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Abstract

PURPOSE—To assess the feasibility of percutaneous multiprobe breast cryoablation (BC) for
diverse presentations of cancers that remained in situ after BC.

MATERIALS AND METHODS—After breast magnetic resonance (MR) imaging and thorough
consultation, patients underwent BC after giving informed consent. This study was approved by
the institutional review board. In 12 BC sessions, 22 breast cancer foci (stages 1-1V) were treated
in 11 patients who refused surgery by using multiple 2.4-mm cryoprobes. Five patients had
recurrent disease and six had new diagnoses. With use of only local anesthesia, six patients were
treated with ultrasonographic (US) guidance and five were treated with both computed
tomographic (CT) and US guidance. Saline injections and warming bags were used to protect the
skin. Procedure success was defined as 1 cm visible ice beyond all tumor margins. MR imaging
and/or clinical follow-up were available for up to 72 months after BC.

RESULTS—US produced sufficient ice visualization for small tumors, whereas CT helped
confirm overall ice extent. The mean pretreatment breast tumor diameter was 1.7 cm + 1.2 (range,
0.5-5.8 cm), and an average of 3.1 cryoprobes produced 100% procedural success with mean ice
diameters of 5.1 cm * 2.2 (range, 2.0-10.0 cm). No significant complications, retraction, or
scarring were noted. Biopsies at the margins of the cryoablation site immediately after BC and at
follow-up were all negative. No local recurrences have been noted at an average imaging follow-
up of 18 months.

CONCLUSIONS—In conjunction with thorough pre- and postablation MR imaging, CT/US-
guided multiprobe BC safely achieved 1 cm visible ice beyond tumor margins with minimal
discomfort, good cosmesis, and no short-term local tumor recurrences.

Breast conservation is a major goal of cancer treatment, and local excision (ie, lumpectomy)
followed by radiation therapy is the current standard of care. However, 35% of patients who
undergo lumpectomy note serious breast asymmetry, and morbidity rates of 11% for
bleeding and 3% for infections (1). Therefore, many different minimally invasive options
have been considered, including thermal breast ablation techniques such as radiofrequency,
high-intensity focused ultrasonography (US), microwave, interstitial laser, and cryoablation
(2). Nonthermal techniques, such as irreversible electroporation, may also hold promise due
to minimal scar formation. However, irreversible electroporation has not been clinically
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used for breast cancer and currently requires general anesthesia and paralysis to avoid severe
muscle contractions (3).

Nonsurgical localized tumor eradication may have even greater relevance in the era of
improved magnetic resonance (MR) evaluation and guidance (4). MR imaging has become
the gold standard for breast cancer screening of high-risk women (5,6) but may also have
90% sensitivity for detecting the premalignant or co-existing condition of high-grade ductal
carcinoma in situ (DCIS) (7,8). Autopsy series suggest that not all DCIS is clinically
relevant (9), nor does it always progress in the contralateral breast if undetected or left
untreated (10). MR imaging thus has exceptionally high negative predictive value to exclude
the presence of all clinically relevant tumors if ablation is to be considered for eradication of
the dominant tumor(s). Techniques and utility of MR imaging for biopsy and guidance have
also been established (11). Nevertheless, equipment compatibility and access to
interventional MR units make computed tomographic (CT) and/or US guidance the
preferred method for guiding ablation in most organ sites. Careful US targeting of MR
imaging findings has been described (12,13), as has the potential for MR biopsy to leave a
range of clips that are visible at US (14).

Cryoablation is the best visualized of all ablation techniques due to the phase change during
ice formation. The margins of low-density, solid ice are well seen with US, CT, and MR
imaging (4,15-27). Considering its lower procedural pain (20), cryoablation may have
unique benefits for cost-effective out-patient breast cancer therapy using only local
anesthesia and/or mild sedation. The greater resorption of the cryoablation zone than heat-
based ablations (18,22) also fulfills cosmetic goals. However, thorough cryoablation of any
breast cancer is paramount over breast conservation and requires the generation of lethal
isotherms throughout a tumor(s) by using well-established multiprobe placement
considerations (15-18). Indeed, under-treatment and local recurrence rate of 38% within 6
months can occur if only two cryoprobes are used for tumors as large as 5 cm, despite MR
visualization of tumor coverage by ice (21). US-guided breast cryoablation (BC) has shown
encouraging results for benign disease (22,23) but only limited application for cancer.
Unfortunately, BC reports for cancer used only a single cryoprobe and concluded that BC
was insufficient for treating breast cancers larger than 1.5 cm (24-26).

Combined with thorough preoperative MR tumor evaluation, the well-visualized ablation
zone of ice could thus be sculpted under direct US and/or CT guidance to cover one or more
tumor foci with use of several cryoprobes (15-20). We assessed the feasibility and initial
outcomes of percutaneous multiprobe cryoablation for diverse presentations of in situ breast
cancer, emphasizing 1 cm visible ice coverage beyond all tumor margins.

MATERIALS AND METHODS

Patient Aspects

Patients were treated between April 2003 and October 2008. Eleven patients who presented
for BC had undergone biopsy and were diagnosed with cancer before their consultation in
our multi-disciplinary comprehensive breast center. Women who refused any surgical
options for breast cancer, clinical stage A through D (Table), were considered for
cryoablation if they were still willing to comply with recommendations of radiation therapy
and/or chemotherapy—hormonal therapy following ablation as appropriate. Patients were
considered in two main groups: those receiving cryoablation for the control of locally
advanced or recurrent disease and those in whom cryoablation was part of their treatment
regimen for their primary cancer (ie, “Recurrent” and “New Dx,” respectively, Table). The
latter group could be considered as receiving BC for potential cure, in conjunction with
probable radiation therapy and/or chemotherapy—hormonal therapy. If patients had apparent
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localized disease, they had to agree to sentinel lymph node dissection before cryoablation. In
this manner, cryoablation was at least considered a better local treatment than no local
debulking at all. Inclusion criteria was intended to assess our hypothesis that approximately
1 cm of visible ice could be safely generated around all visible margins of tumor regions up
to 7 cm in patients refusing surgical resection. A 1-cm ice margin serves as a conservative
estimate of cytotoxic temperatures throughout the tumor (15-18,22) and recently has been
validated by body-temperature phantoms for multiple cryoprobes (27). Exclusion criteria
included tumor skin involvement, uncorrectable bleeding diatheses, inability to give consent,
and tumor regions not feasibly covered by up to eight cryoprobes, including outer distances
between multiple tumors (eg, 7 cm). Following thorough consultation and MR staging,
informed consent was then obtained and patients were followed in compliance with our
institutional review board—approved protocol for general ablation and Health Insurance
Portability and Accountability Act regulations.

