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 INTRODUCTION

Cryosurgery (also known as cryoablation or cryotherapy) is a surgical technique that utilizes 

extreme cold to destroy diseased tissues in the body. This is achieved by the removal of heat 

from the tissue when placed in contact with a cold surface. Arnott reported the first use of 

cryosurgery in 1840's, using iced saline solutions at −20°C to treat breast and uterine cancers 

[1]. Until the early 1900's the use of cryosurgery was limited to the treatment of superficial 

surface malignancies using liquefied gases such as nitrogen, carbon dioxide and 

cholorofluorocarbons. A partial list of the current diseases that have cryosurgery as a 

treatment option are given in Table 1. While cryosurgery has for decades been a standard 

mode of treatment for non-melanoma dermatologic conditions with a 90-95% cure rate, the 

inability to deliver cryogens to subdermal regions prevented its application to treat other 

conditions [2]. The development of the first cryosurgical probe system capable of delivering 

liquid nitrogen to an insulated Linde cryosurgical probe in the 1960's allowed for the first 

time, the capacity to treat cancers present deep within the body [3-5]. The use of cryosurgery 

then spread to treatment of malignancies present in prostate, liver, uterus, bone and eye 

[6-10]. However poor monitoring of the procedure resulted in major complications and 

morbidity, thereby limiting the acceptance of cryosurgery as an alternative therapeutic 

modality.

Technological advancements in early 1980's and 1990's in two areas lead to a renewed 

interest in cryosurgery: (1) intraoperative monitoring by medical imaging and, (2) advances 

in cryosurgical equipment [11-14]. Intra-operative monitoring for cryosurgery is now well 
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established using Ultrasonography (US), Computed Tomography (CT) and Magnetic 

Resonance (MR). These imaging modalities provide the surgeon with the ability to visualize 

the 3D geometry of the frozen region (−0.5°C contour) and get simultaneous feedback of the 

procedure [12, 13]. Cryosurgical instrumentation has also improved dramatically in the last 

several decades.

Cooling of the tissue in cryosurgery is achieved by delivering various cryogens (Table 2A) 

inside a metal, ceramic or balloon probe tip usually several mm in diameter, where they 

undergo expansion or vaporization, thereby extracting heat from the surrounding tissue to 

form an iceball, as shown in Figure 1. Table 2 lists some of the cryosurgical devices and 

cryogens that are available for several indicated treatments. Historically much of the 

innovation in cryosurgical technology has come in the form of novel cryogen compositions 

to achieve lower subzero temperatures (Table 2A). Additionally, much effort went into 

engineering new cryoprobes for efficient heat extraction from tissue such as vacuum 

insulated Linde cryoprobes in 1961. Several important design innovations that improve the 

original Linde probe include: 1. Subcooled nitrogen delivery to insulated probes, 2. Argon 

Joule-Thomson (JT) probes with faster tip cooling and adjustable cryogen delivery hoses 

and probe sizes (EndoCare, Galil, CryoCath, ATS), 3. Closed loop refrigeration of gaseous 

cryogen mixtures (AMS), 4. Ballon-shaped probes for cardiac and intra-arterial use [15-17]. 

Cryotherapy can now be delivered to complex anatomic locations such as the prostate or the 

heart. For example Atrial Fibrillation can now be treated in a minimally invasive manner 

using steerable transcatheter cryoprobes or by open surgery with fixed cryoprobes [18-21]. 

Lesions can be created in the shape of arcs, semicircles or long straight lines [18, 19]. The 

placement of multiple probes can also be used to create a desired shape of the frozen region 

that conforms to the complex anatomy of a diseased tissue such as the prostate [22].

Due to both the imaging and technological improvements cryosurgery is now less invasive 

and easier to perform and used on a number of deep tissue diseases as described in Table 1 

[22]. Cryosurgery has been recognized by the American Urological Association (AUA) as a 

therapeutic option for carcinoma of the prostate and is also considered an alternative 

treatment for a number of other cancers including liver, kidney and breast [23-26]. Recently, 

there has been a surge in the use of cryosurgery to treat abnormal cardiac tissue that cause 

arrythmia [27-29]. Table 1 is a partial list of diseases that have cryosurgery as a treatment 

option. While surgery is often still the standard of care, cryosurgery or other heat therapies 

such as radiofrequencey, microwave, laser etc are increasingly being used as minimally 

invasive surgical treatments to improve patient outcomes. An important advantage of 

cryosurgery over other heat treatments includes both the imaging aspect as noted above and 

the preservation of the underlying tissue structure that induces less scarring and better 

healing of the wound than with heat treatments [30].

Despite these advantages cryosurgery is still not the preferred mode of treatment for most 

diseases and is usually employed only after other therapies fail to show an improvement. 

