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Hypothesis: Radiofrequency (RF) energy applied to breast cancers will result in cancer cell death.
Design: Prospective nonrandomized interventional trial.

Setting: A university hospital tertiary care center.

Patients: Five women with locally advanced invasive breast cancer, aged 38 to 66 years, who were undergoing surgical
resection of their tumor. One patient underwent preoperative chemotherapy and radiation therapy, 3 patients received
preoperative chemotherapy, and | had no preoperative therapy. All patients completed the study.



Interventions: While patients were under general anesthesia and just before surgical resection, a |15-gauge insulated
multiple-needle electrode was inserted into the tumor under sonographic guidance. Radiofrequency energy was applied at a
low power by a preset protocol for a period of up to 30 minutes. Only a portion of the tumor was treated to evaluate the
zone of RF ablation and the margin between ablated and nonablated tissue. Immediately after RF ablation, the tumor was
surgically resected (4 mastectomies, | lumpectomy). Pathologic analysis included hematoxylin-eosin staining and enzyme
histochemical analysis of cell viability with nicotinamide adenine dinucleotide—diaphorase (NADH-diaphorase) staining of
snap-frozen tissue to assess immediate cell death.

Main Outcome Measure: Cancer cell death as visualized on hematoxylin-eosin—stained paraffin section and NADH-
diaphorase cell viability stains.

Results: There was evidence of cell death in all patients. Hematoxylin-eosin staining showed complete cell death in 2 patients.
In 3 patients there was a heterogeneous pattern of necrotic and normal-appearing cells within the ablated tissue. The
ablated zone extended around the RF electrode for a diameter of 0.8 to 1.8 cm. NADH-diaphorase cell viability stains of
the ablated tissue showed complete cell death in 4 patients. The fifth patient had a single focus of viable cells (<I mm)
partially lining a cyst. There were no perioperative complications related to RF ablation.

Conclusions: Intraoperative RF ablation results in invasive breast cancer cell death. Based on this initial report of the use of
RF ablation in breast cancer, this technique merits further investigation as a percutaneous minimally invasive modality for
the local treatment of breast cancer.

Arch Surg.1999;134:1064-1068

IN RECENT years, there has been a transition toward less invasive local treatment of breast cancer. |
The shift from radical mastectomy 2-3 and modified radical mastectomy 4-7 to breast conservation
therapy 8-15 has not altered survival rates. Following this continuum, investigators are studying
percutaneous minimally invasive techniques to locally eradicate breast tumors. Cryoablation, 16-17 laser
ablation, 18 and high-intensity focused ultrasound 19-20 have been reported for ablation of benign and
malignant breast lesions. Radiofrequency (RF) energy heats tissue, causing thermal destruction and cell
death by coagulation necrosis. This technique has been used for ablation of liver, prostate, bone, and
renal tumors; pharyngeal soft tissue; neural tissue; and brain lesions. 21-27 We report the first series of
RF ablation in patients with breast cancer.

PATIENTS, MATERIALS, AND METHODS 4

Five women with locally advanced (stage Ill) breast cancer or tumors larger than 5 cm who were
scheduled to undergo surgical resection volunteered for this study with the understanding that the
ablation procedure would not change their clinical management. All signed an institutional review
board—approved informed consent. Women with large tumors were selected to determine the extent
of tissue destruction by RF energy applied to a single site within the tumor. Preoperative diagnosis of
ductal carcinoma was made by fine needle aspiration biopsy in 2 patients and core needle biopsy in 3
patients. Three of the 5 women underwent preoperative chemotherapy with varying clinical responses,
| underwent preoperative chemotherapy and radiation therapy, and | had no preoperative therapy. At
the time of the RF ablation procedure, tumor size ranged from 4 to 7 cm as measured by clinical
examination or mammography.

General anesthesia was induced in all 5 patients. The breast was prepared and draped under sterile
conditions. The tumor site was identified by intraoperative sonography using the ATL HDI 3000
system (Advanced Technology Laboratories, Bothell, Wash) with a broadband 9- to 5-mHz linear
transducer. The skin overlying the tumor was nicked with an | I-blade, and a |5-gauge insulated
multiple-needle electrode (LeVeen needle electrode; RadioTherapeutics Corp, Mountain View, Calif)



was inserted into a single site within the tumor under direct sonographic guidance. Radially spaced
stainless steel wires that spread outward in an inverted arc with a tip-to-tip diameter of 2 cm were
deployed (Figure 1). The multiple-needle electrode was connected to the RF-2000 generator
(RadioTherapeutics Corp), and a return electrode pad (Valley Lab, Boulder, Colo) on the patient was
connected to complete the current path. After the protocol was in progress, a decision was made to
add temperature monitoring data. In the final 3 patients, a 2|-gauge temperature probe (Brymill
Cryogenic Systems, Ellington, Conn) was inserted into the tumor adjacent to the base of the wire
array.

