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Introduction
Breast cancer is a major cause of death in women. The World 
Health Organization estimates that by 2040, diagnosis and 
deaths from breast cancer will increase to ~3 million and ~1 
million, respectively, globally.1,2 In the United States alone, bil-
lions of dollars are spent annually to treat this disease. Currently, 

the gold standard treatment for in situ and small invasive breast 
cancers is breast conservation surgery (known as a lumpec-
tomy) followed by radiation therapy and systemic therapy.3,4 
There are numerous adverse effects associated with these pro-
cedures. With the use of radiation therapy, there is always a risk 
of local skin reactions, swelling, and dryness. A study of a 
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ABSTRACT

InTRoduCTIon: Breast cancer is the most prominent form of cancer and the second leading cause of death in women behind lung can-
cer. The primary modes of treatment today include surgical excision (lumpectomy, mastectomy), radiation, chemoablation, anti-HER2/neu 
therapy, and/or hormone therapy. The severe side effects associated with these therapies suggest a minimally invasive therapy with fewer 
quality of life issues would be advantageous for treatment of this pervasive disease. Cryoablation has been used in the treatment of other 
cancers, including prostate, skin, and cervical, for decades and has been shown to be a successful minimally invasive therapeutic option. 
To this end, the use of cryotherapy for the treatment of breast cancer has increased over the last several years. Although successful, one of 
the challenges in cryoablation is management of cancer destruction in the periphery of the ice ball as the tissue within this outer margin may 
not experience ablative temperatures. In breast cancer, this is of concern due to the lobular nature of the tumors. As such, in this study, we 
investigated the level of cell death at various temperatures associated with the margin of a cryogenic lesion as well as the impact of repeti-
tive freezing and thawing methods on overall efficacy.

MeTHodS: Human breast cancer cells, MCF-7, were exposed to temperatures of −5°C, −10°C, −15°C, −20°C, or −25°C for 5-minute freeze 
intervals in a single or repeat freeze-thaw cycle. Samples were thawed with either passive or active warming for 5 or 10 minutes. Samples 
were assessed at 1, 2, and 3 days post-freeze to assess cell survival and recovery. In addition, the modes of cell death associated with freez-
ing were assessed over the initial 24-hour post-thaw recovery period.

ReSulTS: Exposure of MCF-7 cells to −5°C and −10°C resulted in minimal cell death regardless of the freeze/thaw conditions. Freezing to 
a temperature of −25°C resulted in complete cell death 1 day post-thaw with no cell recovery in all freeze/thaw scenarios evaluated. Expo-
sure to a single freeze event resulted in a gradual increase in cell death at −15°C and −20°C. Application of a repeat freeze-thaw cycle (dual 
5-minute freeze) resulted in an increase in cell death with complete destruction at −20°C and near complete death at −15°C (day 1 survival: 
single −15°C freeze/thaw = 20%; repeated −15°C freeze/thaw = 4%). Analysis of thaw interval time (5 vs 10 minute) demonstrated that the 
shorter 5-minute thaw interval between freezes resulted in increased cell destruction. Furthermore, investigation of thaw rate (active vs pas-
sive thawing) demonstrated that active thawing resulted in increased cell survival thereby less effective ablation compared with passive 
thawing (eg, −15°C 5/10/5 procedure survival, passive thaw: 4% vs active thaw: 29%).

ConCluSIonS: In summary, these in vitro findings suggest that freezing to temperatures of 25°C results in a high degree of breast cancer 
cell destruction. Furthermore, the data demonstrate that the application of a repeat freeze procedure with a passive 5-minute or 10-minute 
thaw interval between freeze cycles increases the minimal lethal temperature to the −15°C to −20°C range. The data also demonstrate that 
the use of an active thawing procedure between freezes reduces ablation efficacy at temperatures associated with the iceball periphery. 
These findings may be important to improving future clinical applications of cryoablation for the treatment of breast cancer.
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Dutch population who underwent radiation therapy as part of 
its breast cancer treatment plan showed that they experienced 
a significant excess risk of developing secondary non-breast 
cancers.5 While these treatment strategies have proven effec-
tive, there remains a need for the development of alternative 
minimally invasive targeted therapeutic options for the treat-
ment of breast cancer.