This lack of complete acceptance of cryosurgery within the medical community is due in 

part to the variability in outcome achieved clinically. Specifically, it is now evident that 

cryosurgical treatment alone causes complete tissue destruction at temperatures well within 

the imaged edge of the iceball (−0.5°C). In fact, the clinical guideline to assure complete cell 
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death by this technique is −40°C [1, 31]. Thus, whereas the edge of the iceball (−0.5°C) can 

be visualized using US, CT or MR, there is no means to predict the treated region or the 

“kill zone” within the iceball (Figure 1). The effectiveness of cryosurgery is largely 

dependent on the ability of the surgeon to predict the −40°C critical isotherm based on the 

imaging feedback of the edge of the iceball (−0.5°C) and the temperature measurements 

from thermocouples placed at strategic anatomic locations. The need to avoid damage to 

critical normal adjacent tissues adds further challenges particularly in prostate and cardiac 

tissue.

Recent research in cryosurgery has focused on two approaches to predict the outcome and 

achieve greater control of the procedure. One approach is patient-specific computational 

modeling to predict temperature isotherms within an iceball and to estimate the tissue 

volume reaching temperatures lower than −40°C. Improved imaging input to models and 

computational methods has led to significant progress in the speed and accuracy of such 

predictions [32-34]. However, there is still a need for intraoperative thermal feedback 

(comparison and validation of models) that is difficult to achieve with the state of current 

imaging apparatus in the clinical setting. The second approach, and the topic of this review, 

has been the use of molecular adjuvants to increase cryosensitivity of the tissue at the 

periphery of an iceball (0 to −40°C) (Fig.1), which would otherwise remain viable [35].

Cellular and tissue level studies have provided deeper insight into the biophysical and 

biological changes involved during and after removal of heat from the tissue. Cryosurgery 

can now be directly related to cellular and vascular mechanisms of injury, with the addition 

of probable immune mechanisms of injury within a tissue after freezing as shown in Fig. 2 

[31, 36]. By focusing on specific cellular and vascular mechanisms of injury, it is now 

possible to accentuate them using chemical or biological adjuvants. Specifically, adjuvants 

have been identified which can increase the destructive effect of freezing in the −40°C to 

−0.5°C region such that the kill zone can be raised to −20°C and in some cases extends up to 

the imaged edge of the iceball (−0.5°C). Identified adjuvants are shown in Table 3 and 

include anti-freeze proteins, salt solutions, chemotherapeutics such as bleomycin, 5-fluoracil 

and vascular targeting agents like TNF-α, which enhance the destructive effect of freezing in 

tissues at temperatures greater than −40°C [35, 37-44].

 MECHANISMS OF CRYOINJURY

The clinical guideline of −40°C to ensure complete cell death largely oversimplifies the 

complex heat and mass transfer processes that occur upon removal of heat from the tissue. 

When using a cryoprobe at a sub-zero temperature to ablate a volume of tissue, the thermal 

conditions experienced by each cell vary depending on its location relative to the probe. For 

example, the region of the tissue that is closer to the probe experiences faster freezing rates 

and lower end temperatures as compared to the region that is further away. During this event, 

a cell can sustain injury by multiple mechanisms, broadly categorized into: 1) cellular, 2) 

vascular and 3) immunological mechanisms [1]. These have been reviewed in detail 

elsewhere and are discussed here briefly [1, 36, 45, 46].
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Direct cell injury during freezing can occur due to the physical presence of ice (both inside 

the cell as well as outside) or because of a shift in the osmotic balance of the cell (Figure 

2A). Once nucleated at lower temperatures near the probe, ice forms in the extracellular 

space of the tissue up to a temperature of −0.5°C. As a consequence of this ice growth, 

different biophysical phenomenon may occur within a cell depending on its location with 

respect to the probe. At low cooling rates, the solute concentration outside the cell rises due 

to the presence of extracellular ice, causing an osmotic imbalance (ΔΠ) of the cell 

membrane [1, 47]. Depending on the geometry (volume, V and surface area, A) of a specific 

tissue cell / extracellular (vascular) unit and the membrane permeability (Lp) between the 

cellular / extracellular compartment, cellular dehydration will occur (equation 1) as shown in 

Fig. 2A. This dehydration and the presence of high salt concentrations have been suggested 

to damage the enzymatic machinery and destabilize the cell membrane [47-50].