Figure 1. Multiple-needle electrode for radiofrequency ablation. Radially spaced wires
extend from deployed needle.
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By using a predetermined standardized algorithm, RF energy was applied in 2 time periods, not to
exceed a total of 30 minutes. The maximum time of 30 minutes was chosen to avoid an indefinite delay
in operative time. In the first time period, power was initially set to 12 to 15 W. After 10 minutes,
power was increased in 5-W steps until a rapid rise in impedance (ohms) occurred, indicating tissue
desiccation, or until 15 minutes was reached. In the second time period, power was restarted at 75% of
the previously determined highest power setting before the increase in impedance, or continued at the
last setting if the first |5-minute time limit was attained. Ten minutes into the second time period,
power was again increased in 5-W steps to a maximum of 60 W or until 15 minutes elapsed.
Temperature recordings were made during RF ablation in the last 3 patients, but did not affect the
power setting algorithm. Ice packs were placed on the breast before applying RF energy and for the
duration of the ablation procedure to minimize possible thermal injury to the skin.

Following RF ablation, the multiple-needle electrode was disconnected and cut with a wire cutter at
the skin. Four of the 5 women underwent modified radical mastectomy and | underwent lumpectomy
and axillary lymph node excision. The breast tissue was immediately sent to the pathology laboratory
and margins were inked. The breast tissue was incised from the posterior aspect until the tissue
surrounding the needle electrode was identified. This tissue was divided and a representative section of
tumor and surrounding tissue from each case was immediately placed in OCT compond embedding
medium (Tissue-Tek; Sakura Finetek USA Inc, Torrance, Calif), snap-frozen in liquid nitrogen, and
stored at -70°C for cell viability staining with nicotinamide adenine dinucleotide—diaphorase (NADH-
diaphorase). Frozen samples were sent on dry ice to a collaborating laboratory. Adjacent tissue was
fixed in formalin, embedded in paraffin, sectioned, and stained with hematoxylin-eosin (H&E).

The enzyme histochemical analysis of cell viability technique used in this study is based on the reduction
of nitroblue tetrazolium chloride, a redox indicator, by NADH-diaphorase, resulting in an intense blue
cytoplasmic pigment. The activity of this enzyme has been shown to subside immediately upon cell
death. 28 For enzyme histochemical analysis of cell viability, 8-um cryostat-cut unfixed sections were
placed on glass slides. Incubation media consisted of | mL of reduced [alpha]-NADH (Sigma-Aldrich



Corporation, St Louis, Mo) at a concentration of 2.5-mg/mL distilled water, 2.5-mL nitroblue
tetrazolium chloride (Sigma-Aldrich Corporation) at a concentration of 2-mg/mL distilled water, | mL
of phosphate-buffered saline (pH 7.4) at a concentration of 2 mg/mL, and 0.5 mL of Ringer solution.
Each tissue section slide was covered with 100 pL of incubation media for |5 minutes under aerobic
conditions at room temperature. Each slide was then washed in distilled water for 2 minutes. Glass
cover slips were then mounted with an aqueous medium. Slides were evaluated for characterization of
staining within 24 hours of processing. A section of normal liver was used as a positive control, and a
section of normal liver placed in phosphate-buffered saline and heated to 100°C was used as a negative
control.

RESULTS .,

The application of RF energy in breast cancer tissue resulted in a tissue temperature rise from baseline
temperatures of 35.4°C, 35.3°C, and 36.1°C to maximum tissue temperatures of 46.8°C, 51.3°C, and
70.0°C, respectively, in the 3 patients in which it was measured. Continuous recordings were made of
the power applied and tissue impedance (a measure of resistance to flow of electrical current). As
tissue desiccation occurred, impedance increased more than 10-fold, with a precipitous decline in
power. In 4 of the 5 patients, this increase in impedance and reciprocal decrease in power was
observed between 12 and 28 minutes (Figure 2). An average of 36 W (range, 20-60 W) was necessary to
achieve tissue desiccation in these 4 patients. In | patient, RF ablation was terminated at the preset 30-
minute time limit before achieving the tissue desiccation necessary for an exponential increase in
impedance and decrease in power. Like 2 other patients in the study, this patient had received
preoperative chemotherapy only; she did not undergo preoperative radiation therapy. It is not evident
why the rise in impedance and decrease in power did not occur in this patient within the
predetermined 30-minute time interval as it did in others.