With a continued rise in diagnosis and advances in bio-
markers, the use of thermal ablation for pre- and metastatic 
breast cancer have experienced an increase in use and efficacy 
in the past 10 years.6-15 Ablative techniques such as cryother-
apy have been used for the treatment of solid tumors for over 
100 years.16,17 Thermal therapies include radiofrequency abla-
tion (RFA), high-intensity focused ablation (HiFu), and cry-
oablation. Radiofrequency ablation and HiFu heat tissue to 
lethal temperatures (70°C to 90°C) and kill cells primarily by 
direct heat damage and necrosis; whereas cryoablation freezes 
tissue and kills cells through freeze rupture, necrosis, and 
apoptosis. Ablation therapy has been used for over 10 years to 
treat breast cancer.11-15 For instance, Kinoshita reported that 
localized tumors with a maximum diameter of 2 cm, preopera-
tively diagnosed by imaging and histopathology and treated 
with RFA yielded a 90% complete ablation rate based on his-
topathologic analysis.8 Ito et  al9 conducted a retrospective 
analysis of 386 patients with breast cancer treated with RFA at 
10 institutions and concluded “RFA in breast cancer is a safe 
and promising minimally invasive treatment for tumors ⩽2 cm 
in diameter.” Cazzato et al6 reported on the successful applica-
tion of cryoablation for primary breast cancer in a patient 
cohort unsuitable for surgical excision. Simmons et al7 pub-
lished the results of a Phase II clinical trial (ACOSOG Z1072) 
on cryoablation of early stage breast tumors ⩽2.0 cm in diam-
eter reporting an overall success rate of 75.9%, and when 
patients with multifocal disease were excluded, a 92% success 
rate. More recently, Pediconi et al10 published a review of the 
use of ablation procedures (RFA, HiFu, Laser, and Cryo) using 
an magnetic resonance imaging (MRI) image guided approach 
and reported that “no serious complications were reported 
with these techniques and that these non-surgical approaches 
offer promise as a replacement to radical surgery when possi-
ble.” They also concluded that “further research utilizing these 
techniques should focus on the development of an even less 
invasive approach to breast neoplasms.” Finally, Pusceddu 
et al18 recently reviewed the breast cancer cryoablation litera-
ture and concluded that “. . . cryoablation as a alternative to 
surgery in patients with early stage disease is the most inter-
esting aspect because it represents a conceptual shift towards a 
minimally invasive therapy.”

When performing solid tumor cryoablation, the tempera-
ture typically reached at the center of a cryogenic lesion ranges 
between −80°C and −180°C.19-22 Extending radially from the 
center of the cryolesion, temperatures increase until the edge 
of the frozen mass, where temperatures are 0°C, nominally. 

The corresponding isothermal gradient (temperature gradient 
profile) within the frozen mass varies depending on applica-
tion time, freeze repetition, and cryogen used.19-24

Attainment of the minimal lethal temperature necessary to 
destroy a specific type of cancer plays an important role in pro-
cedural outcome. Numerous studies have shown that different 
cancer tissue types and even different molecular variants of can-
cer from the same tissue can have a differential response to mild 
freezing, thereby affecting the minimal lethal temperature.25-29 
For instance, in prostate cancer, the loss of androgen receptor 
expression (shift from hormone responsive to unresponsive can-
cer) or increase in integrin expression can result in increased 
tolerance to freezing, shifting the minimal lethal temperature 
from −25°C to −40°C.26,30 As such, for prostate cancer, a mini-
mal lethal temperature of −40°C is typically targeted to  
assure complete cancer ablation.16,19,27 In vitro studies have 
identified −20°C as the minimal lethal temperature for colorec-
tal cancer31,32; −25°C for renal cancer,29,33 pancreatic cancer,34,35 
and bladder cancer36,37; and −35° for liver cancer.24,28,38 Other 
studies have demonstrated that the application of a repeat or 
double freeze procedure can elevate the minimal lethal tem-
perature for a given cancer type. For instance, Santucci et al36 
reported a repeat freeze can elevate the lethal temperature in 
bladder cancer to −20°C. Baumann et  al34 found a similar 
response in pancreatic cancer with a repeat freeze. Klossner 
et al26 demonstrated that repeat freezing of androgen insensitive 
prostate cancer cells yielded complete cell death at −40°C 
whereas a single freeze was not effective, and the surviving cells 
repopulated quickly. Clarke et al33 reported that application of a 
double freeze in a renal engineered tissue model resulted in an 
elevation of the lethal temperature from −25°C to ~−15°C. 
Furthermore, studies have shown that cancer cells in general 
have a higher tolerance to freezing compared with their non-
cancerous counterparts.27,28,33 As such, the aim of this study was 
to characterize these factors in an effort to provide quantitative 
data to help refine the procedural application of cryosurgery in 
treatment of breast cancer. This dosing information could play 
an important guidance role in the use of cryoablation to treat 
breast cancer enabling expanded application, reducing variabil-
ity in clinical outcomes and improving procedural efficacy.