(1)

At higher cooling rates near the probe, water gets trapped within the cell, supercools, 

nucleates, thereby yielding intracellular ice formation (IIF), which is mechanically 

damaging to the cell organelles and membranes [51, 52]. The probability of IIF (PIF) is 

generally computed based on knowledge of the cellular supercooling (ΔT) and cell specific 

parameters as shown below:

(2)

where V and A are the same as above, Ω and κ are the kinetic and thermodynamic 

parameters of heterogenous nucleation respectively as originally defined by Toner [52]. The 

specific geometry, permeability and IIF parameters of different cell and tissue systems have 

been reviewed elsewhere [53, 54]. Post-thaw analysis of injury in cell suspensions suggests 

that both apoptosis and necrosis can occur after freeze-thaw. It is still unclear as to the extent 

to which biophysical events during freezing (IIF or dehydration) determine a specific cell 

death pathway (apoptosis or necrosis) post-thaw [1, 31]. It is also likely that any added 

adjuvant will affect biophysical processes at the cellular level, although these specific 

changes have not been documented to our knowledge.

A second mechanism of damage is termed vascular injury, caused by the shutdown of 

microvasculature after freezing and resultant ischemia (Figure 2B). Microvascular 

endothelial cells have previously been shown to be more sensitive to direct cell injury by 

freeze-thaw (FT) when compared to several other cancer cell lines [55]. During freezing, 

ice-crystals form and propagate along the vascular system and mechanically induce damage 

to the blood vessel wall. At low cooling rates, cells surrounding the blood vessels dehydrate 

resulting in expansion of the blood vessels [1, 24, 31]. This is believed to cause damage to 

the endothelium and exposure of underlying basement membrane, subsequently leading to 

thrombosis and ischemia of the surrounding tissue (Figure 2B, [56, 57]). Apart from direct 

cell injury to the endothelium, FT also induces free radical formation when re-reperfusion of 
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the blood occurs at the end of the FT cycle, and also induces inflammation of the tissue 

causing additional damage to the remaining endothelium [1, 58-61]. The loss of 

microcirculatory support by a combination of direct endothelial injury, thrombosis, free-

radical formation and inflammation is considered critical in defining the extent of injury 

after FT [1, 62].

Immunological injury is another mechanism that in a few studies has been shown to induce 

secondary tumor damage after FT. Cryodestruction causes cell lysis, thereby releasing the 

proteins (including tumor antigens) present within them into the blood stream. These 

antigens may induce an immune reaction against the remaining tumor by stimulating 

immune cells to produce antibodies against tumor cells [63-66]. Some studies have shown 

that cryosurgery increases the level of serum cytokines and induce maturation of dendritic 

cells. The dendritic cells then stimulate T-cells against the antigen. Other studies have shown 

that tumor antigens are processed by B cells and stimulated with additional signal from a T-

helper cell to produce antibodies against those antigens (Figure 2C) [36]. This mode of cell 

death is still not well documented and experimental evidence in support of it is sparse [36, 

67]. Several animal studies failed to demonstrate a cryo-immunologic response [36, 46]. 

Infact few studies have documented immunosuppressive effects after cryosurgery [46]. Some 

of the unresolved questions are the nature and time course of the released antigen and the 

resultant humoral and cellmediated immune response that contributes to immune-

enhancement or immunesuppression.

The desired outcome of cryosurgery is that the targeted cells will die from the FT injury as 

shown in Figure 2 schematics. Histological studies of the cryosurgical lesion days or weeks 

after a cryosurgical treatment demonstrate cell death by necrosis [1, 36, 62, 68]. However, in 

recent years, another important mode of cell death by FT that appears to be active in some 

cases is programmed cell death or apoptosis. Cell death by apoptosis has been shown to 

occur after FT in several in vitro studies particularly at temperature conditions present near 

the periphery of an iceball (i.e > −40°C) [38, 39]. The in vivo evidence of apoptosis is not 

well documented although some data suggests it can occur in some neural tissues and is also 

expected in the cells of inflammatory infiltrate (i.e. neutrophils) [69, 70]. It still needs to be 

determined to what extent apoptosis (and by extension necrosis) is a direct consequence of 

the FT process or a secondary result of biophysical events (IIF or dehydration) that affect 

molecular targets (lipid and proteins) that ultimately trigger programmed cell death post 

thaw.

Thus, there are multiple mechanisms by which a cell can be injured by FT, but all are linked 

by the amount of temperature excursion in the tissue during cryosurgery. Experimentally, 

enhanced injury is achieved with faster cooling rates, lower end temperature, longer hold 

time and slower thawing rates [71, 72]. Indeed, these are the thermal conditions that are 

recommended clinically to induce maximal damage within the tissue [72]. However due to 

the complexities in relating the mechanisms of cryoinjury to the temperature profile 

experienced locally in the tissue, the overall effectiveness of a cryosurgical procedure is 

usually judged with respect to the lowest end temperature achieved in a tissue [31]. The 

current clinical guideline is to achieve a temperature lower than −40°C everywhere within 

the tissue to be destroyed [1, 31]. Vascular and direct cell injury (esp. solution effects) and 
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possibly immunological mechanisms are important predominantly at the periphery of the 

iceball but result in only partial damage to the tissue between −0.5°C and −40°C. Cell death 

has been shown to occur by both apoptosis and necrosis but more investigations are needed 

to relate the injury mechanisms to the mode of cell death. In principal, the goal of adjuvant-

assisted cryosurgery is to augment one or more of these mechanisms to increase tissue 

destruction between −0.5°C to −40°C (Fig. 2).