Staging/Imaging Aspects

MR images were obtained at our institution if a patient did not present with a recent
dynamic contrast medium—enhanced breast MR image of comparable quality within the last
6 weeks. Women underwent imaging at our center with a 1.0- or 1.5-T unit (Harmony;
Siemens, Erlangen, Germany) by using standard sequences before and after the intravenous
administration of gadolinium (0.1 mmol/kg Magnevist; Berlex Laboratories, Wayne, New
Jersey). A half-Fourier rapid acquisition with relaxation enhancement (flip angle, 150°;
section thickness, 5 mm with 30% gap) was used for T2-weighted imaging. A fat-
suppressed, T1-weighted, axial, volume-interpolated breath-hold technique (ie, VIBE =
5.12/2.51; flip angle, 10° section thickness, 2.5 mm) was used at 0 minute, 45 sec, and 2 and
3 minutes after contrast medium injection.

A high-frequency (10-13 MHz) linear-array US transducer (Logiq 700; GE Medical
Systems, Milwaukee, Wisconsin) was used to document breast cancer sizes, guide
thermocouple and cryoprobe placements, monitor iceball formation, and guide safety
measures of sterile saline injections. MR evaluation of tumor extent, cryoablation planning,
and US monitoring were performed by a certified breast radiologist (P.J.L.) with
approximately 15 years of experience in breast imaging, US guidance, and ablation. Each
breast cancer was characterized with respect to its location within the breast and its width,
height, and length. US guidance was used in all patients. Five patients (six of 12 procedures)
also received concomitant CT guidance. These six CT-guided BC procedures were
predominantly used in the group of patients with recurrent disease with bulky or multifocal
tumors, as well as in the last two newly diagnosed patients with multifocal tumors for better
circumferential visualization of ice coverage.

CT of the chest and abdomen was done before BC for the staging of patients with recurrent
disease (Table). CT documentation of ice progression during the procedure relied on
intermittent CT fluoroscopy, requiring exposures of 70 mA and 120 kV for this older
scanner (Somatom Plus4 and Care-Vision fluoroscopy package; Siemens). Helical scans
having less quantum mottle (280 mA and 120 kV) were obtained for greater clarity at the
completion of the first and second freeze cycles. Multiplanar reconstructions were used after
the first freeze to assess initial tumor margins in relation to probe distribution and ice
margins. If the visible ice margin did not extend beyond all apparent tumor margins, an
additional cryoprobe was placed during the thaw phase at that site or probes were
repositioned. CT images of final ice dimensions in transverse, anteroposterior, and cranio-
caudal dimensions were recorded from helical scans obtained immediately after probe
removal, thereby eliminating beam-hardening artifact from the cryoprobes.
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Cryoablation Aspects

During the course of this study, 2.4-mm-diameter cryoprobes (Endocare, Irvine, California)
were used. The cryoprobes had straight or right-angled shafts, but identical performance
characteristics, and were approved by the U.S. Food and Drug Administration. Both types of
cryoprobes contain a Joule-Thompson port at the distal end and have active freeze lengths of
4 cm, generating individual ice of 2.5 x 4.5 cm in room-temperature phantoms (27). The
cryoablation control unit has up to eight ports (Endocare) regulating the flow of high-
pressure argon gas. Helium gas was used to actively thaw the cryoprobes immediately after
completion of the second freeze cycle, which generally took approximately 2 minutes until
cryoprobes were movable and could be withdrawn.

The general BC procedure will be described first, followed by specific procedure
modifications. Only the first patient received general anesthesia due to concurrent sentinel
lymph node dissection. All subsequent breast cancer patients received local anesthesia and
minimal sedation as needed during the procedure, with the following ranges:
diphenhydramine hydrochloride, 25-50 mg; morphine, 2-10 mg; and/or midazolam, 1-8
mg. An experienced radiology nurse (B.A.) monitored levels of consciousness, oxygenation,
hemodynamics, and the visual analog scale for pain, administered moderate sedation, and
contacted patients for postablation clinical follow-up. Intravenous antibiotic prophylaxis (eg,
cefazolin sodium,1 gm) was routinely administered before cryoablation. Patients were
prepared and draped in sterile fashion. The angle of approach was chosen along the longest
axis of the breast tumor(s) to better utilize the longer freeze length of the cryoprobe. A
lateral or inferior puncture site was selected when possible to optimize cosmetic results. The
overlying skin was infiltrated with buffered 1% lidocaine. Deeper tissues surrounding all
tumor margins were infiltrated with 2% lidocaine containing 1:100,000 epinephrine. The
center of the tumor was first targeted with a 20-gauge spinal needle. For patients requiring
biopsy, a trocar needle (Coaxial Biopsy Needle [C1816A]; C.R. Bard, Covington, Georgia)
was placed with its tip at the leading edge of the tumor in preparation for subsequent core
samples.