Methods
Cell culture

The MCF-7 cells (ATCC, Manassas, Virginia) were main-
tained in Eagle’s Minimum Essential Medium (EMEM) 
media with 10% Foetal Bovine Serum (FBS), 1% Penicillin-
Streptomycin, 0.05% bovine insulin at 37°C, 5% CO2. Cells 
were lifted using TrypLE Express (Invitrogen, Carlsbad, 
California) and seeded onto Costar 96-well strip plates 
(Corning Incorporated, Tewksbury, Massachusetts) and cul-
tured for 3 days prior to experimentation to allow formation of 
a cell monolayer and complete attachment of cells.
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Freezing protocol

Samples in Costar 8-well strips (75 µL medium/well) were 
exposed to freezing temperatures of −5°C, −10°C, −15°C, −20°C, 
or −25°C in a refrigerated circulating bath (Neslab/Thermo 
Scientific, Waltham, Massachusetts) for 5 minutes. Culture 
medium was aspirated and replaced with 75 µL per well of 
appropriate culture medium 30 minutes prior to freezing. Strips 
were placed into pre-cooled aluminum blocks within the freez-
ing baths, containing a thin coating of ethanol to facilitate com-
plete thermal contact with each well. Ice nucleation was initiated 
at −2°C using liquid nitrogen vapor to prevent supercooling. 
Sample temperature was recorded at 1-second intervals using a 
type T thermocouple (Omega HH806AU, Omega, Stamford, 
Connecticut). For single freeze conditions, samples were held 
for a total time of 5 minutes in the freezing blocks, passively 
(p = thawed under a laminar flow hood at room temperature) or 
actively thawed (a = thawed in a 37°C incubator) for 5 (p5, a5) or 
10 (p10, a10) minutes and then placed at 37°C for recovery and 
assessment. For repeat (double) freeze conditions, samples were 
held for 5 minutes, passively or actively thawed for 5 or 10 min-
utes, and then frozen again for an additional 5 minutes (5/5/5 or 
5/10/5 protocol). Following the second freeze interval, samples 
were again passively or actively thawed and then returned to the 
37°C incubator for recovery and assessment.

Viability assessment

The metabolic activity indicator alamarBlue (Invitrogen) was 
used to assess cell viability. Stock alamarBlue was diluted 1:20 
in Hank Balanced Salt Solution (HBSS, Corning/Mediatech, 
Tewksbury, Massachusetts) and applied to samples for 60 min-
utes (±1 minute) at 37°C. Raw fluorescent units were obtained 
using a Tecan SPECTRAFluorPlus plate reader (excitation 
530 nm and emission 590 nm, Tecan Austria GmBH, Grodig, 
Austria) and analyzed using Microsoft Excel. Raw fluorescence 
units were converted to percentages based on pre-freeze con-
trol values (± SD). Assessments were conducted at 1, 2, and 
3 days of recovery. A minimum of 3 experimental repeats with 
an intra-experimental repeat of 7 wells were performed for 
each condition (n ⩾ 21). Statistical significance was deter-
mined by single factor analysis of variance (ANOVA), where 
P < .005 was applied as the significance threshold.

Fluorescence microscopy

Samples were frozen as described and then fluorescence imaging 
was conducted at 1, 4, 8, and 24 hours post-freeze. Prior to imag-
ing, samples were labeled with tri-stain fluorescence probes 
Hoechst 33258 (living cells, 0.06 µg/µL), propidium iodide 
(necrotic cells, 0.007 µg/µL), and YO-PRO-1 (apoptotic cells, 
0.8 µM) (Molecular Probes, Invitrogen, Eugene, Oregon) for 
identification of living, necrotic, and apoptotic populations within 
each sample. Samples were incubated for 15 minutes in the dark 
before visualization and image acquisition using Zeiss Axiovert 

software (Carl Zeiss Microimaging, Thornwood, New York) at 
20× magnification. Images were analyzed using ImageJ to quan-
titate the level of living, apoptotic, and necrotic cells at each time 
point for the various conditions.

Results
Single freeze exposure response of breast cancer cells

To identify the minimal lethal temperature for breast cancer, 
MCF-7 cells were exposed to a single 5-minute freeze at −5°C, 
−10°C, −15°C, −20°C, or −25°C, passively thawed, allowed to 
recover in culture and assessed for initial cell viability (24 hours) 
as well as recovery over a 3-day period. Analysis of MCF-7 
samples revealed high survival (minimal death) following 
exposure to a −5°C or −10°C single freeze, whereas −15°C 
resulted in a significant decline in MCF-7 survival at day 1 
post-freeze to 20.1% (±6.7) (Figure 1). Exposure to −20°C 
yielded a further reduction in MCF-7 survival to 2.9% (±1.5) 
1 day post-freeze. When MCF-7 cells were treated with a sin-
gle freeze at −25°C, complete cell death (no survival) was 
observed (day 1 survival = 0.5% [±0.25]). Assessment of cell 
recovery over the 3-day post-culture interval revealed a contin-
ued decrease in cell survival from day 1 to day 3 most notably 
in −15°C and −20°C samples (−15°C D1: 20.1% vs D3 4%, 
P < .01). While significant, due to the in vitro nature of this 
study, the continued decrease in survival may not reflect in vivo 
conditions. As such, we focused primarily on day 1 results as a 
means of assessing ablation efficacy.