 ADJUVANTS WITH CRYOSURGERY

The desire to use adjuvants to control and improve cryosurgical outcomes is shown 

schematically in Fig. 3. In the early 1970s, there were attempts to use other cancer therapies 

such as radiation and hyperthermia in combination with cryosurgery, to increase the size of 

the lesion, though there is no reference of a mechanistic interplay with any of these 

modalities [73-81]. Later with an increased understanding of the mechanisms of cryoinjury 

several efforts were undertaken to use chemical adjuvants that accentuate tissue destruction 

by modulating the response to known mechanisms of cryoinjury. These adjuvants can be 

broadly categorized into four groups: (1) thermophysical adjuvants which enhance the injury 

caused by ice, (2) chemotherapeutic approaches that act at a molecular level to induce 

apoptosis, (3) cytokines or vascular based agents that modulate the inflammatory response, 

and (4) immunomodulators that stimulate the immune cells to enhance tissue destruction. 

Several of these adjuvants have shown potential to enhance cellular destruction between 

−40°C and −0.5°C but still many challenges remain to develop them for clinical use. Some 

of the common variables that are involved in the adjuvant selection and use are: a.) the 

sensitivity of the tissue to the adjuvant, b.) the selectivity of the adjuvant towards the tissue, 

c.) the dose of the adjuvant needed to enhance injury in the temperature range (up to 

−0.5°C), d.) any side effects associated with the adjuvant, e.) the mode of delivery of the 

adjuvant, and f.) the time of application of the adjuvant relative to cryotherapy.

Below, and summarized in Table 3, we briefly discuss the different families of adjuvants and 

describe their potential benefits and shortcomings for clinical use

 1) Thermophysical agents

Thermophysical adjuvants such as antifreeze proteins (AFPs), salts and some amino acids 

modify the crystalline ice (or solid) phase during freezing thereby causing additional direct 

cell injury due to the presence of ice crystals. AFPs at a very high concentration (>5 mg/ml) 

have been shown to modify ice crystals to a spicular shape (reducing dendrite tip diameter) 

such that mechanical disruption of the membranes and tissue connective structures is 

achieved [43, 44, 82, 83]. Pham et al., showed in an in vivo prostate cancer model that the 

presence of AFPs can cause injury at temperatures up to −5°C [44]. The main hindrance in 

the clinical use of AFPs is the high concentration (> 5 mg/ml) required to achieve the 

desired effect. Moreover these proteins are derived from species of fish and plants and have 

a somewhat limited availability.

Salt solutions such as NaCl, KCl and amino acids such as glycine can induce secondary ice 

formation (also called eutectic solidification), which can enhance cell injury between −21°C 

to −5°C [35, 84, 85]. This has been shown in an in vitro prostate cancer model but in vivo 
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feasibility is yet to be determined. Thermophysical adjuvants have the advantage that their 

physical presence in the proper amount (for example, the eutectic concentration of a specific 

salt locally [84]) produces the desired effects with cryosurgery. Therefore they can be 

injected locally only a few minutes before cryotreatment. The major challenge in this mode 

of combination treatment is to develop means of targeted delivery in the required dosages 

without causing toxicity to the surrounding normal tissue.

 2) Chemotherapeutics

The earlier efforts of using chemotherapeutics with cryosurgery originated in 1970's when 

adriamycin and peplomycin were used in combination with cryosurgery of cancer [86]. This 

treatment, also termed as cryochemotherapy, was based on the premise that cytotoxic drugs 

can be more efficiently trapped in the tumor after cryosurgery because of an increase in 

vascular volume and vascular permeability as a result of the treatment. The identification of 

apoptosis as a mode of cell death in the 1990s at thermal conditions present near the 

periphery of the iceball (−0.5 to −40°C), led to the revival of cryochemotherapy with the use 

of cytotoxic drugs to modulate and enhance cell death by apoptosis. Many in vitro studies 

have since shown the ability of chemotherapeutics such as 5-fluorouracil, cisplatin, 

bleomycin to augment cell death at milder freezing conditions [38, 40, 42, 87-89]. For 

example, Clarke et al showed enhanced cell destruction at temperatures between −15°C and 

−5°C in an in vitro prostate cancer model using 5-fluorouracil, cisplatin and etoposide [38]. 