At least two cryoprobes were placed parallel to the central needle according to Figure 1, and
this accounted for the greater heat-sink effect along the posterior margins (Fig 1b). Multiple
cryoprobes were placed approximately 1.5 cm apart and less than 1 cm from all tumor
margins according to established guidelines for generating cytotoxic isotherms in almost any
tissue (15-18). For the relatively low heat load of breast tissue compared to internal organs,
it was assumed that 1 cm of visible ice beyond all tumor margins would generate cytotoxic
temperatures (eg, <30°C) throughout the tumor (27). Total probe number was projected to
be more than the tumor diameter in centimeters. For example, a 4-cm tumor or two tumors
within a 4-cm area would require a minimum of four cryoprobes to generate a 6-cm-
diameter iceball that overlapped all tumor margins by 1 cm. Cryoprobes were advanced
through the breast cancer so that the tip extended just beyond the tumor margin. Transverse
US helped confirm probe distribution, and longitudinal scanning helped confirm placement
of the tip just beyond the distal tumor margin (Fig 2).

Safety and visual control criteria of 1 cm of ice beyond tumor margins determined the extent
of the freeze protocol segments, causing variable freeze cycle times. The first freeze cycle
was continued until the visible ice extended more than 5 mm beyond the apparent tumor
margins, lasting between 5 and 13 minutes (average, 9.3 minutes) depending on tumor size
and cryoprobe distribution (ie, spacing and number). A 5-10 minute thaw phase (average,
8.1 minutes) followed, whereby the probes were placed to a “stick’ setting that kept them
fixed within the tissue but not actively cooling. Any needle adjustments for skin infiltration
or to prepare warmed sterile saline bags generally determined variations in thaw time. The
second freeze cycle was continued until visible ice extended beyond the original ice extent
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or approximately 10 mm beyond all apparent tumor margins. Due to the fourfold greater
thermal conductivity of solid ice than tissue liquid (28), the second freeze rapidly recooled
the ice volume (22,27) and allowed refreeze times of 4-10 minutes (average, 7.3 minutes).
The second freeze time was also shortened as needed to control skin safety.

Protection of adjacent crucial tissues from freezing temperatures was achieved with injected
saline (18,22) and/or by placing warm sterile saline bags directly on the skin surface (eg,
250-mL bags placed in a microwave for 40 seconds). Sterile saline injections (range, 10-100
mL) were used throughout both freeze cycles to widen the space between the iceball and the
skin surface or, to a lesser extent, the chest wall. If the tumor was 0.5-1.0 cm from the skin
surface, injected saline was usually sufficient. If the tumor was less than 0.5 cm from the
skin surface, warmed saline bags were also used because they helped keep the epidermis soft
for continued saline injection throughout the procedure.

Chest wall structures were generally protected by anterior elevation of the entire
cryoprobe(s), thus retracting the developing ice away from the chest wall (18,22,23). Gentle
to-and-fro movement of the iceball during anterior retraction also prevented ice from
adhering to the underlying pectoralis muscle. After the second freeze cycle, cryoprobes were
removed, peri-ablational biopsies were performed (noted below), and manual pressure was
applied for 10-20 minutes. If saline had been used during treatment, the patient was
counseled on the greater probability of continued serosanguinous drainage during the first
24 hours. An absorptive bandage was applied and the patient discharged within 2 hours.
However, patients were told to avoid tape if possible by simply using absorptive pads (eg,
menstrual pads) inside their brassiere for the first few days as needed.

Additional diagnostic needle biopsies of breast tumors during cryoablation (eg, confirming
outside pathology or if additional samples were requested) were delayed until the first freeze
cycle was ready to be initiated to minimize bleeding that could have obscured cryoprobe
placement. A 14-gauge automated needle (Maxcore Biopsy Instrument [MC1416]; C.R.
Bard, Covington, Georgia) was used to obtain two to three cores for histologic examination.
In patients being treated for potential cure (“New Dx,” Table), the problem of subclinical
tumor or DCIS beyond the ablation margins was addressed in part by performing 14-gauge
biopsies from the superior, inferior, medial, and lateral margins of the final iceball. These
were simply done with combined palpation guidance of the ice edge along with US guidance
to confirm the safety of the needle trajectory. The anterior and posterior margins were
generally too close to the skin surface or were too deep to the iceball along the poorly
visualized chest wall to be sampled, respectively.

Specific BC procedure modifications were needed for some patients with diverse tumor
sizes and locations. These technique variations are described, but the BC goal of delivering
cytotoxic temperatures throughout the tumor by extending visible ice 1 cm beyond all
apparent tumor margins remained the same. The multidisciplinary team recommended
microlumpectomy sampling for our first BC patient to debulk visible tumor and provide
additional pathology specimens by using an 11-gauge US-guided Mammotome (Ethi-con
Endo-Surgery, LLC, Cincinnati, OH) immediately before cryoablation. Two cryoablation
probes were then placed along the outer margins of the two residual Mammotome cavities
while a third probe was placed in the intervening tissue to maintain 1.5-cm probe separation.
Thermocouples were used in two patients to ensure cytotoxic ice formation. A thermocouple
was placed in our second patient according to a previously described technique (22) because
the tumor was too large to contemplate a microlumpectomy approach. Due to the added
procedural complexity, thermocouples were then only used in a later patient with multifocal
recurrence to document cytotoxic temperatures between different portions of the large
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confluent ice (Table, patient 9). One patient with bulky disease (Patient 4, Table; Fig 3) had
breast implants.

Patients were discharged home after confirmation of stable vital signs and managed their
discomfort with only nonnarcotic analgesics (eg, acetaminophen for the first 2 days and then
ibuprofen). A pain scale questionnaire was assessed with a 24-hour follow-up phone call. A
numeric rating pain scale was used, corresponding to a range of 0 (no pain) to 10 (severe
pain). Treatment-related adverse events were noted according to both the Common Toxicity
Criteria for Adverse Events Version 3.0 (CTCAEv3) of the National Cancer Institute (29)
and the Society of Interventional Radiology (SIR) classification system (30). The CTCAEv3
has more complication-specific details related to outcomes and therapeutic responses. The
following generalizations were used to classify major and minor complications: Major
complications were classified as CTCAE grade 3 or more or SIR grade C-F, and minor
complications were classified as CTCAE grade 1-2 or SIR grade A-B. At the latest clinical
contact, as noted in the Table, patients were also asked to rate their satisfaction with the
procedure as very happy, somewhat happy, ambivalent, disappointed, or very disappointed.