Repeat (double) freeze exposure response of breast 
cancer cells

Repeat freezing increased cell death. With the identification of 
−25°C as completely lethal for MCF-7 cells and a significant 
cell loss at −15°C and −20°C, studies were conducted to assess 

Figure 1. Assessment of breast cancer cell viability following a single 

freeze/passive thaw event. The MCF-7 cells were subjected to a 5-minute 

freeze at −10°C, −15°C, −20°C, or −25°C followed by a 5-minute passive 

thaw, and survival was assessed. Data suggest that complete cell death 

with no recovery is attained following exposure to −25°C whereas −15°C 

and −20°C exposure results in a substantial level of cell death.
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the impact of a repeat (double) freeze exposure on cell survival 
and recovery. Samples were exposed to repeat freezing at −5°C, 
−10°C, −15°C, −20°C, and −25°C and allowed to passively thaw 
for 5 minutes at room temperature between and following 
freezes (5/p5/5 protocol). Repeat freeze exposure (double 
5-minute freezes) to −5°C yielded minimal cell death  
(Figure 2). Repeat freezing at −10°C resulted in a significant 
decrease in cell survival compared with a single freeze exposure, 
repeat versus single = 36.9% (±7.1) versus 74.2% (±4.5), 
P < .005. Furthermore, the repeat −10°C sample survival was 
found to decline over the 3-day recovery interval. Repeat freez-
ing at −15°C resulted in a further decrease in cell survival in 
MCF-7 samples at day 1 post-freeze compared with a single 
freeze exposure, repeat versus single = 3.8% (±0.9) versus 
20.1% (±6.7), P < .005, with no recovery over the 3-day assess-
ment interval. Repeat freezing at −20°C resulted in near com-
plete cell death (minimal survival) at day 1 which was a small, 
yet significant, improvement compared with single freeze sam-
ples, 1.1% (±0.3) versus 2.9% (±1.5); P < .005. As with single 
−25°C samples, repeat freeze −25°C exposure yielded no sur-
vival. The results from the double 5-minute freeze with 5-min-
ute passive thaw (5/p5/5) experiments suggested that the 
repeat exposure results in an elevation of the minimal lethal 
temperature to near −20°C.

Impact of increasing thaw interval during a repeat 
(double) freeze protocol

Extending the thaw interval decreases overall ablation efficacy at 
warmer temperatures. With the identification of the increased 
level of cell death following a repeat freeze, we then explored the 

impact of increasing the thaw time between freezes from 5 to 
10 minutes. A 10-minute thaw interval was tested given that 
this is the standard used clinically in prostate and other cancer 
cryoablation.7,11-13,39-45 To this end, a 5-minute freeze/10-min-
ute passive thaw/5-minute freeze protocol (5/p10/5) was 
employed, followed by a final 10-minute passive thaw and 
return to culture at normothermic temperatures. As with the 
other conditions, minimal cell death was observed following 
exposure to −5°C (Figure 3). Repeat freezing at −10°C resulted 
in a decrease in cell survival at day 1 post-freeze compared with 
a single freeze exposure, repeat p10 versus single = 52.8% (±8.8) 
versus 74.2% (±4.5), P < .005. Interestingly, when comparing 
the repeat 10-minute and 5-minute thaw conditions, the 
increase in the time of passive thawing resulted in a significant 
increase in breast cancer cell survival following repeat freezing 
at −10°C, D1: 5/p10/5 = 52.8% (±8.8) versus 5/p5/5 = 36.9% 
(±7.1), respectively; P < .005. Repeat −15°C freezing/10-min-
ute passive thaw (5/p10/5) samples yielded 3.3% (±1.2) sur-
vival with no recovery over the 3-day assessment interval, which 
was not significantly different from −15°C 5/p5/5 samples 
(P = .35). A similar response was noted in −20°C and −25°C 
10-minute thaw samples compared with the 5-minute thaw 
samples, where near complete cell destruction (⩽1% survival) 
was noted in all 4 conditions. The results from the double 
5-minute freeze/10-minute passive thaw (5/p10/5) experiments 
suggested that extension of the thaw interval yielded a negative 
impact following the repeat exposure to −10°C. However, at 
temperatures of −15°C or colder, no significant impact was 
noted. As with the 5-minute passive thaw protocol (5/p5/5), the 
10-minute passive thaw protocol (5/p10/5) yielded an elevation 
in the minimal lethal temperature to around −20°C versus 
−25°C for a single 5-minute freeze protocol.