They also observed that this was due in part to a shift in the ratio of pro-apoptotic to anti-

apoptotic protein after a 2-day exposure of the drug before FT. Mir and Rubinsky 

demonstrated significant improvement in cell death by using bleomycin during FT [87]. 

Their hypothesis was that during FT, there is a transient increase in cell permeability that 

permits better uptake of the drug in the cells. Forest et al. investigated the application of 

navelbine at different time points both before and after cryosurgery in an in vivo lung cancer 

model [40, 42]. In their studies they observed a benefit when the drug was delivered 20 

hours after FT due to enhanced apoptosis or 15 days after FT due to an increase in necrosis. 

Forest et al. suggest that the mechanism of enhanced cell death could be apoptotic or 

antiproliferative depending on the choice of the drug and the time interval between the two 

treatments.

None of the studies in cryo-chemo combination therapy have shown an augmentation up to 

the iceball edge. Some of the limitations in this mode of combination therapy are toxicity of 

the drug to normal cells limiting the amount of dose that can be injected intravenously. 

Secondly, the choice of the drug will vary depending on the type, stage and demonstrated 

drug resistance of the cancer. Le Pivert et al recently used microencapsulated 5-FU 

injections near the periphery of prostate tumors grown in nude mice after a single FT cycle 

and showed a longer inhibitory effect on tumor growth [90]. This strategy offers combined 

advantages of increased microvessel and tumor cell permeability after FT and a longer 

residence time of the drug. While promising, much of the work is in vitro and more in vivo 
evidence is needed to address the key issues of dose, timing and selection of the drug with 

cryosurgery. Also more careful studies are needed to understand the mechanisms of 

enhanced cell death such that a synergistic benefit can be achieved.
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 3) Vascular Agents

Vascular agents are proteins or drugs that act as an additional stressor to the 

microvasculature of the tissue, making it more susceptible to the vascular mode of 

cryoinjury. These molecules can potentiate a number of vascular effects including blood 

coagulation, vascoconstriction, inflammation or free radical formation [91-94]. Previous in 
vivo studies have shown that injury to the endothelium and inflammation are critical in 

determining the extent of the lesion. Studies by our laboratory sought to identify vascular-

based agents to induce inflammation prior to cryosurgery and achieve tissue destruction up 

to the edge of the iceball (−0.5°C). Only one such molecule, TNF-α, has been used in 

combination with cryosurgery and has shown augmentation of cell death up to the edge of 

the iceball in an in vivo model. TNF-α is closely associated with multiple vascular events 

such as endothelial cell apoptosis, increase in procoagulant activity, decrease in 

anticoagulant activity, recruitment and adherence of inflammatory cells such as neutrophils, 

and production of other cytokines [95-97]. In a mouse model of human prostate cancer, it 

was shown that TNF-α increases the thermal threshold of tissue damage in a dose-dependent 

manner [37, 97-99]. This augmentation was observed when TNF-α was delivered both 

locally or systemically, about 3-4 hours before cryosurgery. Later, it was also shown that the 

this enhancement was a result of direct TNF-α action on the endothelium and more 

importantly on the induction of inflammatory pathways leading to an improved vascular 

response [99]. But like many other stand–alone cytotoxic drugs used in cancer treatment, the 

systemic delivery of required amounts of TNF-α is a major obstacle to achieve rapid clinical 

translation of this finding. In a recent study, targeted delivery of TNF-α was performed using 

gold nanoparticles coated with the drug that achieved a similar augmentation in tissue injury 

and greatly reduced systemic side effects [98].More studies are needed in translational 

models to optimize dosage and advance this cryoadjuvant approach into clinic.

 4) Immunomodulators

Immunomodulators are agents that stimulate the cells of the immune system through the 

production of cytokines such as TNF-α and IFN-γ. These molecules have been used to aid in 

the maturation of immune cells at the time of local tumor destruction during cryosurgery 

[100]. Redondo and co-authors demonstrated in a mouse melanoma model that cryosurgery 

of the tumor along with topical application of imiquimod induced potent antitumor immune 

responses and also protected 60% of the animals against tumor re-challenges [101]. 

Similarly den Brock et al observed a synergy between cryosurgery and application of CpG-

oligodeoxynucleotides, a dendritic cell stimulator, in another melanaoma mouse model 

[102].

However, the phenomenon or factors controlling the immune response after cryotherapy are 

complex and not well understood. Several important basic questions need to be addressed 

such as the availability and source of antigens in the cancerous tissue (Figure 2C), amount of 

antigens needed to generate an immune response, cytokine profile triggered by cryosurgery, 

and the subset of phagocytic cells involved in immune response. Hence, although this mode 

of cryosurgical augmentation is promising, there are few if any proven or controlled results 

[46, 65, 67, 103]. Thus, while currently more speculative, there is considerable potential in 

this mechanism, which warrants further basic research.
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Finally, an effort has been made to label each adjuvant in a single family above. However, it 

is likely that some adjuvants will have multiple effects (i.e. TNF-α is both vascular and 

immunologically active). Thus, these grouping should be taken as organizational not 

absolute.