Figure 2. In vivo radiofrequency ablation of breast tissue. Graph shows changes in breast
|- o veass T g cancer tissue impedance and temperature during creation of a thermal lesion by

s i 1 z| radiofrequency energy. Power was initially set to 12 W and after 10 minutes was increased
e i porrana, | | in 5-W steps. After 14Y2 minutes, power decreased rapidly as impedance exponentially

s =| increased due to tissue desiccation. Tissue temperature increased from body temperature
CRT— 2 to a level sufficient to cause cell death.
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During tumor ablation, continuous sonographic imaging demonstrated gradual changes in the heated
tissue around the electrode. Well-defined, clearly marginated hypoechoic regions became less distinct
with an increase in overall echogenicity (Figure 3).

Figure 3. Intraoperative breast sonogram before (Pre) and immediately after (Post)
radiofrequency ablation demonstrates increasing echogenicity of the ablated tumor.

[Help with image viewing]



On gross examination, there was no visible difference between ablated tissue and surrounding tissue.
However, the treated tissue was palpably firmer than the untreated tissue. Microscopic examination of
the treated tissue with H&E stains demonstrated well-defined areas of characteristic cautery or heating
effect evidenced by pyknotic nuclei and increased intensity of eosinophilic staining (Figure 4), extending
for a diameter of 0.8 to 1.8 cm. In the RF ablation zone, all cells were necrotic in 2 patients; normal-
appearing cells were interspersed between necrotic cells in 3 patients.
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Figure 4. Photomicrographs of breast tissue after radiofrequency ablation. A, Breast
carcinoma away from ablated area, showing viable cancer cells (hematoxylin-eosin, x400).
B, Thermal ablation of breast cancer cells showing pyknotic nuclei and increased intensity
of eosinophilic stroma (hematoxylin-eosin, x400). C, Low-power photomicrograph of zone
(arrows) between nonviable and viable tissue (hematoxylin-eosin, x[00).

Enzyme histochemical analysis of cell viability by NADH-diaphorase showed no staining of cells in the
RF-ablated region in 4 patients, consistent with complete loss of cell viability (Figure 5). One patient had
a single area of cell viability within a cyst wall, measuring less than | mm (Figure 6).
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Figure 5. Staining of ablated tissue demonstrates no viable cells (nicotinamide adenine
dinucleotide—diaphorase, x125).




Figure 6. Staining of ablated breast tissue demonstrates a rim of viable epithelial cells

"4 (curved arrow) lining approximately 40% of a cyst circumference and measuring less than |
mm (nicotinamide adenine dinucleotide—diaphorase, %X 125). Under the microscope, blue
intracytoplasmic staining is demonstrated within the cystic epithelial cells; other dark
clumps of tissue outside the cyst (straight arrow) appear brown.
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Postoperatively, surgical wounds healed without infection or evidence of skin burn in all patients. One
patient who underwent preoperative chemotherapy and radiation therapy required additional visits for
percutaneous drainage of residual chest wall seroma after mastectomy drains were removed.

COMMENT -,

Surface and percutaneous minimally invasive techniques were used to treat breast cancer as early as
the mid- 19th century. Freezing techniques with iced saline solutions were used to decrease the pain of
advanced breast tumors. 29 Electric current delivered through needles inserted into breast tumors or
given via clay electrodes on the skin reportedly relieved breast cancer pain and, in some cases, resulted
in tumor shrinkage. 30

There has been a recent resurgence of interest in percutaneous minimally invasive tissue ablation.
Successful tissue destruction has been reported using cryotherapy, laser therapy, high-intensity focused
ultrasound, and RF ablation. 16-27, 29, 31-32

Although definitive studies of the efficacy of treating limited-stage breast cancer with these other
techniques have not been performed, several limitations have been discovered that motivated our
investigation of RF ablation as an alternative. Cryosurgery has variable tumoricidal efficacy. In prostate
cancer treatment, residual tumor rates of 7% to 83% have been reported, depending on the freezing
protocols used. 31-32 In experimental models of breast cancer, a single freeze-thaw cycle was
associated with tumor recurrence rates in mice of 80%, and 5 freeze-thaw cycles were necessary to
decrease recurrence rates to 5%. 16 There has been a single reported case of cryosurgery for breast
cancer performed in a woman with 2 foci, 8 mm and 5 mm: tumor cell death was accomplished in both
foci with 2 freeze-thaw cycles but follow-up was only 12 weeks. 17 Laser and focused ultrasound result
in small-size (<=8 mm) ablations, necessitating complex strategies to overlap multiple ablations to treat
the majority of breast tumors. Radiofrequency ablation using a multiple-needle electrode has been
demonstrated to be capable of achieving large-volume ablations (up to 3.5 cm in diameter) with
complete cell death in other organ systems 21 in a reasonable amount of time (<'2 hour). To date,
however, no case has yet been reported of RF ablation for breast cancer.