Figure 2. Impact of repeat freeze/passive thaw on breast cancer cell 

viability. The MCF-7 cells were subjected to a double 5-minute freeze at 

−5°C, −10°C, −15°C, −20°C, or −25°C with a 5-minute passive thaw (5/

p5/5) and survival was assessed. Data suggest that a double freeze at 

−20°C results in complete breast cancer cell death with no recovery. 

Double freeze to −15°C resulted in a significant decrease in cell 

survival. However, a low level of surviving cells was noted over the 

assessment interval.

Figure 3. Assessment of the impact of elongating the thaw interval 

during a repeat freeze. The MCF-7 cells were subjected to a repeat 

(double) 5-minute freeze with a 10-minute passive thaw (5/p10/5) at −5°C, 

−10°C, −15°C, −20°C, or −25°C and survival was assessed. Data suggest 

that lengthening the thaw interval between freezes to 10 minutes resulted 

in a decrease in cell destruction (increased survival) following freezing to 

−10°C. However, at −15°C or colder, no significant effect was observed.
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Assessment of the impact of active versus passive 
thawing techniques

Slower thawing rate increases cell death following freezing. In 
addition to temperature, number of freeze cycles and thaw 
interval time, the manner (rate) of thaw between freezing 
cycles was evaluated to determine if a faster, active thaw affects 
survival.30,46,47 This was conducted as an active thaw is often 
desired as it allows for shortened procedural times. Compari-
son of 5-minute and 10-minute active and passive thaw inter-
vals was conducted with MCF-7 samples frozen to −5°C, 
−10°C, −15°C, −20°C, or −25°C using both a single (data not 
shown) and repeat freeze technique (Figure 4). Samples 
exposed to a repeat freeze at −10°C with an active 5-minute 
thaw (5/a5/5) yielded a significant increase in survival to 
68.4% (±5.3) compared with 5-minute passive thaw samples 
(5/p5/5) which yielded 36.9% (±7.1) (P < .005) viable cells. 
Similar results were attained with a 10-minute active thaw 
protocol (5/a10/5) wherein day 1 post-thaw survival was 
found to increase to 84.6% (±3.9) compared with 52.8% 
(±3.9) following the 10-minute passive thaw protocol (5/
p10/5) (P < .005). Examining the −15°C condition, it was 
observed that implementation of an active thaw also resulted 
in increased survival compared with the passive thaw protocol. 
Specifically, samples frozen to −15°C with a 10-minute active 
thaw protocol yielded 29.1% (±9.4) day 1 survival compared 
with 3.3% (±1.2) survival following a 10-minute passive thaw 
protocol (P < .005). A similar pattern of increased survival was 

observed in the −15°C freeze/5-minute active versus passive 
thaw samples, 7% (±2.2) versus 3.8% (±0.9), respectively; 
P = .01. In the −20°C repeat freeze samples, it was found that 
while an active thaw protocol resulted in an increase in sur-
vival compared with a passive thaw protocol, overall day 1 sur-
vival was below 2% and no statistical difference was observed 
across each of the 4 conditions when compared with one 
another (P > .05 for all conditions). Furthermore, analysis over 
the 3-day assessment interval revealed complete cell destruc-
tion (<0.25% [±0.2] survival for all 4 conditions). Overall, 
the data suggest that passive thawing between freeze cycles 
provides more effective breast cancer cell destruction than 
active thawing. In addition, using the shorter 5-minute dura-
tion thaw interval, compared with the longer 10-minute inter-
val between freezes, increased cell death.

Assessment of modes of cell death following freezing

With the identification of increased MCF-7 cell death follow-
ing a double freeze with passive thawing at −10°C and −15°C, 
analysis of the modes (apoptosis and necrosis) and timing of cell 
death over the initial 24 hours post-freeze was assessed via fluo-
rescence image analysis. To this end, samples were frozen to 
−10°C or −15°C using a single or repeat freeze with a passive 
10-minute thaw and analyzed at 1, 4, 8, and 24 hours with the 
YoPro-PI Cell Death Assay (Figure 5). Image analysis revealed 
a low level of necrosis and minimal apoptosis in untreated 37°C 
control populations (Figure 5). Analysis of −10°C images follow-
ing a single freeze revealed a low level of apoptosis (green) and 
necrosis (red) and a high level of living (blue) cells across all time 
points. Analysis of the cell population at 24 hours post-freeze 
revealed 83% overall survival when compared with 24-hour con-
trols. Analysis of the repeat freeze −10°C samples revealed 
increased cell loss compared with −10°C single samples with an 
overall survival of 33% at 24 hours compared with controls.

