RF-ablated tumors in the 
same 11 rats.

 †  Data are mean uptake values (in percentage)  6  standard deviations, with ranges in parentheses.
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and the fi rst three planar imaging time 
points were correlated with the levels 
of doxorubicin that eventually accumu-
lated in those tumors. However, given 
that a strong correlation was seen at 
all time points, it may be useful to con-
sider noncontemporaneous time points 
as predictive of the amount of doxoru-
bicin that ultimately accumulates in a 
tumor. Furthermore, contemporaneous 
data from planar imaging at 44 hours 
and tissue counting after tumor exci-
sion confi rmed the correlation between 
extracted doxorubicin level and tumor 

and the zone of ablation develop more 
slowly in this particular tumor model 
than in the other tumor models in which 
combination RF therapy has been 
investigated. 

 One limitation of our study was that 
during SPECT/CT, a contemporaneous 
tissue specimen was not analyzed for 
every imaging time point. Rather, all 
time points were correlated with tis-
sue specimens obtained after the same 
animals were sacrifi ced at 44 hours af-
ter the procedure. This means that all 
of the SPECT/CT imaging time points 

 increased treatment effectiveness seen 
in these studies. 

 To our knowledge, the only previous 
demonstration of this effect at imaging 
was autoradiography of excised tumors 
that had been treated with combined RF 
ablation and intravenously administered 
tritiated liposomes ( 32 ). Our results 
confi rm that doxorubicin delivery is in-
creased when RF ablation is combined 
with the administration of the radio-
pharmaceutical agent  99m Tc–liposomal 
doxorubicin, just as it is when nonra-
diolabeled liposomes are used, and that 
this can be demonstrated at noninva-
sive imaging over multiple time points. 
Furthermore, because the imaging and 
tissue counting results correlated closely 
with the drug concentration in tumors, 
our study results also demonstrate 
that the increased drug delivery that 
occurs with combination therapy can 
be not only depicted but also quantifi ed 
with noninvasive imaging. This quan-
tification could lead to a future ap-
plication of imaging-based chemical 
dosimetry ( 43,44 ). 

 Given the extent of  99m Tc–liposomal 
doxorubicin uptake identifi ed in the 
tumors treated with RF ablation, it was 
surprising that an increase in ablation 
zone size at gross pathologic analysis 
48 hours after treatment was not seen 
with this combination therapy, as com-
pared with RF ablation alone. This may 
have been due to our use of a tumor 
model that was different from that used 
in previously published studies. Our 
model did not reveal a distinct additional 
outer zone of cellular necrosis at his-
topathologic analysis when RF ablation 
was performed in combination with in-
travenous chemotherapy, as has been 
described in other tumor models at the 
48-hour time point (13). Despite these 
fi ndings in our current research, in an-
other study, combination therapy with 
RF ablation and liposomal doxorubicin in 
this same tumor model was signifi cantly 
more effective in controlling tumor 
growth than was liposomal doxorubicin 
alone at 42 days after treatment (mean 
tumor size, 2.05 cm 3   6  1.36 with combi-
nation therapy versus 5.43 cm 3   6  0.93 
with liposomal doxorubicin only) ( 45 ). It 
is possible that treatment-related changes 

 Figure 3 

  
  Figure 3:  Gross-specimen images of ablated and nonablated tumors excised and stained with 
triphenyltetrazolium chloride. The tumors had been treated with  (a)  combined RF ablation and intravenous 
 99m Tc–liposomal doxorubicin,  (b)  RF ablation only,  (c)  intravenous  99m Tc–liposomal doxorubicin only, or  (d)  
no therapy. The ablated zones have no staining, consistent with necrosis. The tissue of the nonablated tumor 
in  c  and  d  is nearly completely stained, with small, scattered nonconfl uent areas of spontaneous necrosis.   
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imaging may be of use in the  noninvasive 
assessment of treatment response. Finally, 
the results suggest the future possibility 
of using chemodosimetry—that is, that it 
may be possible to use an imaging tech-
nique, such as the one described herein, 
to noninvasively determine the amount 
of drug delivered to a tumor. This capa-
bility may yield prognostic information 
regarding the likely success of a given 
tumor treatment and the possible need 
for repeat treatment. 
  Acknowledgments:  We thank S. Nahum Gold-
berg, MD; Ricardo Perez III, BS; Shivshankar 

has the potential for translation to treat-
ment of human tumors. It seems prob-
able that the increased drug delivery 
confi rmed in this study and in previous 
reports will potentiate the treatment of 
solid cancers in human patients. More-
over, the ability to visualize the effects 
of ablation over time with multimodality 

radioactivity. Another potential limita-
tion was that this study was performed 
in a model involving only one animal 
species, so the results cannot necessar-
ily be extrapolated to other settings. 

   Practical applications:   Combina-
tion therapy with thermal ablation and 
radiolabeled liposomal chemotherapy 

 Figure 5 

  
  Figure 5:  Graph illustrates relationship between 
quantity of doxorubicin (in milligrams per gram 
of tissue) extracted from ablated and nonablated 
tumors and tumoral  99m Tc activity determined at 
analysis of SPECT/CT images acquired 20 hours 
after the intravenous administration of  99m Tc–
liposomal doxorubicin. Similar results were obtained 
for the 15-minute and 4-hour time points.   

 Figure 6 

  
  Figure 6:  Graph illustrates relationship between 
quantity of doxorubicin (in milligrams per whole tu-
mor) extracted from ablated and nonablated tumors 
and tumoral  99m Tc activity determined at analysis of 
planar scintigraphic images acquired 44 hours after 
the intravenous administration of  99m Tc–liposomal 
doxorubicin.   

 Figure 7 

  
  Figure 7:   Graphs illustrate relationships between quantity of doxorubicin (in milligrams) extracted from 
ablated and nonablated tumors and tumoral  99m Tc activity measured  (a)  per whole tumor and  (b)  per gram 
of tumor tissue at tissue counting in tumors excised after the intravenous administration of  99m Tc–liposomal 
doxorubicin.   

 Figure 4 

  
  Figure 4:  Histopathologic fi ndings in two tumors excised from the same rat. (Hematoxylin-eosin stain; 
original magnifi cation, 4 3 .)  (a)  Nonablated tumor specimen shows nests and cords of intact, viable tumor 
cells encircling a zone of necrosis ( ∗ ).  (b)  Ablated tumor specimen shows margin with nests of intact tumor 
cells in upper half of the specimen (above dashed line) and necrotic debris in lower half.   
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