Follow-up imaging included routine contrast-enhanced chest and abdomen CT for staging
patients with recurrent disease at 3, 6, and 12 months, as available. Breast MR imaging was
performed in all women who underwent BC at 1, 3, 6, 12, 18, and 24 months and yearly
thereafter. Clinical follow-up was limited to telephone contact for out-of-state patients (n =
9), who were requested to send copies of available MR images. Imaging follow-up time was
noted from the last available breast MR image, whereas clinical follow-up extended from
the time of cryoablation to our latest phone contact or clinic visit. Any ablation size increase
or distinct development of asymmetric and/or nodular enhancement was considered
suspicious (30) and biopsy confirmation recommended by best visualized approach. After
biopsies of minor ablation rim asymmetries revealed only inflammatory changes at 6 weeks
in our first patient, we limited a suspicious abnormality to a nodular aspect larger than 5
mm. Enhancement kinetics were also evaluated according to standard parameters
(CADstream System; Confirma, Kirkland, Washington) before biopsy recommendation.

Patient data consisted of tumor and ice diameters (Table), 24-hour postprocedure pain
scores, postablation imaging evaluation, biopsy outcomes, and telephone interview of level
of patient satisfaction. Immediate procedural success was defined as coverage of all tumor
margins by 1 cm of visible ice. Due to limitations of shadowing from the leading edge of the
ice during US guidance, this 1-cm margin had to be defined in relation to adjacent landmark
structures 1 cm beyond the well-visualized tumor margins. Short-term local success in
follow-up was defined as no evidence of suspicious enhancing nodularity (ie, >5 mm) of the
ablation margin that could be confirmed at biopsy and/or no continued mass progression on
further follow-up images. Due to the small sample set, no comparative statistical analyses
were performed to assess the significance of data parameters. The study was not powered to
assess any specific feasibility aspects and is limited to descriptive statistics.

Patient Aspects

The average patient age was 62.5 years. All patients tolerated BC procedures as outpatients,
with only two patients requesting mild sedation for anxiety before the procedure. More
frequent wound oozing was noted than in our fibroadenoma series (22,23), and some
patients required several bandage changes in the first 24 hours, particularly if they received
saline injections. Injected saline of up to 100 mL for skin protection allowed the generation
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of 1-cm ice ablation margins beyond all tumor margins, even if the tumor was within 1-2
mm of the skin surface. Bruising and breast edema (grade 1/2) were common for all women
but required no drainages or interventions. The average procedure discomfort at 24 hours
was 0.3 on the 10-point pain scale (range, 0-4), with only two patients not being contacted
due to their out-of-state travel status. The patient with the highest pain score of 4/10 was
well controlled with analgesics and had been 3/10 before the-procedure due to the
subcutaneous/sternal tumor recurrence (patient 8, Table). Her pain subsequently completely
resolved by 1 month, and she remains tumor- and pain-free at 37-month follow-up. No skin
necrosis was noted and no complications of grade 3 or higher were identified. Patient
satisfaction of “very happy” was noted in 10 of 11 patients; follow-up contact data could not
be obtained for one out-of-state patient.

Procedural Imaging Aspects

In this study, 22 breast cancer foci in 11 patients were treated in 12 cryoablation procedures.
This included four nodes within the axilla as separate ablation sites. The average tumor size
(xstandard deviation) was 1.7 cm + 1.2 (range, 0.5-5.8 cm; Table). US guidance was
sufficient for smaller tumors that were well seen (Fig 2) and did not lie deep within the
breast. For deep masses and those requiring at least three cryoablation probes, the
circumferential ice visualization with CT provided greater assurance of thorough coverage,
particularly along the posterior tumor margin (Fig 3). CT definition of low-density ice
extending beyond all tumor margins could be well seen in fatty breasts or if the mass resided
in a more fatty region of a breast with scattered density. However, a cancer residing within
dense breast parenchyma precluded CT guidance of cryoprobe placement and monitoring of
ice progression, whereby US guidance was used despite its own limitations with posterior
shadowing. For US guidance, the posterior margins were always obscured, and retracting the
breast mass off the chest wall helped prevent ice progression into the underlying chest wall
with minimal need for posterior saline injection (Fig 2b). With the exception of patient 9
(Table), who underwent only US guidance due to a technical malfunction of the CT scanner,
all BC procedures for recurrences, multifocal tumors, and axillary lesions were performed
with CT/US guidance to obtain the best combined visualization.

Cryoablation Aspects

The average number of cryoprobes used per patient was 3.3 (range, 2—7 probes), with a
mean ice ball diameter of 5.1 cm 2.2 (range, 2.0-10.0 cm). This produced 100% procedural
success as noted from tumor margin coverage by approximately 1 cm of visible ice.
However, visualization of the ice margin to the underlying tumor could not be clearly
distinguished for all US-guided cases as well as for CT guidance in patients with dense
breasts. The 1-cm margin, therefore, was estimated from adjacent landmark structures
within the breast and further validated with subsequent follow-up MR imaging on the basis
of avascular ablation zones and similar estimated volumetric landmarks. Thermocouples
proved cumbersome and were only used to document cytoxic temperatures in two cases. The
lowest temperature noted near the tumor margin and approximately 7 mm from the nearest
cryoprobe was -57°C (Fig 2a) (patient 2, Table). The thermocouple along another ice
margin where two axillary tail masses abutted the confluent ice from the supraareolar lesion
reached —37°C (Table, patient 9). The six patients who underwent biopsies at the time of BC
showed no cancer or DCIS from the regions sampled adjacent to the final iceball. The five
patients who did not undergo paraablational biopsies received cryoablation for local control
of recurrence.