Analysis of −15°C images following a single freeze revealed 
an increase and shift in the levels of cell death compared with 
−10°C samples. This was most notable at the 4-hour and 
8-hour time points. Specifically, in the 4 hour −15°C single 
freeze samples, 32% of the population was necrotic and 8% 
apoptotic. At 8 hours, necrosis decreased to 24% whereas apop-
tosis increased to 15%. By 24 hours, necrotic and apoptotic lev-
els were below 10% and overall cell survival was 30% compared 
with controls. Image analysis of −15°C double freeze samples 
revealed a marked reduction in total cell number at all time 
points compared with single freeze and controls. At 4 hours 
post-thaw, 43% of the remaining population was necrotic and 
5% apoptotic. At 8 hours, 46% was necrotic and 3% apoptotic. 
By 24 hours, the levels of necrosis and apoptosis were 65% and 
3%, respectively. Overall survival at 24 hours post-thaw in the 
double −15°C samples was found to be 2% when compared 
with controls. Overall, these findings suggested that both 
necrosis and apoptosis play a role in cell loss following mild 

Figure 4. Comparison of active versus passive thaw protocol during a 

repeat freeze. The MCF-7 cells were subjected to a double 5-minute 

freeze to −10°C, −15°C, or −20°C with either a 5-minute or 10-minute 

slow, passive (solid bars), or a fast, active thaw (striped bars) between 

and following the freeze intervals. Data illustrate that the usage of a rapid, 

active thaw process resulted in a significant increase in cell survival 

following freezing to −10°C or −15°C. This decrease in ablation efficacy 

was found with either a 5-minute or 10-minute thaw interval. Active 

thawing of −20°C samples also yielded a small, but insignificant, increase 

in post-thaw survival compared with passively thawed samples. The data 

suggest that a 5-minute passive thaw protocol results in the greatest cell 

destruction.
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freezing. Furthermore, assessment of overall survival via image 
analysis at 24 hours correlated well with the day 1 viability 
assessment findings.

Discussion
While the use of cryoablation continues to grow for the treat-
ment of breast cancer,6,7,11-15,45,48 there remains a void in the lit-
erature surrounding the basic response of breast cancer cells to 
freezing. Although the exact clinical techniques needed for the 
complete cryoablation in vivo are difficult to characterize, it is 
now known that successful cryoablation is dependent on several 
factors including the cancer phenotype, the number of freeze-
thaw cycles, the rate of cooling and thawing, the final tissue tem-
perature, and the duration of the freezing episode.16,19,24,26-28,46,48

To this end, this study investigated the survival response of 
a breast cancer cell line following a freezing insult in an effort 
to identify the minimal lethal temperature (dose) necessary for 
complete cell destruction. In addition, investigation into the 
impact of repeat freezing (single vs repeat freeze), thaw proto-
col (active vs passive), thaw time (5 vs 10 minutes), and modes 

of cell death were conducted. These studies were conducted as 
cryoablation is often applied in a repeat (double) freeze proce-
dure for the treatment of many cancers including breast, pros-
tate, renal, and liver.6,7,11,25,27,32,42-45,49 Furthermore, thaw 
protocol (time and type) is often discussed as there is a con-
tinual push to reduce overall procedure times.

Our studies focused on the warmer sub-freezing tempera-
tures associated with the periphery (outer edge) of the freeze 
lesion, as it is generally accepted that temperatures below 
−40°C result in complete cancer cell lysis through physical ice 
rupture.23,24,29,35,50 The thermal range of 0°C to −40°C is char-
acterized by a region of heterogeneous cell responses which 
includes cell lysis, activation of necrotic and apoptotic path-
ways, as well as some cell survival.19,27,40,51,52 Numerous reports 
by our group and others have demonstrated the transition 
from complete cell death to complete cell survival lies within 
this region.23,24,27,29,41,53,54 Given these facts, it is important to 
identify the critical lethal temperature for breast cancer cells as 
well as understand the mechanisms of cell death to develop 
more effective treatment paths. The data revealed the minimal 

Figure 5. Analysis of the modes of cell death following freezing using a single or repeat freeze protocol. The MCF-7 cells were exposed to a single or 

repeat freeze to −10°C or −15°C followed by passive thawing and then assessed for apoptotic, necrotic, and living populations using YoPro-1, Propidium 