 CHALLENGES

Overall, the concept of adjuvant-assisted cryosurgery has found considerable support and 

interest among researchers but several challenges remain and need to be addressed as 

described below

1) Selection: choice of the adjuvant, which may depend on the mechanism and disease 

type.

2) Timing: time interval between the adjuvant addition and cryotherapy to achieve 

maximum tissue destruction.

3) Dose and delivery: dose of the adjuvant to achieve maximal tissue destruction 

between −40°C and −0.5°C and delivery of the adjuvant to the diseased site.

As described above and in Table 3, there already exist a number of molecules that have been 

tested or are under investigation as an adjuvant to cryosurgery. Thermophysical solutions are 

the most flexible of all and would be effective to augment any kind of cryosurgical 

treatment. Chemotherapeutics are usually cell specific and the resistance that develops 

against them in advanced stage cancers may limit their effectiveness. However, there already 

exists a large volume of literature on the use of these drugs as a stand-alone treatment for 

various cancers in clinic with known benefits and well-documented safety profiles. 

Information can be borrowed from these resources to design a clinical investigation and 

optimize the use of one such cancer specific drug in combination with cryosurgery for a 

particular treatment. Vascular agents and immunomodulators act on the endothelium and 

inflammatory cells and possibly can be used to modulate the cryosurgical response in 

multiple tumor types and even normal or benign tissue. Apart from these, there are other 

classes of related molecules such as vasoconstricters, clotting factors and oxidative stressors 

based on the observed vascular injury events that may enhance this mode of tissue 

destruction but have not been explored yet.

The time interval between adjuvant delivery and cryosurgery is another constraint that may 

affect the clinical use of this mode of combination therapy. Here too thermophysical 

adjuvants have a clear advantage, as only their physical presence in the tissue before 

cryosurgery is necessary to demonstrate their benefit. Vascular agents, immunomodulators 

and chemotherapeutics require time to interact with the cell and activate specific molecular 

pathways to provide an advantage over cryosurgery alone. Molecules that can be injected 

right before, during or after cryosurgery will be easier to integrate with the already 

established cryotreatment planning protocols. In all cases, application of adjuvant molecules 

will require considerable laboratory research and an understanding of the biological 

phenomenon controlling their response before clinical usage.
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The ultimate goal of these adjuvants is to obtain complete tissue destruction to the edge of 

the iceball. This will make it possible for the surgeon to control the treatment of diseased 

tissue i.e., imaged iceball = kill zone (Figure 3). Thus, the dose of the adjuvant needs to be 

determined and delivered such that complete tissue destruction can be obtained as close to 

the iceball edge as possible. The most critical aspect faced by all adjuvants before reaching 

clinical applicability is the selective delivery of the molecule to enhance sensitivity of only 

the target tissue. The portion of the diseased tissue that will particularly benefit from the 

selective enhancement of cryosurgery is the tissue near the edge that experiences 

temperatures > −40°C (Figure 3). The extent of this region will be a function of the 

cryoprobe geometry, tip temperature, freeze duration and distance from the tip. Targeted 

adjuvant delivery to this region can be performed either locally by direct injections and/or 

polymeric implants, or systemically using nanosized carriers such as liposomes, metallic or 

polymeric nanoparticles [104-107]. If performing a localized delivery, the number of 

injections or implants and their precise locations will likely require incorporation within a 

the 3D computerized planning of the overall treatment. For thermophysical adjuvants, 

delivery is a big constraint as the adjuvant dosages that have been shown to be effective in 
vitro are relatively higher (mg per g of tissue) than other groups (μg per g of tissue) [42, 44, 

98]. Both local and systemic delivery approaches are possible options. The successful 

application of nanoparticles was demonstrated for TNF-α assisted cryosurgery when gold 

nanoparticles coated with the drug were shown to produce tumor destruction up to the 

iceball edge without any observed toxicity [98]. There is a considerable literature available 

and ongoing research efforts on targeted delivery of drugs (including adjuvants) to the 

tumors [108-111]. As only the periphery of the tumor and not the entire volume needs to be 

targeted, the use of systemic approaches such as nanocarriers should be further explored in 

this mode of combination therapy.