The most technically challenging aspect of BC was maintaining vigilant control of the ice
margin near the skin surface to prevent full-thickness necrosis. Generous saline injection
was needed before the ice came within 5 mm of the skin surface. If ice proceeded too
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quickly to the skin surface, it was more difficult to inject against the pressure of the
underlying hard ice. Warmed bags of sterile saline helped prevent hard ice from penetrating
through the skin, but the more anterior probes also needed to be turned down (eg, 10% flow)
to maintain control. Vigorous rubbing of the overlying skin with the saline bags also helped
prevent full-thickness skin freeze.

The average length of clinical follow-up was 22.8 months, with an average imaging follow-
up of 17.5 months. Unfortunately, this included three patients with no additional contact
such that, for the patients with available data, the clinical follow-up was 25.2 months, with
an average imaging follow-up of 23.0 months. Because most patients were out of state, we
had to rely on available imaging protocols of local facilities; however, all outside studies
employed dynamic contrast-enhanced MR imaging. The imaging course of ablation sites
followed the same relative pattern seen after ablation in other sites (4,15-20,22,23,31).
Within the first few days, residual blood flow within tumors is nonspecific if the ablation
margin extends well beyond the site. From 1 to 12 weeks, a symmetric thin rim of
enhancement can be seen surrounding the otherwise avascular ablation volume. No patient
had progressive asymmetry or an increase in nodular enhancing margins on repeat images.
In addition, patients generally preferred to delay biopsy decisions until follow-up breast MR
imaging 3 months later confirmed persistent nodularity or its enlargement. To date, no
progressive nodularity has been seen on breast MR images.

The greatest reduction in ablation volume occurred between 3 months and 2 years
(18,19,22,23) but was not calculated for our limited patient group with variable imaging
parameters in follow-up. Figure 3 demonstrates 95% volume reduction in ablation volume
(65.1 vs 4.1 mL) by 22 months (patient 4, Table), compatible with other cryoablation
healing patterns (1,2,9,10). This patient also had near-complete resorption and minimal
scarring around the ablation sites covering the recurrent cancer foci in the axillary node and
small upper breast nodule. No apparent deleterious effects on the underlying breast implant
were noted. She remains very pleased with breast pain relief (currently 0/10), lack of cancer
recurrence following the second cryoablation, preservation of her implants, and cosmetic
outcome (Fig 4). Another patient with 3-year CT follow-up (Fig 5) had a 4.2-cm sternal soft
tissue recurrence (patient 8, Table) that came within 1 mm of the skin surface but showed
93% post-BC reduction and a thin scar (28.0 vs 1.9 mLc). Even if only the superficial soft
tissue component was considered, 87% reduction was still noted and she has remained free
of local or distant recurrences over 3 years. All other patients reported similar satisfaction
with long-term cosmetic appearance and minimal residual palpable mass effect.

The two patients who underwent biopsy 6 weeks after cryoablation also showed no residual
cancer or DCIS. Tissue from abscess débridement 4 years after cryoablation in our first
patient (Fig 4) was also negative for tumor or DCIS. The patient with breast implants (Fig 3)
had negative biopsies from the dominant ablation sites 6 weeks after BC, including negative
cytology from the subareolar component that had undergone liquifactive necrosis. Her
subsequent biopsies of the two new suspicious findings beyond the ablation site at 7 months
revealed DCIS with micro-invasive cancer in a new axillary node and invasive
adenocarcinoma in the small, upper breast mass. Following repeat cryoablation of these
additional foci, she remains disease-free in the breast and axilla at 22 months despite slow
progression of her bone and pulmonary metastases.

DISCUSSION

Our clinical experience with multi-probe BC for a broad clinical presentation of breast
cancer suggests that cyto-toxic isotherms can be accurately predicted and controlled. Large
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treatment zones appeared to thoroughly destroy bulky tumors and/or multifocal disease in
almost any location within the breast, resulting in marked resorption of the ablation zone and
minimal scarring. Pre-BC MR evaluation helped plan the extent of freeze margins and the
number of probes required and identified additional cancer foci to include in the ablation
zone. BC was well-tolerated in an outpatient setting, similar to cryoablation for benign
breast masses (22,23), despite the use of several cryoprobes and concurrent biopsies. The
combined use of saline injection and warming bags was needed to prevent skin damage, yet
facilitated the aggressive ablation goal of extending visible ice 1 cm beyond all apparent
tumor margins. Our 100% procedural and local short-term success rate is encouraging for
further nonsurgical, in situ evaluations of BC.

Our experience with cryoablation for breast cancer is different from that described in all
other BC publications. Previous investigators used only a single cryoprobe for breast cancers
up to 1.5 cm (3-5), but we also did not resect the cryoablation site and monitored long-term
healing, demonstrating minimal breast distortion and no local cancer recurrence. Our
experience with cytotoxic principles for covering tumors up to 7 cm in many tissues (15—
19,22,23) gave us confidence in providing aggressive local ablation, especially because our
patients refused any surgical option. We acknowledge that extensive work with cytotoxic
isotherms for prostate cancer (16,17) and other articles showing the importance of at least
two probes for almost any organ (15) may not seem applicable to cryoablation for breast
cancer. However, the heat load in breast tissue is probably less than that for any internal
organ. Indeed, as long as multiple cryoprobes are used in conjunction with accurate
treatment planning with breast MR imaging, reliable cytotoxic isotherms appear possible
without thermocouples by simply extending CT/US-visible ice more than 1 cm beyond all
tumor margins.