Iodide, and Hoechst 33258 (green, red, blue, respectively) at 1, 4, 8, and 24 hours post-thaw. Image analysis of −10°C samples revealed a significant 

increase in necrosis and a low level of apoptosis during the post-thaw interval following both a single and double freeze. Increased levels were noted in 

the double samples resulting in increased cell death. Analysis of −15°C samples revealed a marked increase of apoptosis and necrosis compared with 

−10°C samples, most notably at 4 and 8 hours post-thaw. Repeat −15°C freeze samples revealed increased cell loss and necrosis characterized by 

reduced apoptosis over the entire time course.
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lethal temperature for MCF-7 cells following a single freeze 
event was −25°C in vitro whereas a low, yet significant, level of 
survival was noted following freezing to −20°C and −15°C 
(Figure 1). These samples were found to contain a heterogene-
ous mix of necrotic, apoptotic, and surviving cell populations 
(Figure 4). Application of a repeat freeze/passive 5-minute 
thaw protocol (5/p5/5) resulted in an increase of the minimal 
lethal temperature to −20°C which was significant compared 
with a single freeze at −15°C, 3.8% (±0.9) versus 20.1% 
(±6.7), respectively, P < .005 (Figure 2). The repeat freeze was 
also found to decrease survival following exposure to −10°C 
compared with a single freeze, 36.9% (±7.1) versus 74.2% 
(±4.5), respectively, P < .005, although complete destruction 
was not attained (Figure 2). Elongation of the thaw interval 
between freeze cycles to 10 minutes (5/p10/5) had no signifi-
cant impact on cell survival following freezing to −15°C or 
−20°C (Figure 3). Interestingly, at −10°C, extending the thaw 
interval to 10 minutes resulted in a significant increase in cell 
survival versus a 5-minute thaw (52.8% vs 36.9%, respectively. 
P < .005) (Figure 3). From these studies, it was found that a 
repeat freeze resulted in an elevation of the minimal lethal 
temperature from −25°C to ~−20°C. Furthermore, it was found 
that a 5-minute thaw interval was effective and that extension 
to 10 minutes had a potentially negative impact, depending on 
the nadir temperature attained.

Another factor influencing cryosurgical outcome is the thaw-
ing rate. In clinical practice, there is a desire to reduce operating 
room time and as such the practice of using active heating of the 
probes between the freeze cycles is commonplace.42 In examin-
ing the impact of thaw rate, compared with passive thawing, it 
was found that faster thaw rates associated with active thawing 
decreased the level of cell death (increased survival) at all tem-
peratures examined (Figure 4). The most significant impact was 
observed at −15°C and −10°C wherein application of either a 
5-minute or 10-minute active thaw resulted in a >50% increase 
in survival compared with matched passive thaw samples 
(P < .005). In the case of −20°C samples, active thawing also 
resulted in increased survival compared with passive thawing fol-
lowing either 5 or 10 minutes of thawing. However, this was not 
significant (P > .01). Passive thawing between freezing cycles 
allows tissues to remain at hypothermic temperatures and in 
osmotic imbalance for a greater duration, yielding increased cell 
destruction due in part to elongated intervals of oxidative stress.19 
A similar process occurs in vivo when ischemia is prolonged dur-
ing the extended hypothermic temperatures and reperfusion 
injury occurs, exacerbating post-thaw cell death.16,24,29,33,51 We 
hypothesize that the increased cell death noted following the 
shorter 5-minute passive thaw interval was a result of a combi-
nation of these factors along with a reduced interval for the acti-
vation of cell stress recovery signaling.

Examination of the modes of cell death post-freeze over the 
initial 24-hour recovery interval in −10°C and −15°C samples 
following a single or double freeze protocol allowed for qualita-
tive visualization of alterations in cell death and cell survival 

between the 2 freeze protocols (Figure 5). Image analysis 
revealed that following a single freeze, necrosis (red/purple 
cells) was the predominant form of cell death. An increase in 
the necrotic population was found in the −15°C samples com-
pared with −10°C samples at all time points examined. In addi-
tion to necrosis, a low level of apoptosis (green cells) was also 
noted in the single freeze samples. This was most notable at 4 
and 8 hours post-freeze in −15°C samples (Figure 5, −15°C sin-
gle). A high level of surviving (blue) cells was noted at 24 hours 
post-thaw following a single freeze event at −10°C or −15°C. 
Application of a repeat, double freeze/passive thaw protocol 
increased the levels of necrosis compared with single freeze at 
all time points examined. In the −15°C repeat freeze samples, 
the increased necrosis was accompanied with a decrease in the 
level of apoptosis as well as surviving cells (blue cells). This was 
attributed to increased cell stress levels experienced following a 
repeat freeze. These findings correlated with the increased cell 
death found in the viability studies when comparing single and 
double −15°C samples. While promising, given the in vitro 
nature of the study, it is difficult to determine if the increase in 
necrosis at 4, 8, and 24 hours post-thaw was due completely to 
new necrotic activity or partially a result of the progression of 
apoptotic cells into secondary necrosis due to the absence of 
macrophages in the in vitro model. Regardless, importantly, 
these analyses demonstrated that the increased cell death fol-
lowing exposure to −15°C (single or repeat) was not due to 
freeze rupture alone, but a result of delayed (4-8 hours) activa-
tion of molecular-based cell death (delayed necrosis and apop-
tosis). If the predominant form of cell death at these temperatures 
was freeze rupture, the cell loss would be noted immediately 
(within 1 hour post-freeze). These findings are consistent with 
several reports on the activation of molecular-based cell death, 
as well as an immunologic, in response to freezing injury in both 
normal and cancerous cells and in vivo studies.25,30,54-58