 SUMMARY

Cryosurgery has evolved significantly since the use of liquid nitrogen based systems in the 

1960's. Initial research emphasis was on improving device design and cryogen use to 

maximize heat transfer (extraction) within a given volume of tissue and to form lesions of 

different sizes and shapes. The current state of the art cryosurgical devices have benefited 

greatly from these efforts and are used broadly for treatment of cancer, cardiovascular and 

other diseases [22, 112]. In recent years a new research focus has emerged in cryosurgery 

that emphasizes on the manipulation of the biologic response of tissues to cryodestruction 

[39, 83, 98, 100, 113]. The goal of this latest work involves the use of adjuvants to achieve 

cell destruction (kill zone) as close to the edge of the iceball as possible. The proven benefits 

of adjuvants include: enhanced destruction and imaging (iceball = kill zone) and the 

potential to reduce local recurrence and enhance wound healing. Work in this area has 

identified adjuvants that typically work through the following mechanisms: (1) 

thermophysical adjuvants which enhance the injury caused by ice, (2) chemotherapeutic 

approaches that act at a molecular level or to induce apoptosis, (3) cytokines or vascular 

based agents that modulate the inflammatory response, and (4) immunomodulators that 

stimulate immune cells to enhance tissue destruction. This biology-based approach has 

shown potential but significant work remains before clinical translation. Challenges include 
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appropriate selection of the adjuvant, the time interval between FT and adjuvant delivery, 

and identification of the dose and means of delivery of the adjuvant. One recent vascular 

based adjuvant, TNF-α, has shown the ability to achieve a kill-zone up to the imaged iceball 

edge in preclinical models. Exploitation of this and/or other appropriate molecular adjuvants 

to cryosurgery can lead to tremendous clinical benefit by improvements in the application 

and outcome of cryosurgery for treatment of disease.
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Figure 1. 
Outcome of a cryosurgical procedure. Complete tissue destruction is usually obtained at 

temperatures less than −40°C. Direct cell injury, vascular injury and immune injury 

mechanisms cause incomplete cellular destruction in the region from −40° to the imaged 

edge of the iceball (−0.5°C).
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Figure 2. 
Mechanisms of cryosurgical injury. Tissue destruction is achieved by A) direct cell injury, B) 

vascular injury and C) immunological injury.
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Figure 3. 
Improvements in a cryosurgical procedure by the use of adjuvants.

Goel et al. Page 21

J Biomech Eng. Author manuscript; available in PMC 2016 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Goel et al. Page 22

Table 1

Summary of the current patient base for various diseases that have cryosurgery as one treatment option.

Targets New Cases/Deaths
* Cryosurgical Outcomes Alternatives References

Cancer Targets

Skin Cancer# 65,000 / 10,900 95-98% cure rates Surgery, Rad, Chemo [101, 114-119]

Prostate Cancer 218,900 / 27,000 1-2 year no PSA Surgery, Rad, Chemo, Heat [120-124]

Breast Cancer
** 180,510 / 40,910 Size reduction Surgery, Rad, Chemo, Heat [125-128]

Liver (Colon
***

) Cancer
19,200 (112, 300) / 16,800 (52,200) 5 years survivals Surgery, Heat [124, 129-134]

Kidney Cancer 51,200 / 12,900 5 year survivals Surgery, Heat [135-140]

Lung and Bronchus 213,400 / 160,400 Palliation Surgery, Heat [141-144]

Non-Cancer Targets

Skin: Keloids/Scars Unknown Cosmetic Excision / Grafting [145-147]

Uterus: abnormal bleeding Unknown Improved lifestyle Surgery, Heat [148-150]

Uterus: uterine fibroids >60% in women above 45 Maintain uterus Surgery [151-154]

Cardiac Arrythmia >2.2 million Improved lifestyle Surgery, Heat [155-158]

Vascular Disease 12-20% above 65 Reduce arteriosclerosis Angioplasty, Stenting [159-161]

Sources of incidence:

*
ACS statistics 2007, AHA statistics 2007.

#
cure rates apply to non-melanoma skin cancers.

**
fibroadenomas – a non-malignant tumor.

***
liver cancers with colon metastases.
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Table 2

A) List of cryogens that have been used in cryosurgical instruments; B) Summary of cryosurgical devices 

available in clinic and the various indications for which they are used.

Cryogen Lowest Achievable Temperature (°C)

Ice-saline −21.2

Dichlorotetrafluoromethane (Freon 114) 3.8

Dichlorodifluoromethane (Freon 12) −29.8

Chlorodifluoromethane (Freon 22) −40.8

Solid Carbon Dioxide (CO2) −78.5

Liquid Nitrous Oxide (N2O) −89.5

Argon (compressed) −185.7

Liquid Nitrogen (N2) −195.8

Probe Company Cryogen Shape Indications
* Web

Cancer Targets

SeedNet™ Galil 
Medical, 
Yokneam, 
Israel

Argon JT Probe Prostate, Kidney Cancers, 
Uterine Fibroids

www.galil-medical.com

CryoCare CS™ Endocare, 
Irvine, CA, 
USA.