Cryobiology in breast tissues was first addressed by Rand et al (32), who showed that
cryotreatment before resection decreased local tumor recurrence by 70% in an animal
model. Hong and Rubinsky (33) then defined the mechanisms of in vitro ice propagation
within normal and malignant tissues. Staren et al (34) extended their work by detailing
cryotoxicity parameters in an animal model with the first human treatment. Rui et al (35)
provided freeze protocols that generated thorough in vitro cytotoxicity for both normal and
cancerous cells whereby a double freeze-thaw cycle ensured complete cell destruction,
either for a target temperature of —40°C using a 25°C/min cooling rate or a —20°C target for
a 50°C/min faster cooling rate. In other words, if the periphery of a tumor measured —20°C
after freezing 1 minute or —40°C after 3 minutes, complete cell kill may be safely assumed.
This corresponds to a 57°C drop in temperature from ~37°C to —20°C within 1 minute for a
cooling rate greater than 50°C/min or a 77°C drop in temperature from ~37°C to —40°C after
3 minutes for a cooling rate greater than 25°C/min. Freeze rates from our fibro-adenoma
study (22) were estimated to be between 10° and 25°C/min by using a single probe at the
periphery of masses smaller than 2 cm, but could have been pushed to more than 25°C/min
with closer placement of cryoablation probes in a denser probe configuration according to
tumor size (16-18). If we use a target temperature of —40°C and a total freeze time of 15
minutes, the 77°C drop in temperature from 37°C to —40°C produces a freeze rate of only
~5°C/min. Therefore, the faster we can deliver cytotoxic temperatures throughout a tumor
by using multiple cryoprobes, the greater the likelihood of complete cell kill.

We are confident that our multi-probe freeze approach contributed to our 100% local
success rate at 18 months. This likely produced an intra-tumoral freeze rate of more than
15°C/min for the first freeze and more than 25°C/min for the second freeze, which was an
average of 2 minutes shorter. Detailed freeze rate factors were not fully considered by
Phleiderer et al (24,26) in reporting human breast cancer cryotoxicity. Lumpectomy
specimens were obtained 5 days after cryoablation from 15 patients with 16 breast cancers
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averaging over 2 cm. They reported only temperatures from within a single cryoprobe, thus
limiting cooling rate estimates to only a few millimeters from the cryoprobe (~100 °C/min).
Nevertheless, five of their patients with tumor diameters less than 16 mm showed complete
destruction of the invasive tumor component with use of only a single probe. Of these five
patients, two showed DCIS in the vicinity of the cryosite. They also concluded the need for
multiple cryoprobes, especially for tumors larger than 16 mm, which showed incomplete
treatment along the posterior margins.

Several aspects of our limited series highlight the benefits of multiprobe BC in the overall
trend toward greater breast conservation. We treated a spectrum of women at high risk for
localized recurrence, from multifocal initial presentation to bulky local disease recurrences
(Table). We were able to generate aggressive freeze profiles for larger regions almost
anywhere in the breast by using equally aggressive skin protection measures. Cryoablation
appears much more flexible than radiofrequency limitations of 1 cm away from skin or chest
wall (36), which may still cause skin puckering (37) or produce high cancer recurrence rates
(38). Perhaps more important, we have also noted that cryoablation ablation zones resorb
much better than previous descriptions of radiofrequency ablation zones (18). Cryoablation
thus has distinct benefits over heat-based ablations by thorough resorption of the ablation
zones, leading to minimal mass effect by 12—18 months, which is both palpably and
cosmetically appealing to patients (Figs 3-5). It is also uncertain whether breast implants
could tolerate heat sufficient for ablation. Despite the initial bruising when ice came close to
the skin surface, the cosmetic outcome after several months was proportionate to the volume
loss of the resorbed, smooth ablation zone and showed no retraction or apparent underlying
scarring. Patients described gradual softening of the palpable ablation zone for several
months, similar to the healing noted with the smaller cryoablations for fibroadenomas (22).
However, even accidental cryoablation zone progression into the chest wall does not appear
particularly deleterious because the iceball was deliberately driven into the chest wall for
thorough tumor coverage within the sternum (patient 8, Table, Fig 5). Nevertheless,
retraction of the iceball away from chest wall is quite effective to prevent unnecessary
damage to pectoralis musculature.

Our study also is also unique in showing technical success with ablation of four separate
malignant axillary nodes by using combined US/CT guidance. These were limited to an
enlarged suspicious node but could conceivably treat almost any visible group of nodes (eg,
likely <4 nodes), assuming sufficient safety considerations. We caution against the use of
cryoablation in the axilla unless the course of the major nerves to the arm (ie, brachial, ulnar,
radial) are anatomically defined in relation to the node and motor testing of the hand is also
done intermittently throughout the freeze. The low pain of cryoablation also allows BC to be
performed more readily in a conscious patient. We have used the following commands
during other chest wall ablations that come close to the brachial plexus: “make a fist”
(brachial nerve), “make a stop sign” for dorsiflexion of the wrist (ulnar nerve), and “make an
O.K. sign” (radial nerve). Further work is also needed for percutaneous axillary node
sampling for concurrent tissue confirmation at the time of ablation, particularly in women
desiring to completely avoid axillary lymph node dissection following positive sentinel node
biopsy.

Controversies about BC (39) may need further consideration as rapid technologic advances
continue to affect diagnosis and staging. Major treatment decisions for additional
chemotherapy and/or radiation therapy after lumpectomy currently depend on knowing the
tumor size from the resection specimen. We agree that estimation of tumor size may be less
accurate with US or MR imaging, but histologic tumor measurements may not remain as a
practical “gold standard,” especially for smaller tumors. Breast specimens also have
variability due to tumor and tissue shrinkage during fixation (40,41). Distortion of specimen
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tumor measurements after large-core breast biopsies obtained with vacuum-assisted devices
are even more likely for small tumors (42). Tumor measurements from lumpectomy
specimens are thus unreliable when very little or even no residual tumor remains. More
work must be done on techniques that define a representative biopsy core for tumor length
measurements, but some suggest that US-guided core biopsies for all prognostic markers
already appear comparable to the surgical specimen (43). Finally, a new era of individual
tumor markers is also beginning, such that tumor size criteria may not be as important for
chemotherapy decisions, at least for estrogen-receptor-positive, node-negative patients (44—
46). The absolute size of tumor foci within a tumor core relative to the actual specimen also
raises the issue of the need for frequent repeat resection (47).