Several reports detailing the successful application of  
cryoablation to treat breast cancer have appeared in the  
literature.6,7,11-15,59 In a pilot 27-patient study, Sabel et  al59 
reported successful ablation of localized breast tumors 
<1.5 cm in diameter in 100% of the patients. More recently, 
Simmons et al extended this work in a Phase II clinical study 
(ACOSOG Z1072) targeting unifocal invasive ductal carci-
noma ⩽2.0 cm and reported 100% ablation of tumor <1.0 cm 
in diameter and 77.4% in tumor ⩾ 1.0 cm. In these studies, a 
double freeze 6/10/6 (<1.0 cm tumors) or 8/10/8 (>1.0 cm 
tumors) freeze protocol was employed. Similar protocols are 
being employed in ongoing clinical trials (FROST and ICE-3 
Trials60,61) which are focused on the cryoablation of unifocal 
primary invasive breast carcinoma ⩽1.5 cm in diameter.

When comparing our in vitro findings with the reported 
clinical outcomes, the data suggest in the larger tumor cohort 
that a minimal temperature of −25°C may not have been attained 
throughout the tumors thereby resulting in the ~25% increase in 
failure rate reported when cryoablation was applied to >1.0 cm 
tumors. Correlating the reported isotherm profile created in 
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room temperature ultrasound gel models by today’s cryosys-
tems62,63 using a 6-minute freeze protocol with the reported sig-
nificant impact that the in vivo heat load (37°C) experienced 
clinically has on reducing isotherm distribution (20%-40%, cry-
ogen and isotherm dependent),20-23 the data suggest a 1.2 to 
1.6 cm diameter frozen mass below −25°C. This correlates well 
with our current findings which suggested attaining −20°C to 
−25°C or colder (protocol dependent) was necessary to achieve 
complete breast cancer cell destruction.

Conclusions
The data from this study suggest that cryoablation is an effec-
tive means of thermally ablating breast cancer tumors. In vitro 
investigations into cryosurgical techniques may eventually lead 
to clinical improvements in cryosurgical outcome. This study 
investigated several variables common to cryosurgical proce-
dures in an in vitro model. The findings provide a baseline 
characterization of the cellular and molecular responses of a 
human breast cancer cell line to freezing and identifies −25°C 
as the critical temperature for complete breast cancer cell 
destruction following a single freeze. Usage of a double freeze 
protocol elevated the minimal lethal temperature to around 
−20°C. Application of a slower, passive thaw between freezes 
was found to be more effective than faster, active thaw proce-
dures. The combination of repeat freezing and passive thawing 
was found to increase the level of necrosis post-thaw thereby 
increasing the level of cell death. When considering our in vitro 
findings in combination with the Phase II clinical results,7 the 
data suggest a minimal lethal temperature of −25°C or colder 
should be targeted. Given the reported decrease in success rate 
in tumors >1.0 cm coupled with the current focus of clinical 
trials on tumors ⩽1.5 cm,60,61 active monitoring of the tem-
perature at the tumor edge, using thermocouples, during a pro-
cedure may be of benefit.40,42,64 Furthermore, as different 
cryogens, devices, probes, and protocols yield different thermal 
profiles under heat load,20-22,65 temperature monitoring clini-
cally could help to further establish the critical dosing param-
eters (time and temperature) to attain complete tumor 
destruction thereby further positioning cryoablation as a first-
line treatment option for breast cancer.

In conclusion, the data presented in this study suggest that 
by employing repetitive freeze-thaw cycles, attaining tempera-
tures of −25°C and passive thawing, cryosurgical efficacy may 
be increased. The collective optimization of these various 
parameters, both in vitro and in vivo, should improve the effi-
cacy and clinical outcome of breast cancer cryoablation.
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