Argon JT Probe Prostate, Kidney, Lung 
and Liver Cancers

www.endocare.com

Visica 2™ Sanarus, 
Pleasanton, 
CA, USA.

Liquid N2 Probe Breast fibroadenomas www.sanarus.com

Various Systems BryMill, 
Ellington, 
CT, USA.

Liquid N2 Probe, Spray Dermatologic Lesions www.brymill.com

Erbokryo CA™ Erbe 
Medical, 
Leeds, UK.

N2O or CO2 JT Probe General Surgical Use www.erbe-med.com

Non-Cancer Targets

CryoMaze™ ATS 
Medical, 
Minneapolis, 
MN, USA.

Argon JT Steerable Catheter Cardiac Arrythmia www.atsmedical.com

FrostByte™ ATS 
Medical, 
Minneapolis, 
MN, USA.

Argon JT Clamp Probe Atrial Fibrillation www.atsmedical.com

Arctic Front™
Cryocath

*
, 

Montreal, 
QC, Canada.

Liquid N2O Balloon Catheter Atrial Fibrillation www.cryocath.com

Freezor™ Cryocath, 
Montreal, 
QC, Canada.

Liquid N2O Steerable Catheter Cardiac Arrythmia www.cryocath.com

CryoCor™
** Boston 

Scientific, 
Natick, MA, 
USA.

Liquid N2O Steerable Catheter Atrial Flutter www.cryocor.com

PolarCath™ Boston 
Scientific, 

Liquid N2O Balloon Catheter Peripheral Arterial Disease www.bsci.com
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Probe Company Cryogen Shape Indications
* Web

Natick, MA, 
USA.

HerOption™ American 
Medical 
Systems, 
Minnetonka, 
MN, USA.

Mixture of cryogens Probe Endometrial Bleeding www.americanmedicalsystems.com

CryoPac™ Systems Cryomed 
LLC, 
Layton, UT, 
USA.

N2O or CO2 JT Probe Chronic Pain www.cryomed.us

*
Purchased by Medtronic, Inc. in 2008

**
Purchased by Boston Scientific in 2008.
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Table 3

A) Summary of adjuvants that have been used to enhance cryosurgical destruction in vitro; B) Summary of 

adjuvants that have been used to enhance cryoinjury in vivo.

Mechanism Model Adjuvant Dose Time Reference

Direct Cell Injury

    1) Thermophysical Adjuvants:

        Ice crystals Normal Rat Liver AFP-1 10 mg/ml 0-5 mins before FT [43]

Rat Prostate Eutectic salts Eutectic conc. 0-5 mins before FT [84]

Human Breast Glycine 10 g/ml [85]

    2) Chemotherapeutics:

        Apoptosis, Antiproliferative Human Prostate 5-FU 25 μg/ml 2-4 days before FT [38]

Human Prostate
5-FU

* 25 μg/ml 2 days before FT [39]

Human Prostate TRAIL 500 ng/ml 0-5 mins before FT [89]

Human Hepatoma
Doxorubicin

** 55 μg/ml 24 hrs before FT [88]

    3) Inflammatory cytokines:

            Apoptosis, Inflammation Human Prostate TNF-α 1-1000 ng/ml 4 hrs before FT [99]

Human Endothelial TNF-α 1-1000 ng/ml 4 hrs before FT [99]

Human Breast TNF-α 100 ng/ml 24 hrs before FT [113]

Human Prostate TNF-α 1 μg/ml 4 hrs before FT [95]

Mechanism Model Adjuvant Dose, Delivery Time Reference

Direct Cell Injury

    1) Thermophysical adjuvants: Human Prostate AFP-1 10 mg, local 0-5 mins before FT [44]

        Ice crystals. Rat Prostate Flounder AFP 0.5 mg, local 0-5 mins before FT [83]

    2) Chemotherapeutics: Human Lung Navalbine 120 μg, i.v Multiple time points [40]

    Apoptosis, Antiproliferative Human Lung Vinblastine 120 μg, i.v 20 hours after FT, 15 days after FT [42]

Human Prostate 5-FU 15-20 ng, local 0-5 mins after FT [90]

Vascular Injury

    1) Inflammatory cytokines: Human Prostate TNF-α 0.2-1 μg, local 4 hrs before FT [98-99]

        Apoptosis, Inflammation 5 μg, i.v 4 hrs before FT

Immune Injury

Mouse Melanoma Imiquimod 3.12 mg, local up to 10 days after FT [101]

Mouse Melanoma CpG-ODN 100 μg, local 1 hour after FT [102]

Mouse Colon BCG-CWS [100]

*
Enhancement was also reported with other drugs: cisplatin, etoposide and taxotere.

**
Enhancement was also reported with other drugs: mitomycin, 5-fluorouracil, cisplatin.
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