During RF ablation, a high-frequency alternating current is delivered into tissue, causing excitation and
motion of intracellular ions. This results in intracellular thermal heating by friction, 33 similar to
electrosurgical coagulation (desiccation). Thermal injury to tissue starts at temperatures above 41°C,
with the time of heat exposure necessary for complete cell death exponentially decreasing as
temperature increases above 42.5°C. 34-36 Cell death is also affected by tissue type, phase in the cell
cycle, pH, and blood flow. 34-36 At lower temperatures, apoptosis may be seen; at temperatures above
46°C, necrosis is identified, suggesting different temperature-related mechanisms of cell death. 35



We have shown that it is feasible to use RF energy to ablate breast cancer. When tissue temperatures
were recorded, temperatures above 46°C were achieved in all patients. Zones of cell death were
clearly visible on H&E-stained sections, but in 3 patients, normal-appearing cells were interspersed
between necrotic cells, suggesting incomplete cell death in the RF-ablated region. However, NADH-
diaphorase viability stains are more accurate in determining extent of immediate cell death. Evaluation
of tissue necrosis by this technique is less subjective than by routine H&E staining since interpretation
is based on the presence or absence of intracytoplasmic blue pigment. 28 In the RF-ablated tissue, cells
that appeared normal by H&E staining were nonviable by NADH-diaphorase staining. In our study
design, we chose to ablate and then immediately resect the breast tissue while the patient was under
general anesthesia. This is in contrast to the work of Mumtaz et al, 18 who performed interstitial laser
photocoagulation of breast cancer under local anesthesia with a median interval between laser
treatment and tumor removal of 5 days (range, |-15 days). In the 2 cases in their study where NADH-
diaphorase viability staining was performed, H&E findings of cell necrosis correlated directly with cell
nonviability by NADH-diaphorase staining. It is possible that had we left ablated tissue in vivo for more
than 24 hours (a treat, wait, and resect protocol), more accurate assessment of cell death by H&E
staining would have been depicted.

There are significant unresolved issues when using in situ ablative technologies for local therapy. The
first is that it is difficult to determine the extent of tissue necrosis in real time. Sonographic
measurements are imprecise because of indistinct margins seen at the edges of the heated tissue.
Preliminary investigations at our institution (unpublished data, 1997-?) suggest that ablation performed
in the magnetic resonance therapy open magnet may more accurately predict the zone of necrosis.
The data obtained from such experiments could then be correlated with sonographic and pathologic
findings to allow translation back to a sonographically guided protocol. A second issue requiring
further study is documentation of the resorption process for the ablated tissue—whether a palpable
hard lump would persist that would be unsatisfactory for the patient and her medical providers or
whether the tissue would revert to a more normal state. A third uninvestigated issue is the
heterogeneity of breast tissue and breast cancer composition and its effect on the ablation process.
Breast tissue may be fatty or dense, and breast cancers may show differing amounts of scirrhous
(fibrotic) stroma. Since tissue impedance may differ, 37 protocols and monitoring techniques will need
to be adapted accordingly to assure adequate central and circumferential tumor ablation. Factors such
as tumor size, tissue conductivity, tissue perfusion, and tissue pH may affect the setting of ablation
parameters. These may have played a role in our one patient who did not achieve the exponential rise
in impedance and decrease in power within the 30-minute preset time period. Despite this, NADH-
diaphorase stains did demonstrate complete tumor cell death in the ablated area in this patient.

An extremely important issue relates to assessing adequacy of tumor-free tissue margins. Initially this
may be addressed with postablation percutaneous core biopsy sampling of breast tissue surrounding
ablated tumor and close follow-up using multimodality breast imaging with mammography, ultrasound,
and magnetic resonance imaging. Strict patient selection criteria should eliminate patients with
multifocal and multicentric disease or diffuse calcifications that raise the question of extensive ductal
carcinoma in situ. A prospective randomized trial will be necessary to demonstrate no increase in local
recurrence rate following this procedure.

Percutaneous minimally invasive techniques for ablating breast tumors have potential benefit in that
diseased tissue may be more selectively destroyed while leaving surrounding normal tissue in place.
Radiofrequency ablation would be expected to be most applicable for tumors less than 3 cm, and it is
likely that different size multiple-needle electrodes would be necessary to achieve different ablation



volumes. We believe that RF ablation of breast cancer merits further investigation.

A portion of salary support was provided to the Departments of Surgery, Radiology, and Pathology by
RadioTherapeutics Corp, Mountain View, Calif, for conduct of this study. The processing and
interpretation of the viability assay was paid for by RadioTherapeutics Corp to Comparative Pathology
Laboratory Service, University of California, Davis.

We would like to acknowledge the editorial assistance of Sherry Wren, MD, in preparation of the
manuscript.
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