We did not see any local recurrences within a centimeter of the ablation zone for up to 6
years and treated one patient with new recurrences with a single repeat cryoablation session.
Breast MR evaluation and careful preoperative planning likely accounted for our 100%
short-term local control rate as much as our procedural success in achieving 1 cm visible ice
margins that likely sculpted the cytotoxic ice beyond all tumor margins. The 93% accuracy
of MR imaging in preoperative staging of breast cancer and its ability to markedly decrease
positive surgical margins (12) also contributes to the high negative predictive value. Yet, we
acknowledge that it may still appear difficult to compare our postablation MR follow-up to
surgical specimen outcomes. Currently, if there is a positive surgical margin, residual tumor
can be found at repeat resection in up to 50% of specimens (47). US guidance of
lumpectomy localization may decrease the rate of positive surgical margins to ~11%, down
from ~50%, for mammographically guided wire localization of breast cancers. Positive
surgical margins could be decreased to as low as 5% if a freeze margin is extended more
than 6 mm beyond the US-visible breast tumor and the ice-ball is resected in a procedure
known as cryoassisted lumpectomy (48).

Careful MR evaluation and combined US- and CT-guided ablation could conceivably
produce thorough tumor kill throughout an entire quadrant of a breast with good cosmetic
outcome. In the near future, near-total cryomastectomy may also be possible with the advent
of new cryotechnology that appears to be fivefold more powerful than current argon systems
(49). Finally, advances in cryotechnology may also allow more interactive control and
guidance with MR imaging, thereby allowing BC to be performed with the patient in the
prone position, similar to current stereotactic and MR imaging-guided biopsies. This will
better help volumetric comparisons of the ice ablation zone during the actual procedure with
the pre-BC tumor volume and post-BC ablation zone coverage in follow-up.

Major weaknesses of our study arise from the limited patient group, which was self-selected
and required vigilant skin protection that also dictated technique variability according to
tumor size and location. Despite the apparent 100% procedural success with CT/US
guidance, direct visual confirmation of visible ice 1 cm beyond tumor margins could only be
done in fatty breast with CT. The use of US-visible adjacent landmarks to ensure 1-cm ice
coverage beyond tumor margins still corresponded with thorough ablation zones at post-BC
MR imaging follow-up. However, US guidance is still quite operator dependent and may be
difficult to reproduce for most breast centers. In the future, greater accuracy and ease of use
will be needed to ensure volumetric comparisons of (a) three-dimensional tumor locations;
(b) the procedural ice extent, and (c) the subsequent ablation zone volume. This will likely
require more sophisticated three-dimensional volume assessments (50) until breast MR
imaging can more accurately guide the BC procedure and validate 1-cm ice extension
beyond all tumor margins by using more reliable volumetric landmarks. For the unusual
group of patients who chose cryoablation as an alternative to lumpectomy, none had
complete axillary lymph node dissection to define nodal status. The first BC patient with
multifocal cancer also did not agree to proceed with formal lymph node dissection after her
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sentinel lymph node biopsy was positive for a minute focus of cancer. Several patients have
reasoned that they were going on to radiation therapy and/or hormonal therapy anyway, so
they simply wanted to avoid lymphedema morbidity that may accompany axillary
dissection. The patient with bulky local recurrence and breast implants did have recurrence
in an axillary node as well as in a site in the far upper breast, well beyond the original
ablation site. However, she also remains without local recurrence anywhere in the breast
following repeat cryoablation for the lower axillary node and the small satellite recurrence in
the upper breast.

In summary, our limited breast cancer series suggests that BC can achieve thorough ablation
for a broad range of tumor sizes and locations in safe, nearly pain-free outpatient
procedures. Thorough evaluation of tumor extent and multiplicity with MR imaging enables
cryoablation to be aggressively applied with multiple probes, which can produce thorough
cytotoxic temperatures throughout even multifocal breast cancers by extending visible ice 1
cm beyond all visible tumor margins. Safety and excellent cosmesis appear possible with
use of diligent skin protection techniques.
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Figure 1.

(a) Diagram shows basic isotherms for single and double cryoprobes. Accurate central
placement of a single 2.4-mm cryoprobe (left image, arrow) within a simulated 1.2 x 1.2-cm
tumor (dark gray) may still not produce sufficient lethal ice to cover all tumor margins
(dashed line ~ <—30°C, diameter ~ 1.2 cm). Even though visible ice (solid outer line) may
appear to cover all tumor margins, slight off-center placement (middle image, arrow) leaves
grossly untreated tumor (bracket) beyond the lethal isotherm (dashed line). Tumor on right
is covered by lethal ice due to synergy produced by two cryoprobes (15). (b) Avoiding
posterior positive margins. heat load effects of the chest wall. The estimated temperature
difference between skin surface (30°C) and chest wall/body (36°C) causes greater heat load
along the posterior margin of ice propagation, which narrows the posterior distance between
the visible (0°C) and lethal (-30°C) isotherms (curved solid arrows). Ablation on left shows
central position of cryoprobes and greater anterior extension of visible ice beyond tumor
margin; however, incomplete coverage of posterior tumor margins (black dashed arrows) is
noted, similar to that seen in prior series (24-26). Ablation on right shows through tumor
coverage by lethal ice due to more posterior placement of cryoprobes in tumor (white
straight arrows), thus overcoming heat-sink effect along the chest wall.
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Figure2.

(a) US- guided cryotherapy for local control. Left image, BC performed with two
cryoprobes (curved arrow) and a thermocouple (straight arrow) for an irregular 2.0-cm mass
using technique planning noted in Figure 1b for tumors closer to the chest wall. As this was
our second patient, this procedure also highlighted the need for better circumferential
posterior visualization of the iceball near the chest wall, which was better provided with CT
guidance. Middle image, Axial US image through the largest portion of the irregular mass
shows more posterior placements of cryotherapy probes (curved arrows) and cross-section
of a thermocouple en route to the superior tumor (straight arrow). Despite the cancer being
near the chest wall, its medial location gave it a relatively superficial position for good US
visualization. Right image, sagittal US image shows the posterior course of a thermocouple,
which measured —57°C after ~8 minutes of the second freeze cycle at the superior tumor
margin. The mobile nature of this tumor allowed substantial retraction off the chest wall in
addition to saline injection. (b) MR images obtained before and four weeks after
cryotherapy for local control. Left image, axial T1-weighted MR image obtained before
cryotherapy at a similar tumor level as in Figure 2a. The tumor is causing retraction but does
not involve the skin. Right image, MR image obtained four weeks after cryotherapy shows a
low-signal-intensity rim of edema (black arrows) surrounding an ovoid zone of avascular
necrosis that extended approximately 1 cm beyond all visible tumor margins but without
extension into the chest wall. The wheelchair-bound patient, who was not a candidate for
surgery, continued to do well with tumor involution of the primary and no further
progression of distant metastases on anastrozole (Arimidex; AstraZeneca Pharmaceuticals,
Delaware City, Delaware) alone until her death two years later.
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Figure 3.

(a) CT guidance before and after cryotherapy. Top images, unenhanced CT images at the
level of the nipple and superior breast show extensive tumor involvement (T). The skin and
tumor appear inseparable but were NOT fixed at physical examination or involved at US or
MR imaging (Fig 5b). Middle images, CT images at the same levels immediately after
cryotherapy and probe removal, leaving air in tracts. The tumors are covered by hypodense
ice, except for the image on right, where the ice had already melted after cryoprobes had
been retracted from an earlier medial freeze cycle. The saline injection needle remains
between the tumor and the implant and skin had also been infiltrated. Bottom images, CT
images obtained at the same anatomic levels 15 months after cryotherapy show marked
resolution of prior bulky tumors. Random biopsies performed six weeks after ablation
showed no residual tumor (T), but cancer recurred in two sites beyond the ablation zone at
seven months. Repeat cryotherapy was done for a 6-mm new nodule in the far upper central
breast and a 17-mm lower axillary node. (b) MR evaluation before (Pre) and 15 months
after (Post) cryotherapy. Top images, before cryotherapy, T1-weighted fat-suppressed
gadolinium-enhanced axial MR images show brisk enhancement throughout the tumor
nodularity of the retroareolar (left) and superior (right) breast. Note also the lack of skin
enhancement. Bottom images, T1-weighted fat-suppressed gadolinium-enhanced MR
images obtained at the same levels 15 months after cryotherapy show a marked reduction of
prior bulky tumors and no residual enhancement of any margin (arrows).
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Figure 4.

(a) MR images obtained before (Pre) and six weeks after (Post) cryotherapy of multifocal
left upper outer quadrant cancer. Left image, T1-weighted axial image shows the spiculated,
1.6-cm dominant mass in the left outer quadrant (arrow). Another biopsy-confirmed cancer
in the same quadrant was seen in different image planes. Middle image, fat-subtracted T1-
weighted image obtained after the administration of gadolinium shows brisk tumor
enhancement. Right image, T1-weighted, fat-subtracted, gadolinium-enhanced MR image
obtained six weeks after cryotherapy shows a rim of enhancement corresponding to a
healing cryotherapy rim, which also covered the other cancer. The microlumpectomy
sampling (ie, Mammotome removal) of the tumor region before initiation of the freeze made
our first BC procedure more complex. US visualization of the tumor site became distorted
by blood during the vacuum-assisted biopsies, which are no longer used. Despite poor
visualization of any remaining tumor margin, thorough ablation margins were still achieved
by placing the cryoprobes along the outer margins of these microlumpectomy sites. Biopsy
of three slightly nodular areas of rim enhancement showed no residual cancer or DCIS. (b)
Images obtained at five-year follow-up. Top left image, T1-weighted axial MR image shows
minimal scarring and/or distortion at the cryosite (arrow). Slightly smaller left breast was
initially present and lateral scar indentation (arrowhead) is a scar from abscess débridement
performed one year before this study (ie, four years after cryotherapy), which also confirmed
no residual tumor throughout the original cryotherapy site. Bottom left image, T1-weighted
fat-subtracted, gadolinium-enhanced MR image shows no enhancement of the previous
ablation and subsequent resection sites (arrow). Right image, compression mammogram of
the left upper outer quadrant shows no mass effect and minimal scarring, likely related to
resection one year ago rather than original cryotherapy five years ago.
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Figureb5.

(a) Chest wall cryotherapy for bone metastasis about to break through skin. The patient was
a 68-year-old woman with continuously growing sternal and soft tissue tumor but was
otherwise stable. Results of positron emission tomography (PET) were negative for bone
metastases from breast cancer. There was only a very thin layer of intact movable skin
overlying the tumor. The top axial images show the 4.7 x 3.8 x 4.0-cm enhancing tumor
(arrow), then covered in ice (arrowheads) extending to the skin surface. Bottom row shows
sagittal reconstructions before (left) and during cryotherapy (middle), noting tumor (black
arrows) covered by ice and warmed saline bags on skin (stars). Bottom right procedure
image shows four cryoprobes and two skin injection sites. (b) Chest wall cryotherapy—
follow-up. The hypovascular zone one month after BC (top row, arrowheads) corresponded
to the visible ice extent 1 cm beyond the lateral tumor margins. Enhanced axial and coronal
CT images obtained 18 months after BC (bottom row) show near-complete resorption of
tumor mass with good remodeling of adjacent normal tissues (arrowheads). This area also
remained negative at PET and bone scanning performed at 36 months, with no other distant
disease recurrences.
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